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The Highway Research Board Task Force on Structural Design of 
Pavement Systems sponsored a Symposium on Structural Design 
of Asphalt Concrete Pavements to Prevent Fatigue Failure at the 
Highway Research Board's fifty-second annual meeting. At the 
symposium, papers were presented on recent materials and pave-
ment research on the problem of load-associated cracking of as-
phalt pavements. 

Papers by Barksdale and Hicks, Pell, Hudson, and Deacon 
summarize the results of recent research that can be implemented 
according to present design practice. Included are (a) examination 
and evaluation of currently available techniques for evaluating the 
properties of materials used in asphalt pavement structures and 
for determining the response of pavement structures to load in 
terms of stress, strain, and deflection; (b) discussion of current 
methods for defining fatigue of asphalt mixtures and summary of 
test results to date; (c) discussion of necessary environmental 
and traffic inputs to examine fatigue; and (d) summary of available 
techniques for fatigue-life estimation. 

Finn's paper summarizes available information relating load-
associated cracking and its areal extent to pavement performance. 
Terrel describes a series of studies of test tracks and in-service 
pavements in which the fatigue phenomenon was investigated. 

Two design procedures that include the fatigue factor illustrate 
that these concepts are workable and can be implemented. Havens, 
Deen, and Southgate describe a procedure applicable for highway 
pavement design in Kentucky, and Witczak describes a procedure 
for thick-lift asphalt concrete airfield pavements. 

The paper by Majidzadeh and Ramsamooj is an example of 
promising future developments in this area. 

The paper by Freeme and Marais, although not given at the 
symposium, has been added to this Special Report because it 
presents another example of the use of the fatigue subsystem in 
practice. 

The paper by Witczak uses fatigue criteria developed by Kingham 
from analyses of the performance of selected sections of the AASHO 
test road. For purposes of information, the paper byKingham in 
which those analyses are described is included in this Record. 

The introductory paper by Monismith shows in more detail how 
all of the material that was presented at the symposium can be put 
together for implementation and includes a design example. 
Whether the detailed procedure is followed as in the example or 
whether a simplified process is used will depend on the specific 
project. In effect, the amount of effort devoted to the analysis 



(design) can be tailored to the project. That point is illustrated in the design ex-
amples presented. 

McMahon summarizes the symposium, discusses the role of the Federal Highway 
Administration in pavement design research, and reviews some of the FHWA-sponsored 
research projects. 

Results of research presented at the symposium demonstrate that asphait pavements 
can be designed to minimize cracking from repeated traffic loading. The Task Force 
on Structural Design of Pavement Systems is pleased to see that the Federal Highway 
Administration is planning to produce in the near future a complete design procedure 
to investigate the potential for fatigue cracking. Material presented at the symposium 
should assist in that development of a workable fatigue design system. 

The best way to get research into practice, of course, is for people to use it where 
it seems appropriate even though more "engineering" may be required. The task force 
believes that those who use the concepts presented at the symposium will increase 
their capabilities to design with confidence. Engineers who are concerned with pave-
ment design are urged, therefore, to use these techniques on specific projects in con-
junction with current procedures. 

—C. L. Monismith 

vi 
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In the report of the workshop on the structural design of asphalt 
concrete pavement systems (i), it was indicated that the most 
frequently occurring mode of distress in asphalt highway pave-
ments in the United States is fatigue cracking associated with 
traffic loads. That report also indicated that sufficient informa-
tion is available to permit estimation of that type of distress as a 
part of the design process, and the recommendation was made that 
that information be used to check proposed designs. To assist the 
designer to make such an estimate, this symposium was organized. 
Its primary objective was to demonstrate that a fatigue subsystem, 
such as the one shown in Figure 1, of the pavement design and 
management system is a design tool that can be implemented now. 
Accordingly, the symposium assembled a series of papers that at-
tempt to bring together the necessary information required to 
ascertain the potential for fatigue cracking. 

Already a number of agencies are using some of the techniques 
discussed as a part of their design systems. For example, Shell 
has incorporated the fatigue factor in its design procedure for 
highway pavements since 1963 and for airfield pavements since' 
1970. Two working procedures recently developed, one by Havens, 
Deen, and Southgate in Kentucky for highway pavements and the 
other by Witczak at The Asphalt Institute for airfield pavements, 
are Included in this Special Report. 

It should also be noted that fatigue cracking received consid-
erable attention at the Third International Conference on the Struc-
tural Design of Asphalt Pávemeñts; the results presented at that 
conference () reinforce the recommendation made at the HRB 
workshop (j. 

This paper summarizes the steps required to determine whether 
a particular pavement section will be subject to fatigue from a 
series of traffic loads (applied during some specified time period). 
Each box shown in Figure 1 is considered in a stepwise progres-
sion, and authors whose papers in this Special Report contain de-
tailed information are indicated so that the basis for a particular 
step is apparent. 

An example is included to illustrate the application of this pro-
cedure to determine the potential for fatigue cracking in an existing 



pavement consisting of an asphalt concrete layer and a base and subbase composed 
of untreated granular material. 

Essentially the process consists of checking a specific section (which may be de-
veloped by an existing design procedure such as the AASHO Interim Guides or the 
California procedure for highway pavements or the Corps of Engineers method for air-
field pavements) to ascertain the potential for fatigue distress. If the analysis indicates 
that fatigue cracking may occur sooner than desired, the design may then be modified. 
In effect, that process parallels the conventional structural engineering approach in 
which a structure is selected (designed), its behavior under anticipated service condi-
tions is analyzed, and its adequacy with respect to a specific distress criterion is 
determined. 

In the procedure outlined here, the state of knowledge does not permit an estimate 
of the time (or amount of traffic loading) to cracking of some specific areal extent. 
(The paper by Finn discusses the relation between cracking and performance and indi-
cates that at this stage there is no definitive relation between the areal extent of crack-
ing and performance.) Rather, if the estimate is based on laboratory tests (e.g., those 
discussed by Pell), the time or traffic carried will be that associated with crack initia-
tion; if, on the other hand, the estimate is based on fatigue curves developed from 
analysis of test roads (Witczak) or in-service pavements (Havens, Deen, and Southgate), 
then the amount of cracking should be somewhat comparable to that observed in the 
pavements from which the data were obtained. The approach taken here is a phenom-
enological one based in part on the principles of continuum mechanics. Although it 
cannot be implemented at this time, fracture mechanics concepts should assist in the 
prediction of areal cracking; and thus the topic has been included (Majidzadeh and 
Ramsamooj) as an example of a promising future development in that area of design. 

A USABLE FATIGUE SUBSYSTEM 

The information presented in this Special Report provides the necessary basis for 
the engineer to reasonably ensure that his asphalt pavement structure will carry the 
traffic estimated to be applied to the pavement within some time period. This section 
briefly summarizes the steps shown in Figure 1; information presented in the sym-
posium papers is used as a basis. 

Traffic 

For highway pavements the following traffic information (Fig. 1, box 1) should be 
determined: axle load distribution; wheel and axle configurations of representative 
vehicles using facility; contact (or tire) pressures of the various classes of vehicles; 
distribution of truck traffic throughout day, month, and year; vehicular velocities; and 
lane distribution of truck traffic for multilane facilities. For airfield pavements, the 
required information includes gear configurations of representative aircraft using 
facility, contact (or tire) pressures of the various aircraft, aircraft weights as af-
fected by length of flight and takeoff and landing operations, daily and seasonal varia-
tions in aircraft movements, lateral distribution of loads on taxiways (particularly) 
and runways and longitudinal load distribution on runways, and aircraft velocities. 

Methodology for estimating traffic is discussed by Hudson, and Deacon suggests a 
procedure for discretizing the spectrum of loads to make the traffic factor more man-
ageable in the analysis stage. To simplify the process even further, Havens, Deen, 
and Southgate use the concept of equivalent axle loads, reducing all traffic to a common 
parameter—passages of an 18,000-lb axle load. Witczak has made use of the same 
concept for airfield pavements, defining all aircraft in terms of equivalent passes of 
a fully loaded DC-8-63F aircraft. 

Although lateral distribution of traffic across a lane of a highway pavement is of 
little import at this time, the lateral distribution of aircraft on both taxiways and run-
ways should be considered to ensure an economical design; Witczak demonstrates how 
that may be accomplished. 



Although the concept of equivalent passes (or equivalent axle loads) is used in the 2 
design procedures that have been included, that simplification need not be made. As 
noted above, Deacon illustrates how the spectrum of loading can be reasonably analyzed. 

Environment 

Because the response of asphalt-bound materials is dependent on temperature, dis-
tributions of temperature within layers containing such materials should be determined. 
In addition, the influence of environment (Fig. 1, box 1) as it influences the water con-
tents (or effective stresses) of materials constituting pavement sections should be 
ascertained. In nonfrost areas such determinations will be concerned with potential 
seasonal changes In water contents (or effective stresses) of the various materials In 
the pavement structure; in frost areas the effects of freezing and thawing must be con-
sidered as well. 

Temperature 

Pavement temperatures can be computed from weather data (Hudson). That is done 
by solving the heat conduction equation by numerical techniques, such as finite-
difference procedures or finite-element procedure, or by closed-form techniques as 
presented by Barber. Alternatively, a representative temperature can be estimated 
by the procedure suggested by Havens, Deen, and Southgate or by Witczak. 

Of the computation procedures, the finite-difference method appears to be the most 
versatile and is recommended for use with layers of different conductivities and for 
areas where freezing occurs. 

All of the available data indicate that temperatures can be reasonably estimated, 
and there is, therefore, no deterrent to considering that environmental factor in design. 

Moisture 

One of the most important environmental effects is that of water, particularly be-
cause it influences the response of materials in the pavement section to load and be-
cause it may cause undesirable volume changes (the latter was not of concern in this 
symposium). 

For design purposes, the influence of water may be considered by measuring the 
properties of materials at water contents that are assumed representative of those that 
may develop at some time subsequent to construction, generally a saturated condition 
(Havens, Deen, and Southgate). In some instances, such procedures result in soil 
conditions that are not representative of those that develop in the field. Accordingly, 
it is desirable to have alternative procedures available that provide the designer with 
estimates of expected in situ moisture conditions and an indication of how those con-
ditions might develop. For example, the procedure might be some measure of the rate 
of increase (or decrease) in water content of the subgrade soil with time or seasonal 
variations in the water content of untreated granular materials. 

For semi-arid areas or portions of the lower half of the United States where little 
or no freezing of the subgrade occurs, soil moisture suction considerations should pro-
vide a useful (and practical) approach to estimating the equilibrium moisture conditions 
in fine-grained soils underlying pavement sections with treated layers resting directly 
on the subgrade (that is briefly discussed by Hudson). 

For conditions where freezing and thawing can occur, recent work by Bergan () 
provides a means of defining the subgrade characteristics for use In design. 

Construction Requirements and Effects 

The influence of construction (Fig. 1, box 4) is not well defined at present and rep-
resents an area in which effort should be placed. [Sherman details available informa-
tion on variations that can occur in paving materials and paving structures (4).] The 
influence of the degree of compaction on the stiffness characteristics of both treated 



and untreated materials can be determined (Barksdale and Hicks), and the influence of 
void content of asphalt-bound materials on their fatigue response can be approximated 
(Pell). Those effects-can be incorporated into the design process as will be seen sub-
sequently. 

Design Structural Section 

In the design of the structural section (Fig. 1, box 5), one can begin with a pavement 
cross section selected by an existing method of pavement design. Alternatively, a 
series of sections can be selected as described by Havens, Deen, and Southgate and by 
Witczak, and the specific section meeting all of the criteria considered in the design 
procedure (including fatigue) can be selected. 

Materials Considerations 

Available materials (Fig. 1, box 2), design asphalt concrete and other treated mate-
rials (Fig: 1, box 6), test asphalt concrete (Fig. 1, box 7), and test other pavement 
materials (Fig. 1, box 8) are interrelated. Related to them in the design process are 
the following: survey of subgrade soils traversed by the proposed route, selection of 
the most economical materials to be used in the pavement sections, and design of the 
asphalt concrete mixture and other treated materials. (By design is meant the selection 
of mix proportions, e.g., amount of asphalt in the case of asphalt-bound materials.) 
Emphasis in this symposium was placed only on those aspects of materials charac-
terization necessary to examine the fatigue mode of distress. However, as noted by 
Pell, the design of the asphalt-concrete mixture to be used is related to the type of 
pavement in which the materials are used. Accordingly, it must be emphasized that 
mixture design and structural pavement design must be treated as part of the same 
process. Figure 1 shows that in stepwise progression. 

Characterization procedures for asphalt concrete (Fig. 1, box 7) and the other paving 
materials (box 8) are discussed by Barksdale and Hicks. For untreated materials, a 
measure of stiffness (Deacon uses "measure of deformability" in the same connotation) 
termed the resilient modulus can be determined from a simple repeated load triaxial 
compression test defined as 

E R  
- repeated axial stress 
- recoverable axial strain 

Such a technique is suggested by Witczak as one alternative for determination of sub-
grade stiffness in The Asphalt Institute design procedure. 

If equipment necessary to determine such a modulus is not available, estimates 
from conventional tests can be used as noted by Barksdale and Hicks; i.e. (from Shell), 
E (in psi) = 1,500 CBR. The Kentucky procedure (Havens, Deen, and Southgate) makes 
use of that method, and Witczak suggests it as an alternative in The Asphalt Institute pro-
cedure. Witczak also suggests the use of approximate relations between E and the 
measure of stiffness determined from a plate-bearing test if such is available for an 
airfield pavement design. 

For untreated granular materials, the same type of test can be used to determine 
a stiffness modulus as noted by Barksdale and Hicks. That modulus is dependent on 
the applied stresses 

E R =K• e 

where 6 = o + a2  + or, (sum of principal stresses). 
Alternatively, one can make use of the procedure suggested originally by the Shell 

investigators wherein the stiffness of the granular layer is proportional to the stiffness 
of the underlying material; i.e., 

(E8 ,,) = F (Eaubgi.ade) 



where F = f(thickness of granular layer). In the Kentucky procedure, F is a function of 
the stiffness of both the subgrade and the asphalt-bound layer varying from 1 to 4 (Fig. 
2, Havens, Deen, and Southgate). 

Environmental influences must be considered when the response of untreated mate-
rials is assessed. Accordingly, proper water contents (or suctions) as well as the 
effects of freezing and thawing should be reflected in the stiffness measurements. 

