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This state-of-the-art paper summarizes a number of procedures to either 
limit rutting to some specific amount or to estimate the expected quan
tity from repetitive traffic loading. Two methods are suggested for esti
mating permanent deformation from long-term loading. From a design 
standpoint, the procedure for limiting the rutting to some prescribed 
amount that is based on a limiting subgrade strain criterion is the proce
dure that could be used with more confidence since these criteria have 
been developed from analyses of existing design procedures and field 
trials. On the other hand, the methodology described for the estima
tion of the actual amount of rutting from laboratory repeated load or 
creep tests and either elastic or viscoelastic layered theory will require 
field documentation before il c~n li11 usud with confidence. Neverthe
less, such procedures can be used to compare alternatives in design by 
making rutting estimates for pavements made of different materials. 

The distortion (or permanent deformation) mode of dis
tress in asphalt pavements that results from both traffic
and non-traffic-associated causes is summarized below. 

General Specific Causative 
Cause Factor Example of Distress 

Traffic- Single or comparatively Plastic flow (shear dis-
associated few excessive loads tortion) 

Long-term (or static) Creep (time dependent) 
load deformation 

Repetitive traffic load- Rutting (resulting from 
ing (generally a large accumulation of the 
number of repetitions) small permanent defor-

mations associated 
with passage of wheel 
loads) 

Non-traffic- Expansive subgrade soil Swell or shrinkage 
associated Compressible material Consolidation settle-

underlying pavement ment 
structure 

Frost-susceptible ma- Heave (particularly 
terial differential amounts) 

(In this paper only the distortion from traffic-associated 
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causes is discussed.) This mode of distress can result 
from a single or a comparatively few excessive loads. 

The available methodology permits the prediction of 
rutting resulting either from a specific number of re
peated loads or from long-term loading. Few attempts 
have been made to predict the rutting resulting from the 
plastic flow or shear distortion associated with a single 
or comparatively few excessive loads since the concern 
of the engineer has been to design the material to resist 
such loads by using materials designs predicated on shear 
strength characteristics (!_,~ . This approach has also 
been applied to the design of pavements to resist rutting 
from repetitive traffic loading. Tests such as the CBR 
(3), the R-value (4), or triaxial compression are widely 
used to determine the Mohr- Coulomb parameters ¢ and 
C under specific conditions (e.g., the specific time of 
loading and the temperature for asphalt conc1·ete) (1, 5). 
Such methodology has been summarized by Monismith and 
Salam (6). 

The following sections present a summary of existing 
procedures that permit the estimation of rutting from re
petitive and creep loading, as well as guidelines for lim
lllng slrai11 values al lhe suligrade levt!l. The general 
framework in which such estimates can be made is shown 
in Figure 1. This discussion will be concentrated pri
marily on blocks 7 through 11 since it is assumed that a 
pavement section will be available for analysis that has 
been designed by an existing procedure (e.g., the Cali
fornia R-value or the Corps of Engineers CBR) . 

RUTTING FROM REPETITIVE TRAFFIC 
LOADING 

Two approaches are available for the study of rutting from 
repeated traffic loading. In one method the vertical com
pressive strain at the subgrade surface is limited to some 
tolerable amount associated with a specific number of 
load repetitions [e.g., Dorman and Metcalf (7)]. By 
controlling the characteristics of the materials in the 
pavement section through materials design and proper 
construction procedures and using materials of adequate 
stiffness and sufficient thickness so that this strain level 
is not exceeded, permanent deformation equal to or less 
than some prescribed amount is ensured. 



The second procedure involves an estimation of the 
actual amount of rutting that might occur by using appro
priate materials characterization information and an 
analysis procedure that assumes the pavement structure 
to be represented as a layered elastic or viscoelastic 
system. 

