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This paper describes a true engineering method for predicting rut depth. 
It demonstrates how a mix design procedure based an creep testing con 
be used as a subsystem in an overall pavement management system. The 
proposed system makes it possible to calculate the decline in riding qual· 
ity of a pavement as a function of time caused by pel'manent deforma· 
tion. It is shown that (a) the service life of a pavement can be related to 
the bitumen properties, (b) the mix properties oan be given as a function 
of the bitumen properties, (c) the total number of wheel loads of a given 
wheal-load spectrum can be expressed as an equivalent number of stan· 
dard whea l loads, depending on the mix characteristics, (d) the influence 
of a varying contact area between the tire and the pavement is negligible 
in the case of a pro11er choice of the standard wheel, (e) the lateral dis· 
trlbutlon of wheel loMds uvur Lhe lreff1c lano and the occurrence of lat 
eral swellings result in rut depth values (top to bonom) that are ap1>roxi· 
mately equal to the reduction in layer lhickoa s cau ed by the equivalent 
number of standard wheels in a single wheel path, and (f) the tempera· 
tu re variations must be corrected for by a proper calculation of average 
viscosities. 

In the continuous struggle against the deterioration of 
asphalt pavements t)1e emphasis is sometimes on crack
ing and sometimes on permanent deformation. In areas 
in which permallent deformation or rutting is regarded 
as the more se1·ious problem, the mix design has often 
been based on Marshall stability criteria. Although this 
frequently leads to improvements because extremely un
stable mixes are rejected, the results are not satisfac
tory in all respects. In the first place, too many pave
ments still show rutting, even after the use of a Marshall 
test procedure. In the second .Place, as has been con
firmed recently in Germany (1) a:nd Holland (2'), the re
producibility of the test itsel{1s relatively poor . More
over, the test procedure was originally developed for 
asphaltic concrete mixes and is not necessarily appli
cable to other types of mixes. Furthermore, the quan
tities measured cannot easily be interpreted directly in 
engineering terms, but derive their significance mainly 
from experience with such test results. 'I1lis can be an 
important disadvantage, in particula.r when unconven-
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tional materials or mix compositions or both require 
evaluation and there is little or no experience in their 
use. The main problem, however, is the fact that the 
measured quantities cannot be incorporated into a calcu
lation procedu1·e for the overall design of a pavement 
structure. Therefore, a new method for mix evaluation 
has been developed (~ !, ~ ~). 

In a pavement management system it is necessary to 
predict how the riding quality of the pavement will de
teriorate as a function of time. One of the factors that 
influences the riding quality, and therefore the service 
life of a pavement, is permanent deformation. In sev
eral countries an overlay is applied when the rut depth 
is of the order of 20 to 30 mm. For this reason a com
plete pavement management system must contain a sub
system witl1 which to calculate or predict rut depth. 

In this paper a pavement management subsystem for 
calculating the rut depth at a given sel'Vice life is pre
sented. It is restricted to rutting caused by deformation 
in the asphalt laye1·, assuming that deformations in the 
unbound layers underneath can be avoided by a proper 
thickness design. In the absence of such a thickness de
sign, the deformations in the unbound layers must be 
auued to that in the asphalt. The pape1· describes the 
basic principles of the system, defines the problem 
areas, and discusses possible solutions (these depend 
maiuly on the accuracy required) . However, since many 
of the other factors that influence the riding quality of a 
pavement cannot be predicted with a high degree of ac
curacy, the individual investigator must set his own stan
dards of accuracy for predicting rut depth. 

BASIC SYSTEM FOR PREDICTING 
PERMANENT DEFORMATION 

For ease of expression, the basic system will be ex
plained here by referring to a single wheel load that 
moves in a single wheel path without lateral movements 
(i.e., a laboratory test track study) . More practical 
conditions, such as wheel-load spectra, varying contact 
:u:eas between tires and pavements, lateral distributions 
of wheels over the traffic lane, and large temperature 
gradients in the asphalt layer, will be considered in the 
next section. 
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The design system will be outlined with the flow dia
gram shown in Figure l; successive steps in the simpli
fied procedlU·e are numbered according to this figure. 