For asphalt-bound materials, stiffness as defined by the relation 

s(t, T) = - 

where 

s(t, T) = mixture stiffness at a particular temperature and time of loading and 
a, E = applied stress and strain, 

can be used and either measured directly (Barksdale and Hicks), estimated by the Shell 
procedure, or estimated by a procedure such as that suggested by Witczak. 

The stiffness characteristics of other treated materials are also briefly discussed 
by Barksdale and Hicks. It can thus be seen that sufficient guidelines are available to 
characterize materials for use in the fatigue subsystem. 

Structural Analysis 

To permit estimation of the potential for fatigue distress (Fig. 1, box 9) requires an 
estimation of the stress and deformations resulting from moving wheel loads on realistic 
representations of pavement structures. As noted in a number of the papers (Barksdale 
and Hicks; Deacon; Terrel; Havens, Deen, and Southgate; and Witczak), the assumption 
of the pavement responding as a layered elastic system appears reasonable at this time. 
Computer solutions are available (CHEV 5L, BISTRO or BISAR, and GCP-1) to facilitate 
determination of the stresses. 

For the asphalt-bound layer, it must be recognized that, because of the temperature 
dependency of stiffness and the fact that temperatures vary throughout the day and the 
year, a simplified representation of that environmental Influence must be obtained. 
Deacon discusses how this might be accomplished for the general case, and Witczak 
and Havens, Deen, and Southgate present specific procedures. 

Determine Fatigue Properties 

Considerable evidence is presented indicating that strain is a good damage determi-
nant for fatigue (Fig. 1, box 10) in asphalt-bound materials (Pell; Terrel; Havens, Deen, 
and Southgate; and Witczak) and that an equation of the following form relates the in-
tensity of strain to repetitions to fracture (Pell): 

Nr  = 

Such a relation can be determined from laboratory tests (Pell) or from the analysis of 
the performance of in-service pavements (Havens, Deen, and Southgate, for Kentucky 
conditions, and Witczak, who used an analysis by Kingham of the AASHO Road Test 
pavements). Deacon suggests that a criterion based on the performance of in-service 
pavements may be more appropriate at this stage because such a criterion would neces-
sarily include some amount of areal cracking. 

Data are presented indicating that the distribution function for fatigue lives at a par-
ticular stress level can be represented as logarithmic normal (Pell). Use of a function 
of that type thus permits prediction of not only a mean fracture or service life but also 
the life corresponding to any desired confidence level. 

Pell also notes that the linear summation of cycle ratios appears to be a reasonable 
cumulative damage hypothesis that permits the prediction of service life for a range in 
loading conditions from the results of simple-loading laboratory tests. 



Fatigue Life Estimation 

The paper by Deacon contains a step-by-step procedure whereby the fatigue life (Fig. 
1, box 11)of a trial pavement section can be ascertained from the information obtained 
from the previous steps (Fig. 1, boxes 1 through 10). Essentially the procedure makes 
use of the linear summation of cycle ratios, which in simple form may be stated as 

1 

where 

n1  = number of applications at strain level i; 
Ni  = number of applications to cause failure in simple loading at strain level i; and 
D = total cumulative damage. 

In that relation, failure occurs when D equals or exceeds 1.0. Thus, the design pro-
cedure becomes one of checking the particular section to ensure that D is equal to or 
less than unity for the anticipated design conditions. [ii the value of D is considerably 
less than one, the section may be underdesigned; when D is greater than one, a rede-
sign (re-analysis) may be in order.] As Deacon notes, various temperatures as well as 
loading conditions can be considered and thus make the procedure adaptable to any en-
vironmental condition. 

Terrel presents a number of examples illustrating the applicability of such an ap-
proach to analyze fatigue distress occurring in either trial or in-service pavements. 
The comparisons that he presents lend support to the use of this procedure for design 
purposes now. 

In the design procedure described by Havens, Deen, and Southgate, the fatigue life 
and thus the design section is associated with the number of repetitions of 18,000-lb single 
axle load; some equivalency between the other loads and the 18,000-lb value is established. 
In the procedure described by Witczak, traffic is converted to equivalent passes of a DC-
8-63 F aircraft for design purposes. In this procedure, use is made of the linear summa-
tion of cycle ratios described above. 

It must be emphasized that the estimate made by this technique is associated with 
no specific amount of cracking. If the analysis is based on laboratory fatigue tests, the 
traffic will be that associated with crack initiation and will provide a slightly conserva-
tive estimate. Comparisons of a number of different design procedures are shown in 
Figure 2 () to illustrate this point. 

EXAMPLE 

The example presented here illustrates the use of the procedure to check a pavement 
designed by the California procedure to ascertain whether it will be adequate to resist 
fatigue cracking for the 10-year period for which it was designed. The example is pre-
sented primarily to illustrate the concepts discussed at the symposium and has purposely 
been made brief. Details of the procedure may be found elsewhere (f). 

The structural pavement section of this project east of Sacramento, California, on 
US-50 consists of 0.33 ft of asphalt concrete, 0.25ft of asphalt-treated base, and 1.50 
ft of untreated base and subbase on a subgrade of compacted dredger tailings. 

Traffic 

Data from the Perkins recording station, located near the test section, was obtained 
from the California Division of Highways. Average daily traffic for 1970 was reported 
to be as follows: 

Percent of 
Vehicles 	 ADT 	Trucks 

All 	 25,000 
Trucks 	 1,400 	100 
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Percent of 
Vehicles 
	

ADT 	Trucks 

2 axle 
3 axle 
4 axle 
5 or more axles 

800 57 
100 7 
100 7 
400 29 

The Folsom project was placed in service either in late 1965 or early 1966. Because 
traffic data are not available for the earlier period, the 1970 data were reduced at a 
rate of 3 percent per year to obtain the 1966 ADT. Resulting estimates for trucks are 
as follows: 

Axles 	Number 	Percent 

2 	 708 57 
3 	 87 7 
4 	 87 7 
5 	 223 18 
6 	 137 11 

Total 	1,242 	100 

Truck traffic distribution throughout the day in hourly increments was estimated by 
the use of the average annual statewide data given in Table 1. Axle load groups (12 in 
this analysis) were related to operations in each classification by means of the monthly 
wheel load factors given in Table 2. Those factors permit the determination of wheel 
loads of a specific magnitude in each axle category. 

Additional assumptions were as follows: 

Truck operations are equally divided directionally; 
Eighty-five percent of the operations in each direction occur in the lane adjacent 

to the shoulder (design lane); and 
Truck operating speeds correspond to a time of loading of 0.02 sec in the asphalt 

concrete. 

Analytically the traffic variables were related as follows: 

AHT, j  = ADTT 	
HT 

100 100 

where 
ADTT = average daily truck traffic, 1 direction in design lane; 

A = percentage of truck traffic of class j (2 axle, 3 axle, and so on); 

HT j  = percentage of truck traffic in the hourly interval i (Table 1); and 
AHT Ij  = number of operations of class j in hour i (daily). 

S 
AXLDik = 	(AHTI  . WLFkJ) 

j=1 

where 

WLFkJ  = monthly wheel load factors to relate axle class j to axle load group k 

(Table 2); and 
AXLDik = matrix of the number of axle loads of group k in each hour i (on a monthly 

basis. 
The AXLDIk values were expanded to an annual basis by incorporating climatic in-

formation as described in a subsequent section. 

F.nvl ronment 

The climatic data used for the Folsom area (Table 3) were obtained from records 



Table 1. Annual average daily statewide truck 
traffic in 1967. 

Hour 

Percent 
of 
Traffic Hour 

Percent 
of 
Traffic 

12 to 1 a. m. 2.8 12 to 1 p.m. 52 
ltoZ 2.7 1to2 5.6 
2to3 2.9 2to3 5.7 
3to4 3.1 3to4 5.7 
4to5 3.5 4to5 5.4 
5to6 4.1 5to6 4.5 
6to7 4.2 6to7 3.8 
7toB 4.3 7to8 3.5 
8to9 4.8 8to9 3.3 
9 to 10 5.0 9 to 10 3.2 
10 to 11 5.2 10 to 11 3.3 
11 to 12 5.2 11 to 12 3.0 

Figure 1. Diagram of a fatigue subsystem. 
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procedures. 
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Table 2. Monthly wheel load factors based on W4 
loadometer studies from 1966 to 1968. 

Axle Load 	 6 or More 
(ldps) 	2-Axle 	3-Axle 	4-Axle 	5-Axle 	Axles 

Under 3 4.16 0.161 1.034 0.511 1.450 
3 to 7 17.786 16.425 20.904 19.658 21.740 
Ito 8 2.083 6.342 7.498 6.785 8.172 
8 to 12 3.816 12.814 18.334 16777 32.766 
12 to 16 1.503 6.955 8.203 16.669 19.998 
16 to 18 0.537 1.927 3.322 12.947 4.459 
181020 0.142 0.340 0.627 1.934 0.585 
20 to 22 0.004 0.033 0.101 0.058 0.724 
22 to 24 0.003 0.004 - 0.027 0.227 
24 to 26 - - - 0.006 0.204 
26 to 30 - - 0.009 0.011 0.399 
30to35 - - - - - 



made at the Sacramento airport, the nearest location to the test site for which records 
were available for long periods of time. 

Materials Characterization 

Four sampling locations were selected, and slabs of asphalt concrete were taken for 
laboratory measurements of stiffness. 

Granular base and subbase materials were obtained at the same locations to deter-
mine in-place densities, water contents, and gradations. Additional samples for prep-
aration of laboratory test specimens were obtained from the plant supplying the mate-
rials to the job site. Subgrade samples were also obtained from the 4 test locations for 
in situ densities, water contents, and gradations. 

Subgrade Soil 

Subgrade soils were described as a combination of weathered slate, lava conglom-
erate, and silty clay at 2 of the sampling locations and as dredger tailings, red silty 
clay, and cemented cobbles at the other 2 locations. The descriptions were supplied 
by staff of the Materials and Research Department, July 1967. Atterberg limits for 
the materials are as follows: 

Plastic Unified 
Location Liquid Limit Plastic Limit Index Classification 

1 33 20 13 CL 
3 25 19 6 CL 
4 30 29 1 ML 

Samples for laboratory resilience testing were prepared by separating the soil into 
3 fractions: passing No. 4 sieve (approximately 70 percent), 

3/4 in. by No. 4 (approxi-
mately 10 percent), and retained on 

3/4 in. sieve (approximately 20 percent). The weight 
of material passing the No. 4 sieve equaled that of the field samples, while material 
greater than 3/4 in. was wasted and replaced with an equivalent weight of 

3/4  in. by No. 4 
material. The modified material was then compacted by kneading compaction into 4-in. 
diameter by 8-in, high specimens, and a series was prepared to cover the range of dry 
densities and water contents observed in the field sampling program. 

Repeated load tests were conducted using a constant cell pressure of 3 psi and a re-
peated deviator stress ranging from 1 to 5 psi applied at a frequency of 20 repetitions 
per minute and a duration of 0.1 sec. Resilient moduli were ascertained from recover-
able deformations measured over the center 4 in. of the specimens with dual LVDT's 
clamped to the membrane surrounding each specimen after 1,000 stress repetitions. 

From the tests (Table 4) isolines of resilient moduli could be developed (Fig. 3) for 
a repeated deviator stress of 2 psi. The development of such relations for a range in 
deviator stresses makes it possible to define a modulus versus deviator stress relation 
for any specified water content and dry density. 

Subbase 

The subbase material was a well-rounded gravel conforming to California specifica-
tions for a class 1 aggregate subbase. 

Prior to specimen preparation, all material was separated into individual fractions 
by dry sieving, and material retained on the 3/4-in. sieve was wasted. As with the 
subgrade soil, the percentage by weight passing the No. 4 sieve was maintained for the 
laboratory specimens the same as for the field samples. in addition, the plus 3/4-in. 
material was replaced by an equivalent weight of 

3/4  in. by No. 4 material. 
Specimens for the repeated load triaxial compression tests were prepared by vibra-

tory compaction at water contents representative of those existing in the roadway at the 
time of sampling and to densities corrected from field values to account for the modified 
grading. 



Table 3. Climatic data. 	 D1y Air 
Avg Air' 	Temperature 	Avg Wind 	 Sky 

Month Temperature Range 	Velocity Insolation Cover 

Jan. 45.2 16.0 8.7 182.0 7.1 
Feb. 49.2 18.8 8.7 287.0 5.9 
Mar. 53.4 22.8 9.7 426.0 5.5 
Apr. 58.4 26.1 9.3 547.0 4.6 
May 69.0 28.5 9.8 642.0 3.9 
June 70.5 32.1 10.5 701.0 2.0 
July 75.4 36.0 9.7 685.0 0.9 
Aug. 74.1 35.6 9.7 621.0 1.3 
Sept. 71.6 33.2 8.3 606.0 1.7 
Oct. 63.5 28.2 7.4 374.0 3.2 
Nov. 52.9 22.6 6.8 248.0 5.4 
Dec. 46.4 16.5 7.4 157.0 6.9 

Table 4. Repeated load 
test results for subgrade Dry Water 

Resilient Modulus (psi 5  103) 
Poisson 

soil. 
Density Content 1-psi 2-psi 3-psi Ratio at 

Site Teat (lb/it') (percent) a, as a, as  = 3 psi 

1 1 133.0 9.6 2.5 1.9 2.2 - 
2 132.2 9.7 7.8 5.2 4.2 0.43 
3 128.2 10.1 1.5 1.7 2.1 0.45 
4 127.4 7.3 2.0 2.6 2.2 

2 1 - 	134.1 9.8 - 14.0 14.0 - 
3 1 137.4 8.6 16.0 7.6 9.0 0.58 

2 122.8 9.1 15.2 14.3 13.9 0.49 
4 139.0 5.8 63.8 54.0 46.8 0.33 
5 136.2 6.3 95.0 56.0 47.6 - 
6 138.4 7.6 63.8 56.1 55.4 0.42 

4 1 - 	130.7 9.3 15.9 19.7 12.4 - 
2 130.5 9.8 5.4 6.1 6.4 0.52 
3 130.6 9.4 8.3 6.4 7.2 0.50 

5 	%flI.._  

Note Confining ptxe • 3 psi except for ten site 2 rnste,isI whete cenfining premuro 	2 psi. 

riyuro .. vvoter 
content-dry 
density-resilient modulus 
relation for subgrade 
soil. '38  

M,50,0psi - - - \F ,/' 

0IJ 

/3,5 	
/ _.- 

30. 	_ - 
/30 	 - - 	4-f 

20,000 

 / '-I 
5,  

- 	I 
- 	I 

- 	 I 
/ \ 
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The compacted specimens were subjected to a range of repeatedly applied deviator 
stresses and a range in static cell pressures (os).  Both axial and circumferential de-
formations were measured with LVDT's clamped to the central portion of the specimen. 
Resilient modulus and resilient Poisson's ratio were determined after 200 axial stress 
repetitions at a particular state of stress for a particular specimen. The effects of 
stress history were minimized by first subjecting each specimen to 200 stress repeti-
tions at an intermediate stress ratio, then at a range of stress ratios from low to high, 
and then at the ratios in reverse. 