Limiting Subgrade Strain Criteria 

Three criteria for limiting subgrade strain in highway 
pavements that can be used to ensure that permanent de
formation in the subgrade does not lead to excessive rut
ting at the pavement surface are discussed in this section 
and listed in Table. 1. The first of these (7) was de
veloped by elastic analyses of pavements designed ac
cording to the CBR procedure and for the AASHO Road 
Test. The criteria listed in Table 2 are associated with 
ultimate rut depths of about 19 mm (%in). 

The second criterion suggested, also shown in Table 
1 (8), was developed by examining pavement structures 
deSlgned according to the California design procedure. 
These strain values are less than those suggested in the 
first; it is possible, however, that smaller limiting val
ues of permanent deformation occur in pavements de
signed by the California procedure. 

Hicks and Finn (9) have analyzed the various sections 
of the San Diego test road in the same manner. The re
sults of their analyses are shown in Figure 2. These 
values are more conservative than those (also shown in 
Figure 2) obtained from an analysis of pavements de
signed according to the California procedure. In this 
test road, however, relatively small values, generally 
less than 7.5 mm (0.3 in), of permanent deformation 
were being obtained at the time that the criteria were 
developed. 

The criteria developed by Witczak (10) for airfield 
pavements, based in part on the analysis of field trials 
conducted by the U.S. Army Corps of Engineers Water
ways Experiment Station, are appropriate (11). These 
criteria are also summarized in Table 1. These values 
are substantially higher than those associated with high
way pavements. 

In using these criteria, the pavement is analyzed as 
a layered elastic structure. Appropriate values for the 
properties of each of the layers are used, and the en
vironmental influences resulting from temperature and 
moisture conditions associated with specific locales are 
considered. 

Rutting Estimation From Repeated 
Traffic Loading 

A number of procedures are available for the estimation 
of the amount of rutting from repeated traffic loading. 
They may be categorized as 

1. The use of elastic layered systems to represent 
the pavement structure with materials characterization 
by repeated load triaxial compression tests or creep 
tests (particularly for asphalt-bound layers), and 

2. The use of viscoelastic layered systems to rep
resent the pavement structure with materials character
ization by means of creep tests. 

Representation of Pavement as an Elastic 
Layered System 

A number of investigators (12, 13, 14) have suggested that 
a pavement may be representecfasa layered elastic sys
tem in the determination of the state of stress or strain 
resulting from a surface loading. The amount of rutting 
can then be estimated for some specified number of load 

repetitions with the use of an appropriate constitutive 
relationship. 
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The use of this type of analysis requires the relations 
between plastic strain and applied stress for each of the 
pavement components, i.e., 

where 

EP = plastic or permanent strain, and 
cr 1J =stress state. 

(I) 

It is then possible to estimate the permanent deformation 
occurring in each particular layer by computing the per
manent strain at a sufficient number of points within the 
layer to reasonably define the strain variation with depth. 
The permanent deformation is the sum of the products 
of the average permanent strains and the corresponding 
difierences in depths between the locations at which the 
strains were determined (Figure 3), i.e., 

n 

0P(x,y) = ~ (eP L'lz;) 
' ,(.; ' 

i= J 

where 

(2) 

c5\' (x, y) =rut depth in the i th position at point (x, y) in 
the horizontal plane, 

Ef =average permanent strain at depth [z1 + 
(Az i/2)] , and 

Az1 = difference in depth. 

The total rut depth can be estimated by summing the con
tributions from each layer. From the knowledge of the 
plastic strain at various numbers of load repetitions, the 
development of rutting with traffic can be estimated. 

This approach has been used to predict permanent de
formation in eitheJ· a portlon of or the total pavement 
structure by Barksdale (13), Morris and others (15), 
McLean and Monismith (ffi, F:reeme and Monismith (17), 
Snaith (18), Brown and Suaith (19), Hills and others (20), 
van de Loo (21), and Chomton and Valayer (22) . -

The method of using repeated load triaxiilcompres
sion tests has peen used by Brown and others (23) and 
Monismith and others (24) 011 subgrade tYPe materials. 
The water content, dry density, stress state, and num
ber of load applications all influence the development of 
permanent strain. The results of repeated load testing 
can be expressed in equations of the form 

where 

EP = permanent strain, 
Acr = applied strc!'s, 

(3) 

(4) 

N =number of stress applications, and 
A, b, .i, and m =experimentally determined coeffi

cients. 