In the design of a pavement or an overlay, the factors 
to be considered are the conditions at the site, the traf
fic to be expected, weighted by its intensity and the 
wheel-load distribution, and the climatic conditions 
(step 1). The asphalt layer thickness Ho can then be cal
culated on the basis of these quantities. The criteria for 
this include a maximumpermissible compressive strain 
at the top of the subgrade and a maximum permissible 
horizontal strain at the bottom of the asphalt layer. The 
dynamic modulus of the asphalt, which is needed for the 
calculations, can be measured directly or estimated 
from existing data (step 2). 

The rutting that will occw· in a pavement depends 011 

the average stress in the asphalt mix under the moving 
wheel, which may be calculated with the elastic-layer 
computer _program BISAR, an extension of the BISTRO 
program (.'.?_, ~· Figure 2 shows Z, the proportionality 
factor between the average stress and the contact stress 
(between the tire and pavement), calculated for the sim
plest case of a full-depth asphalt construction (4) (step 3). 
From a given wheel load and a given contact area, and 
the known quantities (Ho, E, E"'' µ, µ"')' the applicable 

Figure 1. Pavement management subsystem for calculation of 
reduction in layer thickness at a given service life. 
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Figure 2. Relation between Z and R/H 0 derived 
from BISAR analysis .of the elastic layer 
model (µ = µoo = 0.35). 
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Z-value can be determined from this figure (step 4). 
In order to calculate the rut depth in the design life of 

a pavement, the parameters listed in step 1 must relate 
to the material properties. The viscosity nomograph 
[Figure 3 (4)] shows the bitumen viscosity as a function 
of T - T800 v:, the difference behveen the bitumen tem
perature ru1d the temperature at whlch the penetration 
value is equal to 800 (9), with the penetration index (PI) 
as a parameter. It covers the range of teruperatw·es that 
may be present in a pavement. The viscosity as a func
tion of the pavement temperature can be derived from this 
nomograph, if the bitumen properties are known (step 5). 

Since it is assumed that permanent deformation or 
rutting is a function of only the viscous or nonelastic 
component of tile bitumen stiffness (Sbil, vi,o), the service 
life of a pavement may be expre.ssed as lstep 6) 

Sbit, v;sc = 31~ (N to/ri) 
T ,to 

where 

N =total number of wheel passes, 
to =loading time of one wheel pass, and 
'17 =bitumen viscosity. 

The bitumen viscosity is defined as 

(!) 

Figure 3. Viscosity of bitumen as a function of (T - T 800 pen I and Pl. 
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The experimental part of the procedure requires that 
the laboratory method of mixing and compaction of the 
specimens should be as close to the field method as 
possible: There must be at least a correlation between 
the mechanical properties obtained in the laboratory and 
those obtained in the field. In general, this problem is 
common to all test methods and is not unique to creep 
testing. The laboratory specimens are tl1en studied by 
the unconfined constant-load creep compression test 
(step 8) (~ !, ~' which measures a mi~ charac~eristi?, 
in which the stiffness modulus of the mix (Sm,,) is derived 
as a function of the stiffness modulus of the bitumen 
(Sbit). From the mix characteristic, Smix is derived at 
the value of S"1' equal to S.,11, .i« , which has been calculated 
from the design life of the pavement (step 9). 

Finally, the reduction in layer thickness can be cal
culated (step 10): 

reduction in layer thickness= CMH0 aav/S 111 iA (3) 

where 

C" = correction factor for the so-called dynamic ef
fect, which takes account of differences between 
static (creep) and dynamic (rutting) behavior 
(this factor depends on the tY.Pe of mix and must 
be determined empi1·ically (5)], 

Ho =design thickness of the asphilt layer, 
cr,v = average stress in the pavement under the mov

ing wheel, and 
Smix = value of the stiffness of the mix at Sbit = Sbit, v1sc, 

which was derived in step 9. 

(4) 

where Z has been derived from Figure 4, and ere is the 
contact stress between tire and pavement. 

However, it is not the reduction in layer thickness, 
but the total rut depth that is relevant for the riding 
quality of a pavement. The rut depth is defined as the 
difference in height between the top of a lateral swelling 
and tJ1e lowest point inside a rut; if no aftercompaction 
occurs., the material that is pushed away in the rut will 
appeai· as a lateral swelling. From observations on 
many test h'acks, the rut depth is about 1. 5 times the 
reduction in layer thickness. 