Linear regression analyses of the logarithm of modulus, MR  versus the sum of 
principal (total) stresses 8, were obtained for each of the 9 test series and for all of 
the data together. Although the results for the individual series were generally, good 
(correlation coefficients greater than 0.85), the results for all data together were 
somewhat poorer and reflected the influence of variations in density and water content. 

For the pavement analysis, the equation based on all data 

MR  = 7730 (9)0 46 

has been used (correlation coefficient of 0.68). 
The dependence of Poisson's ratio on stress was also ascertained, and the following 

relation has been used in the pavement analysis: 

= 0.13 + 0.05 (a1/;) 

Base 

The base material is a crushed gravel conforming to California specification for a 
class 2 aggregate base. 

Resilient moduli were determined in the same manner as for the subbase material, 
and a linear regression using all the test data resulted in the following relationship: 

MR = 3470(8)0.65  

The correlation coefficient was 0.96, indicating less scatter than for subbase data. 
For Poisson's ratio, the following relation was established. 

= 0.16 + 0.08 (a1/;) 

Asphalt Concrete Surface 

Stiffness characteristics of the asphalt concrete from the pavement specimens were 
measured in the laboratory at only 1 temperature, 68 F, and 1 time of loading, 0.1 sec. 
To define the stiffness over the range of temperatures encountered in the field and for 
a range in loading times, use was made of the Shell procedure and the following re-
covered asphalt properties for both base and surface courses (control section): 

Ring and Ball 
Penetration at Softening Point 

Location Course 77 F (dmm) (deg F) 

1 Surface 38 132 
1 Base 31 135 
2 Surface 26 141 
2 Base 28 138 

The resulting relations between mixture stiffness and temperature for times of loading 
of 0.02 sec (fast traffic) and 0.1 sec (slow traffic) are shown in Figure 4. 
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Poisson's ratio was assumed to vary from 0.30 to 0.35 for the temperature range 
encountered. 

In addition, for estimates of the stiffness in situ as a function of temperature using 
Barber's solution, the asphalt concrete was assumed to have the following thermal 
characteristics: thermal conductivity = 0.70 Btu/ft2/hour/deg F/ft; specific heat = 
0.22 Btu/lb deg F; and surface coefficient = 0.85. 

Fatigue Characteristics of Asphalt Concrete 

Fatigue data for the mixtures used in the project were obtained by testing specimens 
recovered from the road and by testing laboratory prepared specimens. Those data 
provide a basis for selecting the appropriate data, to be used in the performance 
estimate. 

For the Folsom pavement, which had a 7-in, asphalt concrete layer, stiffnesses 
were estimated to range from about 100,000 to 2,000,000 psi. For those conditions, 
the controlled- stress mode of loading provides a conservative estimate of fatigue life. 
It is probable that an intermediate mode of loading (as defined by the mode factor, ,fi) 
would be appropriate. To determine that condition (or conditions), mode factors were 
computed. for a range in asphalt concrete stiffnesses and loads as shown in Figure 5. 
Computed values ranged from about -0.7 to +0.4 depending on the wheel load and mix 
stiffness. 

Strain versus fatigue life relations for intermediate modes of loading will lie between 
the limits defined by the controlled-stress and controlled-strain modes of loading. For 
that analysis, it was assumed that an intermediate mode could be defined by a direct 
interpolation between the limiting relationships; e.g., the strain-fatigue life relation 
corresponding to a mode factor of zero would lie midway between the 2 curves. 

Some measure of the difference was obtained in controlled-strain tests that were 
performed at 68 F; results are shown in Figure 6. Comparison of the controlled-stress 
and controlled-strain data (68 F) are shown in Figure 7. Lines representing the inter-
mediate modes are also shown. The data are based on specimens whose stiffnesses 
ranged from 160,000 to 170,000 psi. To cover the range in stiffnesses anticipated re-
quired some adjustment in the data, and a series of relations like that shown in Figure 7 
are required to cover the range of stiffness expected in service. 

For example, for a stiffness of 150,000 psi (the lowest value used in the analysis), 
the controlled-stress relation was steepened slightly and the controlled-strain relation 
was flattened. Similar adjustments were also made for other stiffnesses. At stiffnesses 
greater than 700,000 psi, the controlled-stress and controlled-strain lines were as-
sumed to coincide (that decision being based on the experience of other investigators, 
e.g., Pell). 

Structural Analysis 

Figure 8 shows the pavement section as well as the material characteristics and 
other variables considered in the analysis. For convenience the 7-in, asphalt concrete 
section was considered as 1 layer. The stiffness of the asphalt concrete and the resil-
ient properties of the subgrade were considered to be the primary variables affecting 
the deflection of the pavement under load. The CHEV 5L (w/iteration) program was 
used. Because the program only-considers a variable modulus in the granular layers, 
manual iteration was also required to account for the variability in Poisson's ratio. 

Deflections computed by this process are shown in Figure 9 as a function of asphalt 
concrete stiffness. Included are the deflections measured in January 1968. For the 
temperature conditions at the time of measurement (air temperature = 48 F, and sur-
face temperature = 53 F), the asphalt concrete stiffness was estimated to be about 
1,000,000 psi (time of loading of 0.1 sec). 

Comparison of the measured deflections with computed values indicates that the dry, 
high-density subgrade condition is most representative of the in situ condition. Hence, 
those subgrade properties have been used in the estimate of fatigue life discussed in 
the next section. 



Figure 4. Computed relations between mixture stiffness and temperature. 
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Figure 6. Initial bending strain versus service life in controlled-strain (deflection) tests on 
laboratory-prepared specimens. 

H-; 

If 

Figure 7. Fatigue curves for series of modes of loading. 

/01 - 
zo 

-05 

00 

Laboratory Prepared 

S/P0.000 psi 

Figure 8. Pavement section used in analysis. 

® Asphalt Conc,ale 
H, 	- 	variable 

a-, 	- ,Orioble (03 to 0.35) 

Bose 
Oss 

3740 

0/640.08 o31 

S,,bbose 
0.46 

H3  z 77309 

Subbosø 
7730 90.46 

24 z 0./340.05(') 

CO 

Sb grade 

f, del/sc/jo,, OnO/ysis 

go  r75  psi 

o z 8ia,b.7s 

For to//gus analysis 

b z 0/2 
Lood Vorioalo 

0d.p5i 
	

Q. pa-i 

Dry - High Density 	 Wet - Lw Density 

01  

/0 2 	 ,o 	 ,o 
Service Life, Na- 

io 	 104 ,o 	 ,o' 	 /0' 	 /08  

N, Fotigue Life 



15 

During this analysis, it was observed that the vertical stresses at the subgrade sur-
face were of sufficient magnitude (at least 3 psi) so that the modulus could be considered 
constant. That simplifying assumption has been used in all subsequent calculations. 

To consider the effects of temperature on stiffness, we developed a simplified pro-
cedure in which the computer is used. The procedure permits determination of the 
temperature T1  and stiffness S1  (Fig. 10) at the beginning and end of each hour of the 
day (25 values per day) at each specified depth d1 . 

If w1  is defined as 

/d1  - d1_1\ Id11  - di) 
W1= 	2 	 2 

(w1 and w,, must be adjusted for the boundaries), then w1  is the increment of total depth 
that each T1  and S represent. Means of temperature and stiffness can then be 
determined. 

Tan =(Tt w)/D 

Sean =(

n 

S1  wi)/D 

Twenty-five such values are computed for each day. 
The values for the beginning and end of each hour are averaged, and a representative 

value of the stiffness of the asphalt concrete during the hourly increment is obtained. 
Because the rate of change of stiffness in any mass of asphalt concrete is not large, this 
averaging was considered to be a reasonable estimate of the mean stiffness during the 
1-hour interval. 

Use of the mean stiffness also permits the full depth of asphalt concrete to be repre-
sented by a single modulus. Although there are some advantages to that simplification 
(as compared to the characterization of the asphalt concrete as 2 or more layers), use 
of the single value has some limitations. For example, a system consisting of soft-stiff 
layers versus one of stiff-soft layers, both with the same mean, does not exhibit the 
same stresses and deformations. However, for the approximately sinusoidal distribu-
tion of temperature with time used in the analysis, where the heating period is nearly 
balanced with the cooling period, differences tend to be compensated. 

The computations result in 24 x 12 = 288 values of stiffness modulus to represent 
the daily and seasonal variation of stiffness modulus. Those values were then grouped, 
and the frequency matrix given in Table 5 was prepared. The frequencies are the num-
ber of months that a given interval of 1 hour had a mean stiffness in the group shown. 

If these frequencies are designated f l e, then traffic and stiffness can be related by 

24 

ADL2k = [(f x AXLD1k) 
i=1 

where ADLLk = annual number of applications of axle load group k to the pavement when 
the stiffness occurs in stiffness group L. 

Stresses and deformations at the base of the asphalt concrete were determined by the 
multilayer linear elastic solution for a range of axle loads and asphalt concrete stiff-
nesses. 

Results of those computations are shown in Figure 11 in the form of strain versus 
axle load with isolines of constant stiffness. Thus, the strain corresponding to each 
of the 12 axle load groups and each of the 7 stiffness groups can be obtained. 



Figure 9. Computed and observed pavement deflections. 
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Table 5. Frequency of occurrence of pavement stiffness. 

Stiffness Group (psi x  10°) 

1.5 to 2.0 	1.0 to 1.5 	0.8 to 1.0 0.6 to 0.8 0.4 to 0.6 0.2 to 0.4 0.1 to 0.2 

Midpoint Stiffness (psi x 100) - 

Time 1.75 	1.25 	0.90 0.70 0.50 0.30 0.15 

12 to 1 a.m. 3 	3 	.1 1 3 1 - 
lto2 3 	3 	2 2 2 - - 
2to3 3 	3 	2 2 2 - - 
3to4 4 	2 	2 2 2 - - 
4to5 4 	2 	2 2 2 - - 
5to6 4 	2 	2 2 2 - - 
6to7 4 	2 	2 2 2 - - 
7to8 3 	3 	2 2 2 - - 
8to9 3 	3 	2 2 2 - - 
9to10 3 	3 	2 1 2 1 - 
lOtoll 3 	2 	2 1 3 1 - 
11to12 3 	2 	1 	- 2 2 2 - 
12to1p.m. 2 	3 	1 2 1 3 - 
lto2 2 	3 	- 2 1 3 1 
2to3 2 	3 	- 	- 2 1 3 1 
3to4 2 	3 	- 1 2 2 2 
4to5 2 	2 	1 1 2 2 - 	2 
51o6 2 	3 	- 1 2 1 3 
6to7 2 	3 	- 1 2 1 3 
7to8 2 	3 	- 2 1 2 2 
8to9 2 	3 	- 2 1 2 2 
9to10 2 	3 	1 2 - 4 - 
lOtoll 2 	3 	1 2 2 2 - 11

tol2 3 	1 	2 1 2 2 - 



Figure 11. Bending strain on underside of asphalt layer and axle load for stiffness 
range. 
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Table 6. Fatigue life matrix. 

1.75 1.25 0.90,  0.70. 0.50. 0.30. 0.10. 
Axle 
Load c 	MF Ne  C MF N b C MF N,a C MF Nra MF N.e e MF Nr C MF N. 

1,5-1 9 	-1 10" 11 -1 10" 13 -1 10°°  18 -1 10" 23 -1 10" 30 -1 10" 54 -1 10" 
5-2 26 	-0.8 10°°  33 -0.7 10" 39 -0.65 10" 53 -0.6 10" 64 -0.5 10" 87 -0.4 7.0 146 -0.3 1.6- 
7.5-3 37 	-0.65 10" 46 -0.6 10" 54 -0.6 10" 71 -0.5 8.5 86 -0.45 4.5 116 -0.3 2.4 165 0.0 0.95 

10-4 45 	-0.6 10" 55 -0.55 10" 65 -0.50 10" 84 -0.45 3.6 102 -0.35 2.7 138 -0.25 1.4 212 0.1 0.72 
14-5 54 	-0.55 10" 66 -0.50 10" 81 -0.95 2.75 101 -0.35 1.8 122 -0.3 1.45 163 -0.15 0.95 246 0.2 0.38 
17-6 61 	-0.55 10" 76 -0.50 2.8 93 -0.4 1.7 115 -0.3 1.15 136 -0.2 1.0 180 -0.1 6.0 264 0.3 0.33 
19 65 	-0.55 10" 82 -0.45 1.95 102, -0.35 1.2 124 -0.25 0.84 148 -0.2 0.71 194 -0.05 0.52 275 0.3 0.29 
21 70 	-0.5 3.3 88 -0.45 1.5 110 -0.35 0.76 132 -0.2 0.68 158 -0.15 0.58 20 0.0 0.44 285 0.3 0.24 
23 75 	-0.5 2.5 94 -0.4 1.1 118 -0.3 0.62 141 -0.2 0.54 168 -0.1 0.49 218 0.05 0.33 295 0.35 0.22 
25 75 	-0.5 2.1 100 -0.4 0.88 126 -0.3 0.50 150 -0.15 0.43 178 -0.05 0.40 232 0.05 0.23 304 0.35 0.20 
28 86 	-0.5 1.4 108 -0.35 0.64 138 -0.2 0.36 163 -0.1 0.32 194 -0.0 0.28 250 0.1 0.27 318 0.4 0.22 

Note: Mania based on Shell laboratory data where N, - oat e (700 10 in/jo. 

Stiffnera, palo 100. 	 °Eocept for the values tO", all other sabre area iO. 
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Fatigue Life Determination 

Data necessary to complete the fatigue analysis were set up in the form given in 
Table 6. The strain corresponding to each stiffness modulus and axle load group was 
first obtained from data shown in Figure 11. A mode factor was then obtained from 
data shown in Figure 5; the number of repetitions to failure for the specific strain level 
and mode factor could then be obtained from a series of charts of the form shown in 
Figure 7. These repetitions were designated ENNF2k , where 2 is the stiffness group 
and k is the axle load group. Then, 

£ k (ADL2k/ENNF2k) = annual damage 

Traffic values were then incremented by an expansion factor (3 percent), and the 
process was repeated until the total damage was equal to one. 