For granular materials, Barksdale (13) has developed 
considerable data, which can be represented by an equa
tion of the following form: 

eP/iJ =(I /Ka~)/{ I - [aRrO - sin</>)] /[2(Ccos c/> + U3 sin¢)]} 

x CN/N0r 

where 

(5) 
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Figure 1. Block diagram of a distortion subsystem. 

Figure 2. e-N relation derived from panel ratings for all base 
types. 
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Figure 3. Schematic 
representation of pavement 
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permanent deformation. 
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Table 1. Allowable subgrade compressive strain values corresponding 
to different load applications. 

Compressive Strain on Subgrade (mm/mm) 

Highway Pavements 
Airfield 
Pavements 

Load 
Applications 
(MPa) Dorman and Metcalf ('.!) 

Monismith and 
McLean(~) Witczak (10) 

6.9 
69 

690 
6 900 

69 000 
690 000 

1.05 x 10·' 
6.5 >< 10" 
4.2 x 10-4 

2.6><10" 

Nuw. 1 mm - 0.039 In; 1 PJ - 0 000 H!J !lJ/i11' . 

8 .0 >< 10"' 
4,8 >< 10"' 
2 .9 >< 10"' 
1.7><10"' 

19.2 >< 10" 
16 .8 >< 10·1 

15 .2 >< 10· 1 

14.6 >< 10" 

Ka~ = relationship defining the initial tangent modulus 
as a function of confining pressure, 

C = cohesion, 
¢ = angle of internal friction, 

Rr =constant relating compressive strength to an 
asymptotic stress difference; 0.75,;; R, ,;; 1, 

and these parameters are determined at a specific num
ber of stress repetitions, No. 

For asphalt concrete, a number o"f approaches have 
been developed by Morris and others (15}, McLean and 
Monismith (1.!) , Snaith (18), and Freeme and Monismith (17). 

Morris and others (15) have developed regression 
equations for the laboratory test data over a range of 
temperatures and for a range of both tensile and com
pressive stresses. The functional form of their expres
sions is 

(6) 

where E = estimate of error. 
Similarly, McLean and Monismith (16) have fitted to 

their test data a third order polynomialOf the form 

log €P = C0 + C, (log N) + C2 (log N)2 + C3 (log N)3 (7) 

in which the influences of stress state, time of loading, 
and temperature are described by the coefficients Co, C1, 
Ca, and Ca. 

Snaith (18) has expressed his data by an equation of 
the form -

log €P = (a +blog t) (8) 



where a and b are functions of temperature and applied 
stress and are estimated directly from the laboratory 
test results. 

Freeme and Monismith (17) have suggested an ex
pression in which the relationship for the vertical strain 
at a point in the pa:vement structure (Figure 3) is esti
mated from 

E~ = 6(T)Wo"-1 t[a, - 'h(ax + ay)] (9) 

where;; =equivalent stress, and is defined as 
1/a [{ai. - a3) 2 + (a2 - CJ3)2 + (a3 - a1) 2]"". The coefficients 
o(T), o:, and n must be determined experimentally. 

Some attempts have been made to predict the accumu
lation of rutting in various pavement structures by using 
these constitutive relationships together with the process 
illustrated in Figure 3. 

Morris and others (15) have prepared an estimate, 
shown in Figure 4, of the rutting occurring in a 290-cm 
asphalt concrete section of the Brampton Test Road as 
a function of time. The overall results are encouraging, 
as shown by the reasonable correspondence of the mea
sured and predicted values, but suggest that much of the 
permanent deformation results from accumulations in 
the lower part of the asphalt-bound layer because of the 
comparatively high tensile stresses that occur near the 
underside of the section. 