This calculation procedure will give a value for the 
reduction in layer thickness that may be acceptable or 
unacceptable. If the value is too high, the mix compo
sition should be changed and the procedure repeated. 
If the calculated reduction is acceptable, then the other 
relevant properties, such as resistance to fatigue, 
breaking strength, and durability, should be investigated. 
Tl\0 above-described procedure has been applied to a 
number of different mixes tested on various test tracks. 
Ag1·eement was within a factor of 2 (!, ~) without the em
pirical correction factor CM and bette1· with the applica
tion of proper CM values. 

EXTENSION TO PRACTICAL CONDITIONS 

The problems related to the application of the principles 
discussed above to the practical cases of varying wheel 
loads and contact areas, lateral distribution over the traffic 
lane, and varying temperatures will be discussed below. 

Wheel-Load Spectrum 

Experiments on laboratory test tracks are generally 
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tice, traffic is composed of light and heavy vehicles, and 
the influence of the total wheel-load spectrum must be 
taken into account. In rutting studies the load spectrum 
is expressed as the contact stress benveen the tire and 
the pavement. This section introduces some simplifica
tions that do npt influence the principles of the theory. 

The wheel-load spectrum ( FiJ$ure 4) is i·eplaced by the 
simplified wheel-load spectrum (Figure 5), which consists 
of N1 wheel passes with contact stress a1 and Na wheel 
lJasses with stress cr2. The sequerrce of loading is random 
(Figure 6). The load spectrum may then be divided into 
a number of repeated block loadings, in whlch cr1 and crn 
are represented in the ratio n1/n2 (= Ni/N2). Within such 
a block. loadings with equal er are taken together (Figure 
7). The sequence of the applications of er1 and cr2 may in
fluence the deformation l~vel, but at an increasing num
be1• of repeated block loadings this influence diminishes. 

Next, the influence of the simplified wheel-load spec
trum on the permanent deformation or rut depth is studied. 
The rutting characteristic, in which the rut depth E'v is 
given as a function of the number of wheel passes N, de
pends on the contact stress between the tire and the as
phalt surface. A wheel load with a constant er .follows a 
single curve. However, a sequence of differe11t loadings 
cannot be represented by a single curve. During the 
course of a deformation process the material continu
ously changes its properties: The resistance to per
manent deformation increases, i.e., dE'/dN decreases. 
The magnitude of this decrease depends on a. In view 
of this continuous change, it is not correct to simply add 
up the deformations caused by N1 loads of a1 and N2 loads 
of er2 • Therefore, the following assumption is made: 
The material can be characterized by its state of defor
mation or deformation level, regardless of the way in 
which this state has been obtained. 

The required compound block loading procedure is de
scribed as follows: When n1 loads of cr1 are applied, and 
a preceding arbitrary load pattern has caused a rut depth 
lip, then the n1ttinp; curve from cr, must be followed by n1 
load applications of a11 beginning at level E',. In Figure 8 
this procedure is illustrated fo1· 111, CTL and n~, O'~ . To fix 
the final deformation level the procedure must be re
peated almost infinitely. Only if the E-N relationship 
is known. in analytical form, is it possible to calculate 
the final deformation level. 

For many of the asphalt mixes tested, the strain in 
the mix is proportional to the applied stress (llneai·ity). 

E = f 1 (a,N) =a f(N) (5) 

In most cases, the functional relationship between E and 
N can be described with sufficient accuracy by a linear 
log-log relationship (Figure 9): 

€ = caN' (6) 

Now, .if µ1 loads cr1 and na loads cr2 are applied alternately, 
the simplest procedure for the study of the influence on rut 
depth will be to determine the equivalent number of stan
dard loads that would cause the same rut depth as the com
pound loading, i.e., to determine nu that causes the same 
increase in rut depth d£., as is caused by n1 loads of a1• 

Assume that, after an arbitrary load history, the per
manent deformation is £ •. From the standard curve, this 
level would be obtained after N,. wheel loads or :Crom the er1 
curve, after N1 wheel loads. From equation 6 it follows that 

N,1 = (Ep/ca,1)1'' 

Ni~ (Ep/ca,)11• 

(7) 

(8) 

carried out with a single, constant wheel load. In prac- or 
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N,, = (a;/a,1) 11• N1 (9) 

This equation gives the equivalent number of standard 
loads causing the same deformation Ep as N1 loads a1 • 

However, at equal E:p, dE:/dN differs for the different 
a curves and is a function of N, i.e., 

(10) 

or 

de/dN = Ep a/N (11) 

for the standard curve: 

(12) 

for the a1 curve: 

(13) 

Put dN1 = n1 and calculate dN,, = n,, for the case in which 

Figure 4. Wheel-load 
spectrum. 