Fatigue life predictions were made by the use of 2 sets of strain-repetitions to 
failure relations. 

Fatigue life was based on tests of laboratory results. Individual estimated lines 
were linearly extrapolated to the full range of strain computed. These data resulted in 
a predicted fatigue life of 9.5 years. 

The same data were used as in the preceding relation except that the assumption 
was made that strains less than 70 x 10_6  in./in. caused no fatigue damage (p). The 
purpose of that calculation was to estimate the cumulative effect that the large number 
of small loads have on the fatigue life estimate. Those data resulted in a predicted 
fatigue life of 12 years. 

Discussion of Example 

In this example, the California Division of Highways had designed the pavement for 
a 10-year life. Based on the measured traffic data for 1970 and reasonable extrapola-
tions to both the initial and later stages of its service life, the pavement can be expected 
to perform reasonably from a fatigue standpoint. That is, based on the mean fatigue 
data, a service life in the range 9 to 12 years appears feasible. 

This example demonstrate the feasibility of design to preclude fatigue and illustrates 
many of the concepts described in detail in the subsequent papers in this report. 

SUMMARY 

The technology necessary to design airfield and highway pavements to minimize 
fatigue distress was presented at the symposium. The purpose of this introductory 
discussion is to develop a framework for the papers and to demonstrate that the results 
of research efforts during the past 10 years can be put into practice to make reasoned 
engineering decisions regarding the behavior of pavements relative to load-associated 
cracking. 

The information discussed here holds the potential (as compared with and when used 
with conventional procedures) to assist the engineer to better utilize available materials; 
improve the reliability of the design estimate; consider loadings larger than those now 
applied, if required; better define the role of construction; and analyze existing 
pavements. 
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This paper examines and evaluates currently available techniques to determine (a) 
load-deformation characteristics of the various paving components that are suitable 
for use in performing a practical fatigue analysis and (b) the response in terms of 
stress, strain, and deflection of the pavement structure when subjected to traffic 
loading. Emphasis is placed throughout the paper on practical aspects of material 
characterization and structural analysis. An extensive list of references is given. The 
survey of literature indicates that suitable dynamic laboratory tests are available for 
use in characterizing pavement material properties in analytical or numerical solutions 
to layered pavement systems. A detailed discussion is given of material properties, 
testing techniques, and testing systems. Existing layered theories are reviewed, and a 
number of comparisons are given between calculated and measured responses of sev-
eral layered pavement systems. A table summarizes the availability and limitations of 
several computer programs for predicting the response of layered pavement systems. 
Practical recommendations are given concerning the required laboratory testing and 
the layered theory suitable for use in a fatigue subsystem. 
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School of Civil Engineering, Georgia Institute of Technology 

In recent years, highway engineers have shown considerable in-
terest in developing a mechanistic basis for designing and evaluat-
ing pavement structures. Linear-elastic, non- linear- elastic, and 
viscoelastic layered system theories for use in predicting pave-
ment response are all currently either in use or under develop-
ment. A number of recent studies (1, 2, 5, 6, 11, 17, 24, 33, 34, 
40, 49) indicate that the performanc oT a1lë5ciie veii i 
Tosely related to the stresses, strains, and displacements calcu-

lated from layer pavement theories in which experimentally mea-
sured material properties are used. 

Proper design and evaluation of pavement structures require 
consideration of many factors: environment, traffic, material 
properties, construction variables, maintenance variables, and 
economics. In the past, most widely used design methods for 
asphalt concrete pavements have involved empirical correlations 
of field performance with material properties measured in the 
laboratory or the field or both. Use of those methods in many in-
stances has provided reasonably satisfactorily performing pave-
ments; however, major difficulties arise when those methods are 
extrapolated beyond the conditions for which they were originally.  
developed. Only an improved pavement design and evaluation pro-
cedure based on the mechanistic behavior of the pavements could 
be extended to new service conditions. 

The state of the art is such that the technical knowledge neces-
sary to develop a mechanistic pavement design procedure is now 
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available. Unfortunately, a price must be paid to accomplish that goal. More sophis-
ticated tests are required to characterize the pavement materials, and a computer is 
required to predict the pavement response. The additional cost to develop suitable 
design methods, retrain personnel, and purchase new testing equipment, however, will 
permit.a better understanding of pavement behavior and lead to more efficient use of 
paving materials. 

The purpose of this paper is to examine and evaluate currently available techniques 
for determining (a) load- deformation characteristics of the paving components that are 
suitable for use in performing a practical fatigue analysis and (b) stress, strain, and 
deflection responses of the pavement structure when it is subjected to traffic loadings. 
Rutting is not considered in this paper but has been treated in detail elsewhere (1, 4). 
Emphasis is placed throughout the paper on practical aspects. Specific recomnna-
tions are given concerning selection, use, and availability of laboratory testing equip-
ment and computer programs that are suitable for application in a mechanistic pave-
ment design method. 

MATERIAL CHARACTERIZATION 

Proper design of asphalt concrete pavement systems relies in part on a thorough 
understanding of the response of the component materials to loading. Two broad areas 
of material characterization must be considered in pavement design: (a) material 
parameters for use in establishing failure criteria and (b) load- deformation charac-
teristics of each component for use in calculating the physical response of the system. 
It is not likely that a properly designed pavement would fail under a single-axle loading. 
As a result, the traditional concept of shear strength (1, 16), which would define failure 
under a single load, will not be discussed in this paper. Thider a large number of rep-
etitions, however, fatigue cracking of stabilized materials frequently occurs because of 
repeated bending. That is the mode of failure of concern in this symposium. The 
mechanism of fatigue failure and methods for predicting fatigue are given in other 
papers in this Special Report (14, 56). 

Practical Considerations 

The material properties used in any mechanistic design procedure should be eval-
uated in tests that simulate as closely as practical the stress conditions occurring 
under the action of a moving load. When a wheel load moves past an element of ma-
terial located beneath the pavement system, the element is subjected to stress states 
similar to that shown in Figure 1 (3). Each element of material is subjected to a si-
multaneous buildup in both the majr principal stress o and the minor principal stress 
73. As those stresses build up, a rotation of the principal stress axis also occurs 
(Fig. 1). In addition to duplicating the stress or strain states, the test should also 
attempt to simulate the environmental conditions that exist in the field. 

The CBR and the R-value, and to a Somewhat lesser extent the static triaxial tests, 
do a relatively poor job of simulating the in situ stress conditions. The in situ stress 
can, however, be reasonably approximated by the use of either the repeated load tri-
axial test or the cyclic triaxial test. The exact duplication of the stress pulse appears 
to be somewhat less important in determining the dynamic modulus of elasticity than 
in determining the rutting characteristics of pavement materials; in fact, creep (5, 49, 
52), relaxation, and free vibration tests (29) have all been used with reasonably god 
isuits to evaluate the modulus of elasticity of pavement materials. 

Figure 2 (3) shows the typical haversine-shaped major principal (or vertical) com-
pressive strs pulse to which an element of material beneath the pavement is sub-
jected. Square, triangular, sinusoidal, and haversine- shaped pulses have all been used 
to simulate the actual in situ stress. Any of those wave forms should give a satisfac-
tory approximation for estimating the elastic response provided care is taken in select-
ing the magnitude and duration of the pulse. For conventional flexible pavement struc-
tures and spring and summer temperatures, the duration of the stress pulse varies 
primarily with the location of the element with respect to the point of loading and with 
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the velocity of the vehicle. The curves shown in Figure 3 are suggested as a practical 
guide to selecting the duration of the stress pulse that should be used in a dynamic lab-
oratory test. 

Other things that must be considered in the testing of pavement materials are the 
effects of previous stress history and loading stress path. Dehien (17) and later Hicks 
(33) found that for moderate stress levels the elastic response of m6it subgrade soils, 
iiiThtabilized granular materials, and asphalt concrete will become relatively constant 
after approximately 100 load repetitions. Those studies also indicated that a single 
test specimen could be used to characterize the non- linear- elastic response of granular 
materials. That can be accomplished by determining the elastic bounce at several dif-
ferent confining pressures or deviator stresses or both provided care is exercised to 
gradually increase the severity of the stress state. 

Advanced Concepts 

Elastic Materials 

A general anisotropic, linear-elastic material can be modeled by the following linear 
stress-strain law (21): 

ox = C11 + C12 e7  + Cj3E + C14Y + C15)'7, + C6Y, 

a7  = C21E, + C22 € 7  + C23E, + C24Y 7  + C25)'7, + C26Y, 

TYZ  = CeiE + C62 E7  + C63E, + C64Y 7  + C65)'7, + C66V,x 
	 (1) 

where 

= normal stress components, 
c il  = normal strain components, 
Tij  = shear stress components, 
Yij = shear strain components, and 
CIj  = material constants. 

From energy considerations, Cij  = C; and, as a result, a general anisotropic linear 
material can be characterized by 21 independent elastic constants. For an isotropic 
linear-elastic material, however, it has been shown (21) that a material is completely 
characterized by 2 elastic constants that can be determined from material tests. Usually 
in pavement design, the modulus of elasticity E and Poisson's ratio v are the 2 elastic 
constants evaluated in the laboratory and used in layered theory. Once any 2 elastic 
constants are known, all other elastic constants can be determined by the use of Table 1 
(21). 

The stress-strain relations for an isotropic linear material can be expressed as 
follows: 

lr 
E x  =Iax_v(ay+az)] 

2(1+v) 
Txy 

- E 

CY 	
11 = 	Lc 	- L'(a, + ar)] 

2(1-i- v) 
TI, 	 (2) 

E 

ir  
= —[a, - 1( x + a7)] 

2(1+v) 
YZ X = 	Tzx 

E  

The proper use of those equations is quite important and will be illustrated by means of 
a simple example. Consider an element of material that is subjected to 3 tensile prin-
cipal stresses and has the material properties shown in Figure 4. From Eq. 2 the 
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strain in the z-direction is then c. = (1/E) [. - 	+ 	)], or c,. = (1/1,000) 110-0.4 
(30 + 20)] = -0.01 in./in. (compression). That simple example readily illustrates that 
(a) € a /E because of the effect of Poisson's ratio and (b) even though the stress in 
the z-direction is tensile the strain can be compressive also because of the effect of 
Poisson's ratio. 

Viscoelastic Material Characterization 

Both asphalt concrete and plastic clays exhij it strong viscous characteristics be-
cause their properties are greatly influenced by the frequency and duration of load. As 
a result, several investigators (5, 25, 26, 51, 52, 53) have quite logically characterized 
paving materials in both linear cfioiiTnër Visclastic models. Usually, materials 
are assumed to be linearly viscoelastic to simplify their representation and make stress 
analyses practical. Whether a material is actually linearly viscoelastic must be de-
termined experimentally. 

The differential operator form of the linear viscoelastic stress-strain law (79) is 
most commonly used and can be visualized for conceptual purposes as a combiiiãtion of 
springs and dashpots. A complete catalog of mechanical models, together with their 
stress-strain behavior for creep, relaxation, and constant strain-rate loadings, has 
been assembled by Williams, Blatz, and Schapery (78). 

An isotropic, linear viscoelastic material can beThpresented by 2 independent linear 
viscoelastic operational moduli (material properties) such as E(p) and v(p), which are 
functions of the transform parameter p (transformed time). Since a direct analogy 
exists between the viscoelastic and elastic constants, the usual elastic formulas (Table 1) 
can be used to convert E(p) and v(p) to, for example, G(p) and K(p). 

Laboratory Test Methods 

Flexible pavement materials are to varying degrees nonhomogeneous, anisotropic, 
nonlinear, and nonelastic. Some of their properties are time dependent and affected by 
changes in the environment such as temperature or moisture 'content. A detailed list 
of variables affecting material response was previously reported by Deacon (16). 

The elastic or viscoelastic material properties for use in a mechanistic päement 
design procedure have been determined in several types of tests. Tests that have been 
used most frequently in the past and continue to be the most promising from a practical 
viewpoint are repeated-load triaxial, cyclic load triaxial, and creep. Other laboratory 
tests that either have been or could be employed to characterize materials for use in 
layered system theories include flexural bending, hollow cylinder, torsion, and indirect 
tension (5, 51, 52). 

Evaluation of Elastic Constants 

The repeated-load test has been most frequently .used to evaluate the elastic con-
stants E and v of paving materials. In that test, a cylindrical specimen is placed in a 
conventional triaxial cell and subjected to repeated deviator stress pulses such as the 
rectified sinusoidal wave form shown in Figure 5a. A few researchers (17, 51, 52) 
have subjected the specimen to simultaneous repeated axial (Fig. 5a) andätFaliress 
states (Fig. 5b), which duplicate reasonably closely the stress conditions that exist in 
the field. Most tests, however, have used a constant cell pressure and are much sim-
pler to perform.. Careful selection of a constant confining pressure should give re-
sults that are satisfactory for use in a practical mechanistic approach. Additional 
work is now being conducted to determine the advantages of repeated confining pres-
sure (8). 

Resilient Modulus 

The resilient modulus of elasticity ER obtained from the repeated-load triaxial test 
is defined as the deviator (or repeated axial) stress divided by the recoverable strain 
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Table 1. Relations between elastic constants inisotropic linear 

materials. 
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associated with the bounce of the specimen. By definition, a secant modulus is ob-
tained that corresponds to the minimum value occurring during the loading portion of 
the test. 

In any dynamic tests, the deformation as well as loads must be measured by elec-
tronic measuring and recording equipment. Many times undesirable deformations can 
occur during loading in the piston and end platens and also in the associated connections 
between components. If those movements are included in the deformation used to cal-
culate the recoverable strain, the calculated resilient modulus will be smaller than the 
actual value. Results indicate that when the resilient modulus is greater than about 
15,000 psi special measuring devices should be used inside the cell to eliminate that 
problem. Reasonably reliable resilient deformation measurements can be obtained by 
attaching 2 thin, circular aluminum or plexiglass clamps around the specimen approxi-
mately at the quarter points (Fig. 6). Theoretical studies (17) indicate that the stiffen-
ing effect of the clamp should not increase the resilient moiius by more than about 10 
to 15 percent. 