McLean and Monismith have compared the form of 
accumulation of permanent deformation with that ob
served by Hofs tra and Klomp (25) in a laboratory test 
track (16). Although the mixtures are different, the 
shapes Of the curves are similar, indicating the poten
tial applicability of such a procedure. They have also 
examined the influence of certain designer-controlled 
variables on the rutting that might occur in thick asphalt
bound layers. Snaith (18) has used the same approach 
in his equations to predict the accumulation of rutting 
with load applications of the same form. 

Barksdale (13) has also used this methodology to pro
vide a relative mdication of the rutting potential of dif
ferent granular materials used in a particular pave
ment structure. His results are illustrated in Figure 5 
in which the rutting potential is shown in terms of a rut 
index rather than in terms of the actual rutting associ
ated with the different materials. 

These analyses included studies of the influence of 
the asphalt concrete stiffness, the subgrade stiffness, 
and the layer thickness. Reducing the stiffness of the 
asphalt concrete by a factor of two increased the pave
ment deformation more than proportionally, indicating 
that the influence of the asphalt concrete stiffness may 
be substantial. The subgrade stiffness appeared to have 
almost no effect on the accumulation of permanent de
formation in the asphalt concrete layer although it will 
influence the total permanent deformation at the pave
ment surface. For a given thickness of asphalt concrete, 
the total deformation will increase as the stiffness is re
duced. The influence of layer thickness on permanent 
deformation, within the range investigated (300 to 500 
mm or 12 to 20 in), was minimal. 

This comparison, together with those illustrated 
above, indicates that the use of elastic theory for stress 
and strain distribution, together with a constitutive re
lationship determined from laboratory repeated load 
tests, has the potential to assist in the estimate of per
manent deformation accumulation in thick asphalt-bound 
laye1·s. 

Freeme and Monismith (17) have estimated the amount 
of rutting in the layered system shown in Figure 6. The 
shape of the relationship with load repetition is reasonable. 

An alternative approach proposed by Hills and others 
(20) and Chomton and Valayer (22) is the use of creep 

5 

tests on asphalt concrete, together with elastic layer 
theory, to represent the response of the pavement struc
ture to load. 

Observations of the development of rut depth with load 
repetitions in laboratory test tracks (two-layer pavements 
consisting of asphalt concrete resting directly on sub
grade) provide data that, when suitably transformed, have 
the same shape as the test results for laboratory creep 
tests in uniaxial compression (Figure 7). The quantities 
in this figure are estimated as follows. 

Smix (laboratory creep)= a/Em;x (10) 

where 

a = applied creep stress at temperature T = constant, 
€mix = axial strain at particular time t, and 
Sm;x = corresponding mix stiffness at temperature T 

and time t. 

Sbu (laboratory creep)= a/ebu 

where Sb;1 = asphalt stiffness [estimated by using the 
procedure of Hills and others (20)]. 

Smix (rutting test on field pavement)= Za0 /[B(r/H0 )] 

where 

(11) 

(12) 

Z = f(radius of loaded area/ thickness of asphalt-bound 
layer (Ho), E,ubwode/Ensp'1111 concro10 ), 

ao = tire contact pressure, 
r =total rut depth at pavement surface, and 
B =proportion of total rut depth in asphalt-bound layer. 

For the Sbu (rutting test), only the viscous component, 
(Sb;1)., of Sbit is estimated. 

(13) 

and 

31'/ =Lim (tSb;t) (14) 
1-~ 

for the time of loading in the rutting test t = nt., where 
n is number of wheel bases and t. is time of loading for 
one wheel passage. At different temperature conditions 
this becomes 

(15) 

The use of this methodology requires the measurement of 
Sm;x in the laboratory, and the estimation of Sbu by the 
procedure of Hills and others and (Sw,>v from knowledge 
of the traffic and temperature conditions and the nomo
graphic procedure to give the rut depth, r, from Zao/ 
[ B(r /Ho)] for the specific pavement conditions. Com
parisons between estimated and computed values are 
given in a paper by van de Loo in this Record. While the 
estimation procedure appears applicable to all materials, 
the computational one has been used only for asphalt
bound materials. This should not be considered a limi
tation, however, since as suggested by van de Loo (21), 
the creep test may become a useful mix design test to 
differentiate between mixtures. 