Figure 5. Simplified 
wheel-load spectrum. 

Figure 6. Random sequence 
of a 1 and 02. 

Figure 7. Compound block 
loading. 
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the increases in deformation along both curves are equal. 

eP (a/N, 1) n,1 = eP (a/N;)n1 

n,, = (N,,/N1) n1 

Substitute equation 7 and 8 into equation 16. 

(14) 

(15) 

(16) 

(17) 

Equation 17 is similar to equation 9. This means that, 
for any load pattern, the equivalent number of standard 
loads can be determined, not only in the case of a certain 
deformation level obtained, but also for the incremental 
deformations, regardless of the fact that dE:/dN, or the 
measure of increasing resistance to permanent deforma
tion, differs for the various a curves, at equal values of 
Ep· This important finding is related to the choice of the 
mix chuacteristic. The assumptions were (a) linearity 
with regard to stress and (b) a linear log-log relationship. 
From the derivation, it can be seen that the second as
sumption has led to this more or less unexpected result. 
For, when the E:-N relationship of equation 6 is replaced 
by E: ::- cN"f(u), the derivation does not change essentially. 
It also indicates that , for the small number of mixes for 
which the linear log-log approach is not accurate enough, 
the derived formula 17 may not be used. It is not even 
correct to divide the E:-N curve into different parts. 
characterized by different slopes, and use the derived 
formula with different values of a. 

Returning to the sta1·ting point, in which the general 
wheel-load spectrum (Figure 4) was considered, this 
spectrum can 'be divided :i,nto .k classes of different 
stresses. For this the general formula is 

Figure 8. Procedure to determine permanent 
deformation under the influence of different 
loadings. 
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N,q = N" ~ (a;/a,1) l/a (n;/nsi) 
1=1 

In this formula a,, can be chosen arbitrarily. 

(18) 

From creep and rutting e1:periments it has been found 
that the coefficient a (slope of the mix Characteristic) 
varies between 1/3 and Yo· hence the power 1/ a varies 
between 3 and 9. 

Formula 18, which has general validity, has been 
de1·ived f01• the most simple case of constant tempera
ture, constant wheel speed, and constant geometry. In 
this ciise, the strain in the mix can be calculated directly 
by 

(19) 

In all other cases N,q must be used in equation 1. 
This value may be used to caicuiate s.,,. vise (see- equa

tion 1). In formula 18, a,, must be used instead of '10· 
The derivation assumes that the contact area between the 
tire and the pavement does not change with varying wheel 
loads. The geometric correction factor Z is then a con
stant, and the radius of the contact area R can be that of 
t he standard wheel. However, this is not realistic and 
requires further consideration. 

Varying Contact Area 

With road vehicles, the contact area between the tire and 
the pavement increases with increasing wheel load and 
increasing contact stress. Hence, at a given layer thick
ness Ho, the geometric factor Z, which is a function of 
R (Figm·P. :>.), will rlepend on the contact stress, which 
means that the average stress under the wheel is not 
linP.:n·ly proportional to the contac stress. De Henau 
(10) has investigated the relation between the contact 
stress and the radius of the contact area between th 
tire and the pavement. This relation, which is based 
on experimental average results, can be approximated 
by 

R =ca~' (20) 

To calculate the average stress in a given construction, 
equation 4 can be written as 

(21) 

An example of the functional relationship between Z ru1d 
R is given in Figure 2. For small values of R (R/ H0 < 
~), Z is proportional to R at high values of R, Z is al
most independent. Equations 20 and 21 can be combined 
into 

a,v =ca~ (l < b < 'f,) (22) 

This equation shows that the average stress under actual 
traffic ~oads is greater than proportional to the contact 
stress. 