Reliable axial deformations of the specimens can be obtained by the use of 2 linear 
variable differential transducers (LvDT) attached to the clamps, placed on opposite 
sides of the specimen, and wired so that their electrical outputs are added together (or 
averaged) and then recorded on a reasonably fast-responding electronic recorder. At 
the Georgia Institute of Technology deformations are usually measured with a dc elec-
trical system by means of a pair of Collins SS-203 or SS404 LVDT's. Measurements 
can also be obtained by ac recording systems. The advantage of using an ac measuring 
system is that the LVDT's are lightweight and cost only about a third as much as dc 
LVDT's. An ac recording system should not, however, be used without suitable cor-
rection networks when phase angle relations are to be measured between stress and 
strain. Of course, many other types of measuring systems, such as displacement poten-
tiometers and optical scanners, can be successfully used. 

Wire resistance strain gauges bonded directly on the specimen provide an excellent 
means for directly measuring the resilient strain in stabilized materials such as as-
phalt concrete and cement- stabilized materials. The active strain gauge length should 
probably be equal to or greater than twice the maximum diameter of the aggregate in 
order to measure the average strain in those specimens. 

Poisson's Ratio 

Poisson's ratio is an elastic constant that is difficult to reliably evaluate for most 
pavement materials. For an ideal, isotropic, cylindrical specimen of material sub-
jected to a uniform principal stress state, Poisson's ratio is equal to 

I) = - € j/€ 
	

(3) 

where el and € are the lateral and axial strains respectively. Dehien (17) has theoret-
ically shown that, if perfectly frictionless caps and bases are used, the rors associ-
ated with uneven lateral strain of the specimen should be less than 10 percent. There-
fore, Eq. 3 can be used to calculate Poisson's ratio provided that end friction is eliminated. 

From physical considerations, v for elastic isotropic materials should be between -1 
and /'2.  However, experimentally determined values of v from the repeated-load test 
are in some instances greater than '/2  (33). Those large values of ' may at least par-
tially be caused by the nonuniform stress and deformation conditions that exist in the 
triaxial specimens and also by pavement materials not behaving as ideal elastic solids. 

Most researchers (1, 17, 24, 33, 37) who have attempted measurements of v have 
used either wire resistance strain gauges for stabilized materials or LVDT's for non-
stabilized materials. For bound materials (1, 17, 33), a pair of strain gauges can be 
bonded to the specimen at midheight with the gauge oriented horizontally (17, 33). 
Lateral deformation in clay or unbound gravel or both has been measured by 2—ac 
transducers fixed to aluminum or plexiglass clamps at the quarter points (33). For 
clays, Dehien (17) also drilled diametral holes through the sample and usedin LVDT 
to measure the lateral deformation. Another approach to measure lateral deformation 
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is by the use of a lateral deflectometer (Fig. 7, 5). That consists of 3 thin metal probes 
that press against the specimen and are supported on an aluminum ring positioned about 
the center of the specimen. A strain gauge is bonded to the side of each probe to mea-
sure the strain in it as the specimen deforms. 

Poisson's ratio can also be determined from the total volume change that the speci-
men undergoes. From the theory of elasticity, Poisson's ratio is related to the volume 
change by the following approximate relation: 

V_ 1 (1  - 1V\ 
v) 	

(4) 

where 

V = Poisson's ratio, 
AV = change in volume of the specimen, 

V = initial volume of the specimen, and 
(a = axial strain. 

The volume change can be evaluated by measuring the deformation profile of the speci-
men directly or by filling the cell with a fluid and measuring its change in volume (83). 

Evaluation of Viscoelastic Properties 

Viscoelastic material properties are usually determined experimentally by creep, 
relaxation, and sinusoidal stress input or sinusoidal strain input tests (5, 54). Athough 
low order spring and dashpot models have sometimes been used to chafãctrize test 
results, they cannot realistically represent experimental data during more than 1 or 2 
log cycles of time. 

Probably the best method available at this time to evaluate the dynamic modulus of 
the asphalt concrete surfacing is to apply a sinusoidally oscillating stress. That 
method, which is referred to in this paper as the cyclic triaxial test, minimizes im-
pact effects that may become important as the equivalent frequency of loading becomes 
relatively large as, for example, in the surfacing when a vehicle exceeds a speed of 
30 to 40 mph. The dynamic modulus I E*I, which can also be used in an elastic analysis, 
is equal to the peak sinusoidal stress o divided by the peak recoverable axial strain C.  

(Fig. 8, 12). 
A go6alternative approach, which does not require expensive test equipment, is to 

use a creep test to evaluate the dynamic elastic or viscoelastic modulus of pavement 
materials. If that approach is used, the sample should probably be carefully precon-
ditioned by methods such as statically cycling the axial load through about 4 to 6 rep-
etitions. A conventional triaxial cell can be used together with a simple loading ar-
rangement (12, 51, 53). Comparative studies should, however, be made if possible 
between th&Tyniiiilmodulus obtained from the creep test and either the repeated-load 
or the cyclic triaxial test. 

Descriptions of techniques for handling the viscoelastic properties are described 
elsewhere (2, 5, 59, 60, 79). From either creep or sinusoidal test results, a dynamic 
viscoelastimdisToiãny loading frequency can be predicted from the results of a 
single creep or dynamic test by the use of a generalized Kelvin model (70). Coffman 
et al. (12) and Kallas (37) haveboth used this approach to evaluate the dynamic elastic 
propertThs of pavemenFinaterials. Typical values for I E*  I determined by this method 
are shown in Figure 9 (37) for materials having 5 percent asphalt and 3.8 percent air 
voids. 

Testing Equipment 

Dynamic properties of pavement materials can be evaluated by the use of a mechan-
ical system (12, 42), a pneumatic system (64, 65), an open-loop hydraulic system (20), 
and a closed-1ohydraulic servosystem (T7)TThe advantages, disadvantages, apFoxi-
mate costs, and selected sources of those testing systems are as given below. 
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The mechanical system is relatively reliable but has some problems with design, 
balance, and operation. It can apply desired load pulse shapes by adjusting cams. Its 
maximum response is between 5 and 25 Hz, and its cost is between $4,000 and $6,000. 
It is available by special fabrication only. 

The pneumatic system is relatively simple, cheap, reliable, and easy to design 
and repair. It will require periodic replacement of valves and cylinder. Its practical 
load limit is about 3,000 to 5,000 lb. An exact pulse shape is hard to apply. Its 
maximum response is between 5 and 8Hz, and its cost is between $3,000 and $5,000. 
Selected sources are Geotechnical Research, Inc., 2403 Wylie Drive, S.E., Marietta, 
Georgia 30062; Research Engineering, 2640 Dundee Road, San Pablo, California; and 
Structural Behavior Engineering Laboratory, Inc., Post Office Box 9727, Phoenix, 
Arizona. 

The hydraulic or open-loop control system is more complex to design and set up 
than the pneumatic system and requires a hydraulic pump and storage reservoir. A 
hydraulic system has a faster response (5 to 8 Hz) than a pneumatic one and can go to 
much higher loads. An exact pulse shape is hard to apply. It costs between $4, 500 
and $8,000 and is available by special fabrication only. 

The hydraulic servo or closed-loop control system can have a fast response (25 
to 100 Hz), high load capacity, and capability to apply any pulse shape to specimens. 
Disadvantages are its high initial cost (between $10,000 and $30,000) and maintenance 
cost and complex electronics. Some systems are very hard to balance and keep in 
proper operating condition. Selected sources are Hydratech, 2890 John Road, Troy, 
Michigan 48084; Ivrb Electronics, Post Office Box 1825, New Haven, Connecticut 06508; 
and MTS Systems Corporation, Minneapolis, Minnesota 55424. 

For routine testing of pavement materials, a reliable system that is easy to maintain 
and repair is essential. Furthermore, if the dynamic material properties of all layers 
of a flexible pavement are to be evaluated, the system should have as minimum require-
ments a load capacity of at least 1,500 to 2,000 lb and the capability of applying a pulse 
to the specimen in 0.1 sec or less and at frequencies ranging from approximately 0.5 
to at least 5 Hz. 

The closed-loop hydraulic servosystems have by far the best overall capability. 
Those systems, however, can be "electronic monsters"; they are often qulte expensive 
and time-consuming to maintain properly for even routine operations. As a result they 
are not considered to be suitable as a production type of testing system for use in most 
highway materials laboratories. The pneumatic testing system (or a slightly faster 
acting air-oil system) does not have nearly the overall capability as that of a closed-
loop testing system. However, if properly designed, it can meet the minimum require-
ments for the dynamic testing of pavement materials and is very reliable and easy to 
maintain. Because of its relatively low cost and high degree of reliability, the pneu-
matic (or air-oil) type of system is recommended for routine dynamic testing. Where 
loads of more than 4,000 to 5,000 lb are required, such as for loading prototype pave-
ment systems, an open-loop hydraulic system can often be used to good advantage. 

Dynamic Properties of Pavement Materials 

Results of dynamic tests on all materials show that the dynamic modulus, and to 
some extent Poisson's ratio, depends on the stress state. Because of nonlinearity, 
serious errors can arise if E is not evaluated by the use of a stress state that is com-
patible with the one that will exist in the pavement. 

Typical values for the dynamic modulus of elasticity of various materials in the 
pavement section are given in Table 2. Those values can be used in the design of 
pavements in the absence of actual laboratory test results but should be considered 
as approximate and used with considerable caution. 

Cohesive Subgrade Soils 

In general, the resilient modulus ER  of cohesive soils decreases with increasing 
repeated stress level a (Fig. 10, 70) and for some soil types is relatively unaffected 
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Table 2. Selected measured dynamic moduli for pavement materials. 

Reference Frequency 
of Test and Load 
Method 	Material Description Duration Repetition Dynamic Modulus 

Asphalt Concrete 

33 	California type B; 'I, in. max 30 cpm, 100 300,000 psi, 70 F 
med. aggr.; 85 to 100 pen. 0.1 sec 70,000 psi, 90 F 
asphalt 

1 	Georgia standard A; 1% in. max 20 cpm, 10,000 220,000 psi, 72 F 
aggr.; 85 to 100 pen. asphalt 0.1 sec 100,000 psi, 89 F 

51 	California type B; 'h in. max 30 cpm, 100 2,500,000 psi, 40 F 
med. aggr.; 85 to 100 pen., 0.1 sec 1,500,000 psi, 55 F 
asphalt 500,000 psi, 70 F 

50,000 psi, 100 F 
37 	Asphalt Institute mix lVb; 'I, in. 1 to 16 cpa 250 to 300 600,000 to 2,000,000 psi, 40 F, 1 cps 

max aggr.; 60 to 70 and 85 to 150,000 to 750,000 psi, 70 F, 1 cpa 
100 pen. a.sphalts 50,000 to 150,000 psi, 100 F, 1 cpa 

1,100,000 to 3,000,000 psi, 40 F, 16 cpa 
3 50, 000 to 1,300,000 psi, 70 F, 16 cpa 
90,000 to 450,000 psi, 100 F, 16 cpa 

Unbound Granular Base 

36 	Colorado; standard base, 'I, in. 120 cpm, 
max and 8.7 percent <No. 200; 0.2 sec 
standard subbase, 2'!, in. max 
and 7.9 percent'< No. 200 

33 	California; well-graded and sub- 30 cpm, 
rounded gravel 'I, in. max; 0.1 sec 
class 2 aggr. base 

33 	California; well-graded and 	30 cpm, 
angular crushed stone 'I. in. 	0.1 sec 
max; class 2 aggr. base 

1 	Soil-aggregate of 17 percent 33 cpm, 
silty sand and 83 percent 0.1 sec 
crushed granite; 100 percent 
T-180; w-c = 5.1 percent 

65 	California; we1lgraded and sub- 30 cpm, 
rounded gravel I, in. max; 0.2 sec 
class 2 aggr. base (dry) 

1 	Silty fine sand 100 percent 33 cpm, 
AASHO T-98; 40 percent < 0.1 sec 
No. 200, w-c = 13.4 percent 

	

10,000 	10,618 psi, a, 0.447, 2.4 percent w-c 
10,019 psi, a, 0.465, 6.3 percent w-c 
8,687 psi, on 0.496, 8.2 percent w-c 

100 Dry 
10,000 to 13,000 psi, 3 percent <No. 200, a, 0.53 
8,000 to 9,000 psi, 8 percent <No. 200, a, 0.59 
Partially saturated 
7,000 to 10,000 psi, 3 percent < No. 200, an 0.55 
5,000 to 7,000 psi, 8 percent <No. 200, as 0.60 

100 Dry 
11,000 to 12,000 psi, 3 percent <No. 200, an 0.57 
14,000 to 15,000 psi, 10 percent <No. 200, a, 0.50 
Partially saturated 
9,000 to 10,000 psi, 3 percent <No. 200, a, 0.57 
7,500 to 9,50Ojtsi 10 percent <No. 200, a, 0.57 

	

10,000 	3,836 psi, 8°  
3,145 psi, 80 " 

	

10,000 	7,000 psi, as 0.55 

	

10,000 	1,856 psi, 9° " 
3,126 psi, 0nr 

Subgracie 

36 AASHO class A-6 silty clay; 120 cpm, 10,000 3,000 to 4,000 psi, 18 percent w-c 
v-c = 14 to 18 percent; 0.2 sec 7,000 to 8,000 psi, 16 percent w-c 

= 110 to 114 pci 15,000 to 20,000 psi, 14 percent w-c 
Micaceous silty sand subgraeie 33 cpm, 10,000 3,000 to 4,000 psi, wet season 

0.1 sec 1,500 to 2,000 psi, dry season 
64 Silty clay (AASHO test); 20 cpm, 13,000 psi, 13 percent w-c 

a, = 5 to 10 psi; a, <3 psi; 0.25 sec 10,000 psi, 14 percent w-c 
110 to 115 pci 8,000 psi, 15 percent w-c 

7,000 psi, 16 percent w-c 
2,000 to 5,000 psi, 17 percent w-c 
2,000 psi, 18 percent w-c 

65 Highly plastic clay (P1 = 36.5) 30 cpm, 10,000 4,150 psi, a, 1.0 
and silty clay (P1 = 25.5) 0.1 sec 3,200 psi, 	a, 5.2 

36 AASHO class A-7-6 silty clay; 120 cpm, 10,000 7,000 to' 10,000 psi, 20 percent w-c 
w-c = 11 to 20 percent; 0.2 sec 15,000 to 16,000 psi, 18 percent w-c 

= 10210 105 pci 14,000 to 15,000 psi, 16 percent w-c 
17 AASHO class A-6 to A-I-6 silty 30 cpm, 100 10,000 psi, 1 atm' 

clay 0.1 sec 100,000 psi, 10 atm 

AlI ore repested lead trionial eocept reference 37, which in cyclic load triaxial, 	'Refers to roil ,nsirtnro soctisn at time of tent 
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by small changes in confining pressure. The effect of confining pressure on the mod-
ulus appears to become greater as the clay decreases and the material becomes stiffer. 
The simplified nonlinear model also shown in Figure 10 has been used for clay sub-
grade soils where K1, K2, K3, and K4 are laboratory- determined constants. 