Representation of Pavement as a Viscoelastic 
Layered System 

Barksdale and Leonards (26) and Elliott and Moavenzadeh 
(27, 28) have suggested thatrutting can be estimated by 
assuming that the pavement can be represented as a vis-
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Figure 4. Permanent deformation versus time relationship of 
section 3 of Brampton Test Road. 
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Figure 6. Estimated rutting in experimental test road: (a) total 
rut depth as a function of ioad appiication and (b) totai rut 
depth at various layer interfaces. 
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Figure 8. Comparison of rut depth predictions using the total 
effective strain and three-layer viscoelastic approaches. 
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coelastic layered system and then using creep tests to 
represent the response characteristics of the various 
materials in the pavement structure. 

The accumulation of pavement deformation in the 
structui·e, for which the r esults of the elastic analysis 
were reported above CW was examined using the FHW A 
Structural Subsystem (W. Compliances were determined 
in tension and compression and variations in the time of 
loading, t, and the total length of time before the next 

Figure 5. Variation of rut index with percent fines for 
crushed granite gneiss bases. 
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Figure 7. Creep and rutting tests on A9 test track. 
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load is applied, T (17). Figure 8 shows a summary of 
these determinationS. The permanent deformations that 
were estimated by using this procedure are substantially 
less than those computed using the elastic analysis for 
essentially the same conditions. Also, the accumulation 
of pe1·manent deformation with the number of load ap
plications determined by this procedure does not show 
the same shape as t hat observed by Hofstra and Klomp (2 5). 

Cumulative Loading Considerations 

In the laboratory it is convenient to apply stresses of a 
single magnitude to the specific material under inves
tigation. 

Since the actual stress sequence in the field is not 
known, it is desirable to be able to predict the results 
of cumulative loading from the results of simple loading 
tests. At present, at least two methods are available for 
this: a time-hardening procedure and a strain-hardening 
procedure, both illustrated schematically in Figure 9. 

In the time-hardening method, if the specimen is 
loaded for Ni i·epetitions of stress state i11, the resulting 
permanent sti·ain will be E"~ (N). Th,e equivalent number 
of repetitions, N~, at sfress aa that would have given the 
same permanent strain is obtained as shown in Figure 9, 
and if further Ni applications of a2 are applied, the total 
strain will continue to follow the path. 

The strain-hardening procedure requires the deter
mination of d after N1 repetitions of stress a1. The 
number of repetitions at stress aa is then taken equal to 
N 1, and a further N2 application is applied. The total 
permanent strain is the sum of d plus E:~. 

Both approaches have been used to predict the mea
sured i·esponses in cumulative loading from test data at 
single stress levels auct compared with the experimental 
results by Monismith and others. Neither method gives 
a solution that agrees quantitatively with the experimental 
results. However, the predicted results are in qualita
tive agreement and bracket the actual data. The time
hardening procedure gives better agreement if the stress 
levels are successively increased, whereas the strain
hardening method gives closer agreement if the loads are 
successively decreased. 

CREEP DEFORMATION 

As with rutting from repeated traffic loading, creep de
formation from standing loads may be estimated by using 
either elastic or viscoelastic theory. The use of visco
elastic theory together with creep compliances for the 
components of the pavement structure that a re likely to 
creep is one feasible way to examine the problem . Al
ternatively, the use of elastic theory togethe1· with stiff
ness moduli whose dependence on time and temperature 
are known is another. This requires solutions for a 
series of stiffness moduli corresponding to different 
times and gives curves of the same form as above. 
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