If the choice of the standard wheel and the derivation 
of the Z-value belonging to this wheel are arbitrary, the 
expression of the whole wheel-load spectrum in standard 
wheel loads will lead to an overestimation of the lower 
stresses and an underestimation of the higher ones. It 
is very complicated to quantify this exactly. However, 
with a proper choice of the standard wheel there is no 
need to correct for this effect. If the wheel pertaining 
to the standard 80-kN AASHO axle load, which is in the 
middle of the wheel-load spectrum, is chosen, the over 
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and underestimations are about equal and the error is 
negligible. Forthis wheel, R =105mm andcro =0.6MN/ m2

• 

The same reasoning is valid with respeet to the loading 
time of one wheel pass: to is proportional to the ratio of 
the length o! the contact area to the wheel speed. If the 
contact a:i·ea varies, to varies in the same way, and choos
ing the standard wheel in the middle of the load spectrum 
will give compensating over and underestimations. 

Lateral Distribution of Wheel Loads 

Actual traffic does not move in a single wheel path, but 
is laterally distributed over the traffic lane ( 11}. The 
effect of this is twofold. First, in the calculati.uu JJYO 

cedure, U1e interest is in the reduction in layer thickness 
in the middle of the rut (the deepest part), but because of 
the lateral distribution, the real number of wheel passes 
in the middle will be lower than the total number. 
Second, some o·f the material that is pushed sidewards 
to the lateral swelling is also pushed backwru·ds by the 
wheels moving along the edge of tile central wheel path. 

Figure 10 gives an example of a frequency dish·ibution 
of passages of the middle of a wheel. This shows that, 
if t he interval width is smaller Urnn the width of the tire, 
a wheel pass in one interval also covers the adjacent in
terval(s} . For example, if the interval width is equal to 
the tire width, the adjacent lnterval is located i:n the lat
eral s welling, whereas if the interval width is one-thil'd 
of the ti1·e widtl1, the two adjacent intervals are also un
der the passing wheel. 

As the frequency distribution of the lateral displace
ments is based on a very large number of wheel passes, 
the interval width must be chosen to be small in com
parison with the tire width. The tire width can be taken 
as the diameter of the contact area of the. standard wheel, 
or for dual wheels, as twice this value. 

The foiiowing assumptions are made. 

1. No aftercompaction takes place. Thlo means that 
all of the material that is pushed downwards in a i·ut must 
be moved laterally to a swelling. Deformations caused 
by aftercompaction will be added to the purely viscous 
deformations. 

2. The width of a swelling is equal to the width of the 
rut. This assumption is derived from laboratory test 
track studies. Since the volume of the rut is equal to the 
volume of the two lateral swellings, the average height of 
the swelling is half the permanent deformation in the rut. 

3. Since the deformations occurring in the ruts and 
in the swellings are both related to a combinatio·n of com
pn~ooiuu amt tension, which a ro sh.car forcee , no dis
tinction will be made between the two effects in the phys
ical sense. 

4. The number of wheel passes located in the inter
vals under the wheel is counted as positive, and the 
number o'f wheel passes located in the swelling intervals 
is counted as negative and weighted by a factor of 1

/ 2• 

[With a small number of wheel passes, the resulting de
formation depends on the quest.ion of whether an interval 
is first located in a swelling and afterward under the 
wheel, or, with an equal number of wheel passes, is de
formed in the opposite order. WitJ1 a large number of 
randomly applied wheel passes, this influence diminishes. 
This means that material subjected to a number of swell
ing deformations tlmt is twice the number of deformations 
under tl1e wheel will not show any resulting deformation. 
Only a net numJ)er of load applicatio11s {positive or nega
tive) will cause permanent deformation. ] 

5. The deformations in the rutting part are calculated 
with the formula 

(23) 
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Figure 10. Average lateral distribution of lorry 
wheels. ";!!. 15 

,.:: 

10 

15 

- IO 

y= PERCENTAGE LORRY WHEELS 
OF THE TOTAL NUMBER OF 
LORRY WHEELS PASSING 

. 5 

ON THE ROAD 

0 
30 29 28 v 216 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 . 