The variation of i, with stress level is less clear although Hicks and Finn (34) found 
that it remained constant or increased slightly with increasing repeated vertii stress. 
Poisson's ratio, however, appears not to be significantly affected by confining stress. 

Unstabiized Granular Base 

For unstabiized granular materials, both ER and v are functions of the applied stress 
conditions. Numerous studies (1, 20, 33, 55, 65) of the resilient response of sands, 
gravels, and crushed stone hav&inicated that ER  significantly increases with confining 
pressure and is affected to a much smaller extent by the magnitude of the repeated 
vertical stress. As shown in Figure 11 (33), the resilient modulus of granular ma-
terials (partially crushed aggregate, low Tensity, coarse grading) can usually be ap-
proximated by 

ER = ie 	 (5) 

where 'K and _n are constants evaluated from repeated-load triaxial test results and e is 
the sum of the principal stresses (8 = C + 203  in a conventional triaxial test). Studies 
have also shown that an expression of the form ER = ka3  can also be used as long as the 
variation in the deviator stress is not too great for a given confining pressure. 

Poisson's ratio of granular materials can vary considerably with the stress state 
and is apparently related to the principal stress ratio o/o (33). The effects on ER  
and v of aggregate type, water content, density, and gradatioii -have been described else-
where (1, 33). 

Asphalt-Bound Materials 

Results of repeated-load triaxial tests have indicated that the temperature and rate 
(or frequency) of loading have a very significant effect on the stiffness of asphalt-bound 
materials (Fig. 9); asphalt content and type, air voids, and aggregate grading and type—
all have a lesser effect on the stiffness. Several studies (18, 51, 55) found that the 
stiffness is stress dependent (i.e., the material is nonlineáij, 'Elt That effect is still 
relatively small compared to that of temperature. Results indicate that Poisson's ratio 
may undergo an important increase with increasing temperature and to a lesser extent 
is affected by the stress level (Fig. 12, 51). 

Although the results from flexural anTindirect tensile tests show the same general 
trends, ER determined in those tests is usually less than the value determined in the 
triaxial tests by as much as a half. Probably a value of ER somewhere between those 
2 extremes is appropriate to use for pavement design. 

Cement-Bound Materials 

The results of repeated-load tests on cylindrical specimens performed by Mitchell 
and Chen (44), Wang (85), and Barksdale (1) have shown that the ER of soil-cement de-
creases wiTh increasi—ng confining pressure. Laboratory test results indicate that the 
resilient modulus measured in the triaxial test may be as much as 10 times greater 
than that obtained in repeated flexure (55), although one researcher (85) has shown re-
sults indicating the flexural modulus tóe greater. The results of t1iflexure tests 
should probably be used in layered theory because that test more closely simulates 
conditions of bending, which occurs in very stiff base layers. Also, because of crack-
ing with time in cement-treated bases, the effective modulus will tend to decrease 
significantly. 

From the results of repeated-load triaxial tests on a cement-stabilized base, Foss-
berg (24) has shown that ER is not very stress dependent and is essentially equal in 
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tension or compression so long as cracking does not occur. Poisson's ratio was found 
to usually be between the limits of 0.1 and 0.2. 

Empirical Correlations 

In some instances it may become necessary to estimate the dynamic modulus of 
elasticity of pavement materials from empirical correlations with more easily mea-
sured material properties. Several such correlations have been developed by re-
searchers for estimating the dynamic modulus of elasticity of pavement materials, but 
none has been developed for estimating Poisson's ratio. 

Asphalt- Bound Materials 

If direct measurements of stiffness are not possible, estimates may be made by the 
use of nomogrâphs developed by Van der Poel (72) or Heukelom and Kiomp (31) to ob-
tain the stiffness of the bitumen as a function oflime of loading and temperaiiire (Fig. 
13, 72). After the stiffness of the bitumen has been determined, the following empir-
icafielations can be used to obtain the stiffness of the asphalt mixture: 

Six_1i  !. 	Cv 
+ n 1-Ce 

where 

S 	= mixture stiffness, kg/cm2; 
St = bitumen stiffness, kg/cm2; 
C, = volume of aggregate/(volume of aggregate + volume of asphalt); and 
n = 0.83 log(4 x  105)/Sbjt . 

The following correction is normally applied to mixes having void contents larger than 
3 percent: 

C= 1+H 

where 

= modified volume concentration of aggregate, 
C, = original volume concentration of aggregate, and 

= difference between air void content and 3 percent, expressed as decimal. 

Fair agreement (less than 50 percent error) has been shown between the nomograph 
and measured value of dynamic stiffness (48). 

Soil and Unbound Aggregate 

A limited number of correlations have been made between the dynamic modulus of 
elasticity of soils and unbound base materials with routine test procedures. Heukelom 
and Kiomp (31), for unstabiized clay and sandy soils, have proposed a relation between 
the dynamiciitbgrade modulus of elasticity and the familiar CBR value as follows: 

E(psi) = constant x CBR 	 (6) 

Normally a value of E (psi) = 1,500 CBR has been used for design purposes although the 
constant has been shown to vary from 700 to 10,000. Kirnan and Glynn (86) developed 
similar relations for 2 boulder clays: 

E(psi) = 250 x CBR 	 (7) 

The tremendous variations in those correlations clearly indicate the magnitude of error 
that can result from using such relations. 
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Other more generalized correlations for estimating the dynamic modulus of elasticity 
for the unstabilized base and subgrade materials have been summarized by Shell (87) 
and are shown in Figure 14. In addition, for granular materials, ER can be crudelT 
estimated from a knowledge of the supporting layers. Heukelom and Klomp (31) ob-
served on the basis of field measurements that ER of the granular layer is apFoxi-
mately 2 times greater than that of the supporting layer. That multiplying factor, 
however, can vary from less than 1 to approximately 5; the lower values appear to be 
associated with a dry, stiff subgrade. 

Limitations 

Great caution should be exercised in using generalized empirical relations for esti-
mating the dynamic modulus because they were developed for a very limited number of 
soil types and conditions; even then, the scatter in test results was appreciable. For 
one micaceous silty sand subgrade soil, the empirical correlation given in Eq. 6 indi-
cated a dynamic modulus of 4,500 to 6,000 psi, whereas the actual resilient modulus 
was found to be only 2,000 psi. It is quite possible that use of generalized empirical 
correlations together with a mechanistic design approach could give results that have 
the same limitations as those associated with currently used empirical design methods. 

Practical Application 

The dynamic elastic properties of pavement materials can be evaluated by the use 
of either the repeated-load or the cyclic triaxial test. For routine production work, 
the repeated-load test using a pneumatic or air-oil loading system (or a mechanical 
system applying a sinusoidal loading) is the most practical approach for evaluating the 
dynamic modulus and should be used by most highway department material laboratories. 

Under field service conditions, variation in the dynamic modulus due to changes in 
environmental factors such as moisture content and temperature can have significant 
effects on the overall performance and life of the pavement. For example, a recent 
study of pavements in Georgia (1) indicates that approximately 75 percent of the fatigue 
damage to pavements occurs duiing the wet season of the year. Therefore, even though 
reasonably accurate values of the dynamic modulus of pavement materials may be ob-
tained in the laboratory, extreme care must be exercised in incorporating those data 
into mechanistic design procedures. To obtain the resilient modulus of asphalt-bound 
layers requires that estimates be made of the variation of temperature with depth, time 
of day, and season. Theoretical methods of predicting temperature are now available 
and give reasonably good results (38). 

Another difficult problem is defiiiing the in situ degree of saturation for different 
soils, drainage conditions, and groundwater table locations. A good alternative ap-
proach for estimating the degree of saturation is to develop generalized procedures 
using the soil suction profile (88). 

Correlations can be made 15tween the resilient modulus and carefully selected 
pertinent tests for specific soil types and conditions. For fine-grained silt and clay 
subgrade soils, correlations could be made, for example, between ER and soil suction 
(17). Similar correlations could be developed by the use of creep tests or possibly 
fie vibration tests for all types of materials. Some evidence indicates that ER does 
not vary greatly for unstabilized granular bases so long as the geologic source, grad-
ing, relative density, and moisture content of the materials remains about the same. 
Under those conditions, a good estimate of ER can in many instances be made by the 
use of previously determined laboratory relations such as ER = kO. 

Because of the problems associated with measuring accurate values of v as well as 
the fact that the response of the pavement is relatively insensitive to reasonable varia-
tions, estimated values of v can be used as an engineering approximation for the mech-
anistic design procedures. For asphalt concrete mixes, Poisson's ratio appears to 
vary between approximately 0.25 and 0.35; for unstabilized granular subbases and 
bases, 0.30 -,- 11 !-- 0.4; and for clayey subgrades, 0.4 :9 1) ~-- 0.5. A limited number of 
tests could, of course, be performed to establish representative values of v for specific 
materials and structural conditions. 
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Figure 13. Nomograph for determining stiffness of bitumens. 
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LAYERED SYSTEM ANALYSIS 

Procedures for the prediction of traffic-induced deflections, stresses, and strains 
in pavement systems are based on the principal of continuum mechanics. The essential 
factors that must be considered in predicting the response of layered pavement sys-
tems are (a) the stress-strain behavior of the materials, (b) the initial and boundary 
conditions of the problem, and (c) the partial differential equations that govern the 
problem. Fortunately the highway engineer need only concern himself with the stress-
strain behavior of the material, the physical configuration of the problem, and the gen-
eral assumptions that have been made or implied in developing solutions to the layered 
system problem. 

Reasonably good predictions of pavement response to load can be obtained provided 
carefully selected material properties are used with theories that make realistic as-
sumptions. Unfortunately, the solution of the pavement system problem requires the 
use of a high-speed digital computer. If an engineer selects a formula that is not ap-
plicable to his set of conditions, an incorrect answer is obtained; likewise, if a com-
puter program not suited to the particular problem is used, equally poor results are 
obtained. Therefore, to properly use the theoretical solutions that are now available, 
an engineer must thoroughly understand the assumptions and limitations associated 
with the use of these methods. 

Solutions for Layer Systems 

Elastic Layered Systems 

The response of pavement systems to wheel loadings has been of interest since 1926 
when Westergaard (77) used elastic layered theory to predict the response of rigid 
pavements. Later Nuirmister (9) solved the problem of elastic multilayered pavement 
structures (Fig. 15) using classical theory of elasticity. The assumptions that Bur-
mister and most others (57, 76) have made in developing closed-formed solutions are 
as follows: 

Each layer acts as a continuous, isotropic, homogeneous, linearly elastic medium 
infinite in horizontal extent; 

The surface loading can be represented by a uniformly distributed vertical stress 
acting over a circular area; 

The interface conditions between layers can be represented as being either per-
fectly smooth or perfectly rough; 

Each layer is continuously supported by the layer beneath; 
Inertial forces are negligible; 
Deformations throughout the system are small; and 
Temperature effects are neglected. 

The partial differential equations associated with that boundary value problem can 
be solved by the use of integral transforms (57, 76). The response is then obtained in 
the form of infinite integrals that must be numerically integrated. If a sufficiently 
close integration interval spacing is not used, or if the integration is not taken out far 
enough before "chopping" it off, convergence of the integral to the correct value may 
not occur. 

Comprehensive tables and charts of influence values for 2- and 3-layer systems 
subject to uniform circular loadings are given in the literature (35, 54). The use of 
those tables and charts can be quite tedious and time-consumingirT-1ayer pavement 
systems, and tabulated solutions for 4-layer systems are not practical. Therefore, 
for general pavement design applications, the use of a computer is a necessity from a 
practical standpoint. 

Schiffman (67) and Westmann (90) have further generalized the Burmister theory to 
include eitherrtical or horizontal asymmetric surface loading for multilayered elas-
tic systems. Computer programs for asymmetric loading conditions, however, are 
not available at the present time. 
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Finite-Element Approaches 

The continuum mechanics approaches described in the previous section satisfy 
exactly the governing differential equations associated with the pavement design prob-
lem. That closed-form solution can only be obtained for the case of homogeneous, 
isotropic, and elastic layers. The finite-element method, on the other hand, offers 
the capability of modeling pavements in a considerably more realistic manner. In 
contrast to the closed-form analytical solutions, each element in the system can be 
given independent anisotropic material properties, and the layers need not be infinite 
in width. In addition, solutions of the finite-element formulation for displacements, 
stresses, and strains are obtained for each element of the grid. In closed-form 
solutions, those quantities must be calculated individually at each desired point. The 
finite-element approach, however, is a numerical approximation, and as a result the 
cost of computer time to solve problems by that method may be as much as 2 to 5 times 
that for classical elastic layered solutions. 

Detailed descriptions of the finite-element method have been presented by Zienkie-
wicz and Cheung (91). Usually the pavement system problem is approximated as one 
of axial symmetrThnd a cylindrical coordinate system represented by r, 8, and z is 
used. A layered pavement structure may be idealized as an assemblage of finite num-
bers of discrete triangular or rectangular ring-shaped elements (Fig. 16, 3). Each 
adjacent element in the system comes together at a common point and is interconnected 
by frictionless pins called nodes. 

The structural stiffness properties of each element can be determined by the appli-
cation of energy principles (91) using an approximate displacement function and the 
usual elastic relations for di1acements, strains, and stresses. The selection of the 
displacement function is quite important and should be chosen so as to maintain internal 
displacement continuity inside each element. In general, interelement displacement 
compatibility should also be maintained so that gaps will not open up between adjacent 
elements. Finally, rigid body displacement states and all uniform strain states must 
also be included in the element characterization. Those element displacement require-
ments will then ensure a monotonic convergence of the strain energy function if the 
element mesh size used in the structural model is repeatedly divided. If a fine enough 
mesh of elements is used, the approximate finite-element theory will usually give a 
satisfactory solution. Convergence to the correct solution with decreasing mesh size 
is not, however, always guaranteed. 

Limitations of Layered Theory 

In both classical and finite-element layered theories, the pavement structure is 
normally modeled as an axisymmetric solid. Axisymmetry usually means that both 
load and pavement geometrics are symmetrical about a common centerline. Unfor-
tunately, the effects of wheel loads applied close to a crack or pavement edge cannot 
be analyzed by the use of methods that require axisymmetry. Although 3-dimensional 
solid models could be used with the finite-element method, that representation is not 
very practical for general use because of the large amount of computer time required 
to solve the model. An extended 2-dimensional finite-element program that approxi-
mates the loading as a Fourier series has been used to study the effects of edge load-
ings for multiple rectangular wheel loadings (89). Although that approach should lead 
to a much better understanding of pavement bavior, it requires too much computer 
time for general use in a design method. Caution should also be exercised in using 
Fourier series expansions for the loading to ensure that a sufficient number of terms 
are used to give accurate results. Furthermore, information is not available on the 
condition of slip that exists at the interface between layers. The assumption of a rough 
interface condition, which most investigators have used, appears to be reasonable, 
although varying degrees of slip can be considered. 

In all of the theoretical approaches, inertial forces have been neglected. The in-
ertial force is simply the force on a small element caused by a dynamic loading equal 
to the mass of the element times the acceleration. Also, none of the layered system 
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theories considers the effects of vibrations. Neglecting vibrations is probably not a 
bad assumption for vehicle speeds lower than 60 mph on materials having cohesion. 
However, for cohesionless materials compacted to lower relative densities, neglecting 
vibratory effects may lead to densification that would cause rutting and changes in 
material properties. 

Numerous laboratory tests have indicated that the dynamic modulus of paving ma-
terials varies with the confining pressure or deviator stress or both (1, 33, 55). Be-
cause of the variation in stress state that exists in each layer of the pivieirsys-
tern, the dynamic modulus actually changes with both depth and lateral position in each 
layer. Therefore, uncertainties arise intryingto determine what values of dynamic 
modulus to use in a linear-elastic layered analysis. Furthermore, elastic layered 
theory cannot consider variations in the modulus with lateral position. Those limita-
tions for the most part can be overcome by the use of nonlinear finite-element theory 
(5, 17, 19, 33). In that method, the pavement response is initially calculated by using 

siied m&Iuli for each layer. The calculated stresses are then used to estimate a 
new stress- dependent modulus from experimentally measured material properties. 
Additional stress states are then calculated, and the process is repeated by either an 
iterative or an incremental procedure. In both cases, the modulus is matched with 
the stress state in each element. Those approaches, however, require considerably 
more computer time than does a single elastic layered solution. 

An excellent alternative approach, which is a practical trade-off, is the use of a 
nonlinear, iterative elastic layered solution (1, 33, 38). That iterative procedure is 
analogous to the one used for finite-element t1e6iy. In this approach, the base and 
subgrade can be subdivided into several fictitious layers for better accuracy. The 
technique uses in each layer a modulus that is dependent on the average stress state 
that exists in the vicinity beneath the wheel loadings. That simplified nonlinear ap-
proach makes possible the analysis of a large number of pavement sections at a com-
puter cost of roughly $ 10 for each structural section. 

The bottom of each layer of a pavement structure is subjected to radial and tangen-
tial tensile stresses and strains. In nonstabiized granular materials,, the application 
of such a stress state can result in an appreciable influence on the modulus of the ma-
terial. A description of a slip model that can be used to handle that condition has 
been developed by the use of anisotropic finite-element theory (5). The behavior of 
granular materials under those stress conditions, however, certainly needs further 
study. 

Prediction of Pavement Response 

Classical Elastic Theory 

One of the first attempts to verify layered theory was by Coffman et al. (12); they 
compared the deflections measured at the AASHO Road Test with deflections calculated 
from results of laboratory tests. A 3-layered elastic system was solved with tables 
prepared by Peattie and Jones (34, 54). Base, subbase, and subgrade materials were 
characterized by creep tests, anTtli'esults were transformedtO a dynamic modulus. The 
dynamic modulus of the asphalt concrete surface was determined by a cyclic triaxial 
test. A typical comparison of calculated and measured deflections under normal traffic 
loads is shown in Figure 17 (12). 

Brown and Pell (6) also véiified elastic layered theory in carefully controlled lab-
oratory experiment they used a program developed by Jones (93). They found that 
elastic theory predicted vertical and maximum shear stress andnaximum surface 
deflections satisfactorily. Klomp and Niesman (40) used the Shell Bistro program (57) 
to compare predicted strains in the asphalt-bounThurface and base layers with valuI 
measured by wire resistance strain gauges. Flexural tests were used to determine 
the modulus of the asphalt-bound layers, and wave propagation techniques were used 
for the subgrade. In general, their study found that strain in the bound layers could 
be predicted with reasonably good accuracy. However, surface strain measurements 
traditionally have been more difficult to predict because of the effect of factors includ-
ing tire profile, temperature variations, and tensile stresses in the asphalt concrete. 
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Seed et al. (65) also used classical elastic layered theory (35) to predict the re-
sponse of layeiI systems consisting of asphalt concrete, granular base, and clay sub-
grade. Most materials were characterized by repeated-load triaxial tests although in 
some cases values of E for the asphalt concrete were determined by repeated flexural 
test (15). In each case, they were able to predict reasonably well the deflections oc-
curring within a prototype pavement section. Kasianchuk (38) extended the approach 
used by Seed by developing an approximation-linear iteratitechnique for use with 
layered elastic theory. That technique has been employed by Barksdale (1), Hicks (33), 
and Hicks and Finn (34) to predict with varying accuracy the response of ãwide varf 
tion of pavement sect—ions. For example, Hicks (33), using classical elastic theory, was 
able to predict surface deflections and strains inilie asphalt concrete, strains in the 
untreated base layer, and stresses in the subgrade with reasonably good accuracy. 
However, for the prototype pavement investigated, better comparisons were obtained 
with finite-element techniques. Hicks and Finn (34) used a similar procedure to predict 
the response of test sections at the full-scale Sanbiego test road. Typical comparisons 
between measured and predicted responses for one of the sections investigated (Fig. 18, 
34) were reasonably good; however, other sections had ratios of predicted over mea-
sured values ranging from 0.4 to 1.4 for total deflection, 0.1 to 2.3 for surface strain, 
and 0.4 to 2.6 for strain within the asphalt layers. 

Thrower et al. (84) have also presented evidence indicating that layered elastic 
theory can be usedi predict stresses and strains in pavements subjected to moving 
wheel loads. Dynamic moduli of the asphalt concrete were measured by means of a 
dynamic flexural test. Wave propagation techniques were used to determine E of the 
base, and the subgrade E was determined by the Shell correlation procedure and the 
measured CBR value. They found good agreement between theory and measured re-
sponse for stiff pavement sections. Serious discrepancies, however, occurred at high 
road temperatures partly because of difficulties in evaluating E of the asphalt concrete 
at high temperatures. 

Finite-Element Approaches 

Shi.fley (92) in 1967 and Duncan et al. (19) in 1968 used finite-element techniques 
to analyze Favement structures composedf an asphalt concrete surface, granular base, 
and clay subgrade. Shifley (92) conducted a series of rigid plate repeated-load tests 
on a full-scale test section t5iimulate slowly moving traffic. Transient deformations 
computed from the results of the repeated-load laboratory tests for multilayer pave-
ment structures compared reasonably well with the measured test road deflections. 
The nonlinear behavior for both aggregate base and subgrade were approximately ac-
counted for by an iterative finite-element procedure. 

Duncan et al. (19) analyzed a pavement structure for both summer conditions (low 
asphalt stiffness) l5Td winter conditions (high asphalt stiffness). Response of in- service 
pavements was calculated by an iterative finite-element program together with 
material properties determined from the repeated-load triaxial test. Predicted de-
flections were found to be in good agreement with those measured by the California 
traveling defiectometer, although some question exists concerning the convergence of 
the procedure. 

A comprehensive study in which finite-element techniques were used has been per-
formed by Dehlen (17) and Hicks (33). Both full-depth and conventional asphalt con-
crete structures were investigateff Dehlen made comparisons for the San Diego test 
road between measured stresses, strains, and deflection and those predicted by ana-
lytical and finite-element techniques. He found that, although the predicted and mea-
sured pavement responses were similar in shape, the quantitative agreement was only 
fair to good. Typical comparisons for surface deflections and strains within the as-
phalt concrete layer are shown in Figure 19. Hicks conducted similar analyses on both 
prototype (Fig. 20) and a conventional section on the San Diego test road and reached 
conclusions similar to those of Dehlen. 



Figure 17. Comparison of measured and calculated surface deflections. 
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Viscoelastic Approaches 

Barksdale and Leonards (2) compared measured and computed responses by using a 
linear viscoelastic approach. They calculated both permanent and resilient deflections 
for 3-layer systems on the AASHO test road. The stress-strain relations were obtained 
from the results of repeated-load triaxial tests. The calculated deflections were in 
general close enough to suggest that viscoelastic theory can give reasonable estimates 
of resilient and permanent deformations. Drennon and Kenis (94) and Barksdale (5) 
have shown how a linear and nonlinear viscoelastic theory can be used to calculate 
layered system response. 

Theory Selection 

The studies just described show that layered theories give reasonably good predic-
tions of deflections, stresses, and strains in layered pavement systems provided dy-
namic moduli are used that are compatible with the stress state in the layer. A num-
ber of elastic and finite-element computer programs that could be used in a mechanistic 
pavement design approach are now in operational form. Some of those programs and 
an indication of their availability and where they can be obtained are given in Table 3. 
A comparative study by Pichumani (89) of several of those programs is given in Table 4. 

The selection of the most appropfläte theory to use should depend on whether there 
is any benefit gained in using a more sophisticated approach. For example, a linear-
elastic theory can usually be used with success for pavements having stabilized bases 
and a subgrade that exhibits a relatively linear response. In a general design proce-
dure, however, a more flexible approach should probably be employed to account for 
the nonlinear behavior of some paving materials. A good example of such an approach 
is the modified Chevron 5-layer program, which provides for iteration to obtain moduli 
compatible with the stress state in the layer. Of course, use of a nonlinear finite-
element approach would be more desirable and could be used if excessive computer 
time were not required in applying the program to a design method. Although linear-
elastic theories require the least computer time and have been used by several orga-
nizations with apparently satisfactory results, considerable care must be taken in 
selecting appropriate material properties. For developing a general pavement design 
procedure, a linear-elastic program is recommended that has provisions for iteration. 

SUMMARY 

Suitable analytical procedures based on layered theory have been developed for 
predicting the response of flexible pavement structural sections. If applied, those 
methods have the potential for greatly improving the accuracy with which required 
structural sections can be selected for widely varying traffic, subgrade, and environ-
mental conditions. 

Material properties for use in solutions to layered theory should, where practical, 
be evaluated in a dynamic testing procedure. The dynamic loading can be readily ac-
complished by repeated loads to a cylindrical specimen inside a triaxial cell using a 
pneumatic loading system. The response of the pavement structure can then be pre-
dicted with reasonably good accuracy from the laboratory-determined material proper-
ties and either a linear-elastic computer program or an ad hoc non- linear- elastic 
program having iterative capability. Because the moduli of most pavement materials 
are stress dependent, the iterative approach is recommended. 

Perhaps the most important problem in developing a mechanistic design approach 
is the inherent variability of material properties with depth and position along the proj-
ect alignment. The ability to overcome that problem will depend to a great extent on 
how the properties are incorporated into the design procedure and how the procedure 
is related to actual field performance. 

Predicting accurately the response of pavement structures can often be quite in-
volved because of the nonlinear, inelastic, anisotropic nature of pavement materials, 
changes of material properties with time, uncertainties in conditions during construction, 



Table 3. Operational computer progams and their availability. 

Theory Program Availability Source 

Linear elastic (classical Shell BISTRO Limited distribution Shell Oil Company, One Shell Plaza, 
layered theory) (axisymmetric) (researchers only) Houston, Texas 77002 

Chevron (axisymmetric) No restrictions N. J. Schmidt, Chevron Research Com- 
pany, Richmond, California 

Linear finite element General axisymmetric No restrictions C. L. Monismith, University of Call- 
(W1L67) fornia, Berkeley 

Prismatic space (2- No restrictions University of California, Berkeley 
dimensional) 

Extended 2-dimensional Under development R. Pichumani, Kirtland Air Force Base, 
(AFPAV) New Me,dco 

Nonlinear elastic (classical Chevron 5-layer elastic No restrictions University of California, Berkeley 
layered theory) with iteration 

Nnnlinear finite element FePave 1 (iterative) No restrictions University of California, Berkeley 
FePave 2 (incremental) No restrictions University of California, Berkeley 
Anisotropic incremental Available March 1973 R. D. Barksdaie, Georgia Institute of 

iterative Technology, Atlanta 
Viscoelastic Linear viscoelastic No restrictions F. Moavenzadeh, Massachusetts Insti- 

tute of Technology, Cambridge 

Table 4. Comparison of computer programs. 