0 

x=7.5m DISTANCETOTHERIGHTEDGE ~x=O 

Figure 11. Calculated average deformation profiles (A and B) and 
profile measured on a rutted road in Holland (C). 
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6. The deformations in the swelling part are calcu
lated with the formula 

e, = Y2c(2N;)' (24) 

The factor % is based on assumption 2. The factor 2 in 
the term (2NJ) is explained as follows: As explained in 
assumption 4, all load applications in a swelling interval 
a.re weighted by a factor of % and the net number of pas
sages in the swelling, NJ, causes the actual deforma
tion, beginning with the zero state. From the case of a 
single wheel path, the swelling deformation can be cal
culated by the formula ( = 7'2 c N•, in which a wheel pass 
is given its full weight The same must also hold for the 
net number of passes NJ and means that NJ must be mul
tiplied by a factor of 2. 

In the calculation procedure, the interval width was 
chosen as 25 mm; the width of a single wheel was taken 
equal to 9 intervals (225 mm); and the width of a dual 
wheel was taken equal to 17 intervals (425 mm). In the 
cas·e of a single wheel and a material characteristic hav
ing a slope of a= % (t: = cN'"), the rut depth, defined as 
the difference between the highest part of the swelling 
and the lowest part inside the rut, is 90 percent of the 
change in layer thickness, calculated with all wheels 

OF THE ROAD, 0.25m INTERVALS 0.25 
RIGHT EDGE 

moving in a single wheel path (Figure llA). When a dual 
wheel is applied, the rut depth is 114 percent of the 
change in layer thickness calculated with all dual wheels 
in a single wheel path (Figure 11B). If the lateral swell
ing is taken into account in the case of a single wheel path, 
these values a.re 60 and 76 percent respectively ol the rut 
depth. However, it is easier to use the values of change 
in the laye1· thickness, because these values can be cal
culated with equation 3. If a = % (an extremely unstable 
mix), the i·ut depth values are 56 and 88 percent respec
tively of the change in layer thickness in a single wheel 
path. For the combination of single and dual wheels that 
is found in practice, for an ave1·age mix, the rut depth 
(the top of the swelling to the bottom of the rut) is roughly 
equal to the change in layer thickness when all of the 
wheels move in a single wheel path. 

In Figure 11 the de1·ived average deformation profiles 
are compared with the measured profile of an arbitrarily 
chosen, strongly rutted road in Holland. The fact that 
the calculated profiles are more angular in shape than the 
measured profile is explained by the fact that at low num
bers of load applications the measured deformations are 
lower than the values calculated by the relation t: = c N". 
Au actual profile of a single wheel path in a test track 
(also shown in Figure UC) shows a smoother appearance 
than the profile used in the calculation. 

Influence of Varying Temperatures and 
Temperature Gradients 

When rut depth is to be predicted over a period of many 
years, the calculations must use average temperatures, 
for example, the mean monthly temperatures (12). Equa-
tion 1 then becomes -

(25) 

where 

N = total number of standard wheel loads over the 
period of one month, and 

(l/11t =average of the reciprocal viscosities in that 
month. 

The latter quantity is not equal to the reciprocal of the 
average viscosity, and thus, because 11 is a nonlinear 
function of T (see Figure 3), not equal to the reciprocal 
value of the viscosity at the average temperature. Thus 

(26) 



As to the question of which value to choose for 17, the 
following should be noted. In a laboratory test track, 
where the temperature can be controlled, the asphalt 
layer may have an almost uniform temperature. In prac
tice, or on an open-air test track, large temperature 
differences between the top and bottom of the layer can 
occur. In this case, the average viscosity must be cal
culated through the asphalt layer rather than the viscos
ity at the average temperature through the layer. The 
effect of temperature gradients can be seen in Figure 3, 
which shows that a temperature difference of l0°C causes 
a change in viscosity of a factor of 10. 

Depending on the required accuracy, a layer can be 
divided into various sublayers having different tempera
tures, and the dynamic modulus for each sublayer can 
be determined. Then the stress and the sbit, vise values 
can be calculated with the computer program BISAR. The 
deformation of each sublayer can be calculated from the 
creep curve in the same way as in the case of one layer, 
and finally, all of the contributions can be summed. This 
refinement may be necessary when large viscosity gra
dients coincide with large stress gradients. 
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