Description of 
Features 	 BISTRO 	 W1L67 	 VISAB3 	 AFPAV 	 Remarks 

Theoretical basis Burmisters Finite-element Discrete- element 3-dimensional AFPAV is called extended 2-dimensional 
layered sys- analysis of analysis of pave- analysis of finite-element code and cannot solve general 
tem theory axisymmetric ment slabs on prismatic 3-dimensional problems 

solids Winkler founda- solids 
tion 

Type of pavement Rigid and flexi- Rigid and flexi- Rigid pavement Rigid and flexi- Except for VISAB3, codes do not distinguish 
analyzed ble pavements ble pavements only able pavements type of pavement 

Number of pavement N-layers N-layers 2 N-layers VISAB3 can treat only 2 layers, but the value 
layers (N = 10) (N = 12) (N = 15) of N can be changed by suitably modifying 

other codes 
Number of applied 12 (can be in- 1 (can be modi- Unlimited Unlimited BISTRO and WIL67 (when modified) use prin- 

loads creased) . fied to analyze ciple of superposition for multiple loads; 
multiple loads) VISAB3 and AFPAV consider multiple loads 

simultaneously 
Cnntact pressure Uniform over Uniform over Concentrated Uniform over rec- Nonuniform contact pressure can be treated 

circular area circular area tangutar area approximately in AFPAV code 
Joints in rigid Cannot consider Cannot consider Considers approxi- Can consider Joint analysis using AFPAV code is yet to be 
pavement mately realistically developed 

Stress concentrations No No No Yes 
along joints 

Edge loads in rigid Cannot analyze Cannot analyze Can analyze Can analyze Edge-load analysis using AFPAV code is yet 
pavement to be developed 

Material properties Linear elastic Bilinear elastic Linear elastic Linear elastic AFPAV code can be further developed to con- 
sider nonlinear material properties 

Nonuniform layer Cannot consider Cannot consider Cannot consider Can consider Changes referred to are in 1 vertical plane 
thiclmesses and only and those should be constant in the 
properties longitudinal direction 

Discontinuities )e. g., Cannot analyze Cannot analyze Cannot analyze Can analyze Orientation of culvert should be normal to one 
culverts) under horizontal axis of gear arrangement 
pavement 
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uncertainties in environmental and subgrade conditions, and many other factors. As a 
result, the predicted behavior from any proposed pavement design method should be 
compared with the behavior observed in the field for as many pavement sections as 
possible. If the predicted behavior is not satisfactory, then the theory should be either 
revised or adjustedto give acceptable results. Provided the approach taken istheoret-
ically sound, probably the most practical method will be to simply correlate the re-
sults with observed field performance (1, 82, 87) to develop design criteria such as 
limiting stresses and strains. Finally, design riteria developed by other investiga-
tors may not yield satisfactory results if either the method of material characterization 
or the method of calculating the response of the pavement structure is changed. 
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This paper reviews the state of knowledge resulting from laboratory research into the 
phenomenological characterization of fatigue behavior. In particular, it considers the 
influence of various factors that affect the fatigue performance of asphalt mixes. The 
definition of laboratory service life and the values obtained depend on the method of 
testing; controlled stress loading appears to be applicable for materials used in thick 
asphalt construction, and controlled strain loading is more appropriate for thin layers. 
Fatigue performance can best be characterized by a strain € and life N. relation of the 
form N, = C(1/€)". The factors C and m depend on the composition and properties of 
the mix and are also affected by the testing method. Under controlled stress conditions, 
mixes having maximum stiffness will give longer lives; and, therefore, the choice of mix 
composition should be such that under compaction maximum tensile stiffness asso-
ciated with minimum voids is obtained. Under controlled strain condition, longer 
lives are likely to be obtained from more flexible, less stiff materials. Ideally, general 
strain-life relations can be established for various mixes by laboratory testing and used 
for design purposes. Alternatively, use may be made of empirical relations relating 
fatigue performance to mix properties. 

' 

P. S. Pell 
University of Nottingham, England 

The term "fatigue" implies a mode of distress in an asphalt con-
crete pavement resulting from the repeated application of traffic-
induced stresses. In particular, this symposium was concerned 
with fatigue fracture, and the purpose of this paper is to consider 
the influence of various factors that affect the fatigue performance 
of asphalt mixes. A considerable amount of laboratory research 
has been carried out and documented (1, 2)  3, 4, 5, 6) on the phenom-
enological characterization of fatigue and enables certain overall 
conclusions to be drawn. As well as providing useful information 
for optimum mix design against fatigue cracking and a means of 
comparing the performance of different mixes, the current state 
of the art can be used to predict that cracking will occur after the 
application of a particular traffic volume. 

However, a considerable amount of crack propagation will have 
to occur over a wide area before any serious deterioration of the 
pavement structure results from the possible penetration of water 
or from increase in stresses in the underlying layers or from both. 
Pavement performance under traffic depends not solely on the char-
acteristics of the materials in the individual layers but rather on 
the interaction of the various layers, and that aspect of the problem 
is discussed in other papers (30,31). 

Besides the phenomenological approach to the problem of fa-
tigue of asphaltic concrete pavements with which this paper is con-
cerned, a more recent development is the mechanistic approach 
based on fracture mechanics (7), and that is discussed in another 
paper (33). Although the primary object of this present paper is 
to emphasize the existing state of knowledge that can be applied, 
certain areas requiring further research in order to improve the 
accuracy of fatigue life predictions will be mentioned. 

49 
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DEFINITIONS 

Fatigue has been defined (2) as "the phenomenon of fracture under repeated or fluc-
tuating stress having a maximum value generally less than the tensile strength of the 
material.'t However, in practice and in the laboratory, fatigue failure is often loosely 
considered to be the point at which the material or specimen is unable to continue to 
perform in a satisfactory manner. The failure or the end point of a fatigue test has 
been defined by investigators in many ways. It may be the point corresponding to com-
plete fracture of the test specimen, the point at which a crack is first observed or de-
tected, or the point at which the stiffness or some other property of the specimen has 
been reduced by a specific amount from its initial value. The choice is often arbitrary 
depending on the method of testing being used, and hence an intelligent interpretation of 
fatigue results requires that the point of failure be explicitly defined. 

Service life N8  is the accumulated number of load applications necessary to cause 
failure in the test specimen. In general, the service life as defined here has often been 
called the fatigue life, but it is a function of the manner in which failure is defined. 
Fracture life N is the accumulated number of load applications necessary to completely 
fracture a specimen. When the failure point is complete fracture, then the service and 
fracture lives are identical. 

The fatigue behavior of a specimen subjected to repeated loading depends primarily 
on the load, environmental, and specimen variables. Load condition refers to the par-
ticular set of values that the appropriate load and environmental variables assume for 
a particular load application. Simple loading occurs when the load condition remains 
unchanged throughout the fatigue test. Compound loading results from the repeated 
application of loads in which the load condition changes during the fatigue test. In 
practice, asphalt pavements are subjected to a form of compound loading with a suc-
cession of load pulses of varying sizes and durations and with varying time intervals 
between pulses depending on the details of the traffic. Changes, such as ambient tem-
perature and moisture conditions, are also taking place in the environment. Few at-
tempts have yet been made in the laboratory to study cumulative damage by compound 
loading, and most laboratory fatigue tests have been of the simple loading type with 
the load-time curve being sinusoidal, triangular, square, or some other regular wave 
form. 

TYPE OF FATIGUE TEST 

Generally, testing methods are either controlled stress mode when the loading is in 
the nature of an alternating stress of constant amplitude or controlled strain mode when 
the loading is in the form of an applied alternating strain or deflection of constant am-
plitude (Fig. 1). In controlled stress loading, if the stiffness of the specimen reduces 
during the test, then the strain will gradually increase; in controlled strain, the re-
sulting stress on the specimen will fall with decreasing stiffness. In many cases, the 
service life of the specimens greatly depends on which of the 2 modes of testing is used. 

Because the method of testing influences the results of fatigue tests, the question 
arises as to which method is preferable. Monismith and Deacon (2) have proposed a 
more quantitative basis for differentiation between the 2 modes of loading by introduc-
ing the mode factor, a parameter defined as 

Mode factor = Al - IBI 
 Al + IBI 	

(1) 

where IAI and IBI are the percentage changes in stress and strain respectively for an 
arbitrary but fixed percentage reduction in stiffness. The mode factor has a value of 
-1 for controlled stress loading and +1 for controlled strain conditions. For inter-
mediate modes, where both stress and strain are changing during the test, the mode 
factor lies between the limits of -1 and +1. 

The applicability of types of fatigue tests to actual road conditions has been con-
sidered in various types of pavement construction analysis using layered elastic theory 
to investigate the effect of variations in asphalt stiffness on the stresses and strains 
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occurring in the asphalt layer. Figure 2 (2) shows a typical example of a 3-layer struc-
ture where E2  = 20,000 psi, E3  = 6,000 psi, and h1  + h2  = 26 in. As the thickness and 
stiffness of the asphalt layer increase, the mode factor decreases and a controlled 
stress condition is approached. It is, therefore, suggested that controlled stress test-
ing conditions are appropriate for thicker asphalt layers, say, 6 in. or more, and 
controlled strain tests are suitable for thin asphalt layers of 2 in. or less, for under 
those conditions the strain is little affected by the mixture stiffness. 

For the intermediate thicknesses, some form of testing between those 2 extreme 
modes would strictly be appropriate; but for an engineering design approach, con-
trolled stress tests would seem sensible because they give a conservative estimate of 
fatigue life. 

The method of performing simple loading fatigue tests is to test specimens in con-
trolled stress loading at different stress levels (or in controlled strain loading at dif-
ferent strain levels) and to determine the corresponding service life. A variety of 
testing equipment has been used; each type of apparatus and its associated specimen 
size and shape has certain advantages and disadvantages. To date, most results have 
been obtained from bending or flexure tests on rectangular specimens tested as simply 
supported beams (1, 5, 8, 9, 10), trape zoidal- shaped specimens tested as cantilevers 
(11, 12), or specimens having a circular cross section with varying diameter tested as 
rotating cantilevers (4,6,13). Cylindrical and rectangular specimens are increasingly 
being used both under direct uniaxial (tension-compression) loading (13, 14) and under 
triaxial states of stress (15). Plate specimens (16) and torsional specimens (17) have 
been used to obtain biaxial stress conditions, and the indirect tensile test has also 
recently been adapted for repetitive loading (18). 

Most laboratory fatigue tests have been carried out under uniaxial stress conditions 
either in flexure or in direct loading, but in the pavement the material is subjected to 
complex, 3-dimensional stressing (13). In the case of bituminous-bound materials, it 
is not expected that the effect of confining stress and shear reversal will be as signifi-
cant as with unbound materials; but nevertheless fatigue tests under more realistic 
stress conditions need to be carried out to confirm that expectation (12). 

PRESENTATION OF FATIGUE TEST RESULTS 

There is always considerable scatter of results in any fatigue testing of nominally 
identical specimens, and that is particularly so in the case of asphaltic mixtures be-
cause of the inherent inhomogeneity of the material and the unavoidable variation in 
specimen preparation. That means that fatigue life must be considered in a statistical 
manner and strictly as only a distribution of individual values. It is usually assumed 
that there is a logarithmic normal distribution of fatigue lives at a particular loading 
condition, and a histogram (Fig. 3) constructed from the results of tests on 100 nom-
inally identical specimens tested under the same loading conditions supports that as-
suniption (4). 

Because of the normal scatter, it is necessary to test several specimens at each 
stress or strain level, and the results are usually plotted on log-log scales as stress 
or strain versus cycles of load to failure. Figure 4 shows some typical results of con-
trolled stress testing. Individual lives are plotted at +10 C, and it can be seen that a 
straight line passes through the mean of the logarithm of the lives at each stress level. 
That type of result has generally been found to be true, and an equation representing 
that relation can be written as 

logN8 =logK-nloga 	 (2) 

where 

N. = mean service life obtained at particular loading conditions, 
a = amplitude of applied tensile stress, and 

K and n = coefficients that can be determined by linear regression analysis 
techniques. 
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Figure 1. Types of fatigue tests. 
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Equation 2 may be expressed as 

N, =K() 	 (3) 

The exponent n defines the slope of the fatigue line; lower values of n denote a steeper 
line. 

A similar type of relation but one in terms of applied tensile strain e is obtained 
from controlled strain tests. 

There is no evidence of an endurance limit up to lives of 107  applications of load, 
but the slope of the fatigue line is such that a small change in stress level can result 
in a considerable change in life. 

EFFECT OF STIFFNESS AND CRITERION OF FAILURE 

Possibly the greatest difficulty in interpreting fatigue test results arises from the 
fact that they are influenced by the method of testing. That is well illustrated by the 
effect of stiffness on the service life of identical specimens tested in both controlled 
stress and controlled strain. 

If specimens are tested in controlled stress, such as in a rotating bending type of 
machine producing a .sinusoidally varying bending stress of constant amplitude, then 4 
different stiffness results, such as those shown in Figure 5a, are obtained. At a 
particular stiffness S, the mean fatigue lives can be represented by a straight line on 
a log-log plot of stress a against number of cycles of load N, to cause failure. Dif-
ferent stiffnesses are represented by parallel lines showing that, with this type of test-
ing, the fatigue life is highly dependent on stiffness; the stiffer the mix is, the longer 
the life is. 

The stiffness, defined as the ratio of stress amplitude to strain amplitude, is de-
pendent on the temperature and speed of loading. If the results of the fatigue tests 
under controlled stress are replotted in terms of strain E, as shown in Figure Sb, it 
has been found that for a wide temperature range all the results from different stiff-
nesses coincide, indicating that strain is a major criterion of failure and that the effects 
of temperature and speed of loading can be accounted for by their effect on stiffness. 
There is some evidence that at higher temperatures, above about 25 C, longer lives 
are obtained that cannot be explained in this manner. 

If identical specimens are tested in a controlled strain machine, which applies an 
alternating strain of constant amplitude, results such as those shown in Figure 5c are 
obtained. Although the lines at high stiffnesses, S1  and S2, say, coincide, those at 
lower stiffnesses show an effect of stiffness that is the reverse of that found from con-
trolled stress tests. 

The reason is that the mode of failure is different in the 2 types of test. In the con-
trolled stress test, the formation of a crack results in an increase in actual stress at 
the tip of the crack due to the stress concentration effect, and that leads to rapid prop-
agation and complete fracture of the specimen and termination of the test. In the con-
stant strain test, on the other hand, cracking results in a decrease in stress and hence 
a slow rate of propagation. At low stiffnesses and, hence, low stresses, the measured 
fatigue life includes a considerable length of time necessary to propagate a crack or 
cracks sufficiently to reach an arbitrary state when the specimen is considered to have 
failed (service life). 

If measurements of stiffness are taken during a controlled strain test, the stiffness 
reduces with increasing number of load applications at low stiffnesses, i.e., high tem-
peratures; and that, no doubt, is partially due to formation of small cracks. At high 
stiffnesses, coincident with lines for S and S2  (Fig. 5c), there is negligible fall in stiff-
ness during a. fatigue test. 

In some types of controlled stress tests, there is little increase in deflection and 
hence strain during the test even at low stiffnesses, but other types of controlled stress 
tests show a decrease in stiffness. Therefore, when the results are plotted in terms 
of strain, it is usual to take the value of stiffness of the specimen at the start of the 
test and quote the initial strain. 
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Figure 3. Results of 100 fatigue tests under 1 loading condition. 
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Thus, it can be seen that the measurement of fatigue life is complicated by changes 
in stiffness that take place during a test and that are due to either the particular strain 
pattern or the propagation of small cracks or both. If the service life contains a lot of 
crack propagation time, then the simple criterion shown in Figure Sb, which applies 
essentially to crack initiation, no longer holds. 

That criterion of fatigue crack initiation is one of applied tensile strain, and a gen-
eral relation defining the fatigue life is as follows: 

N8  = C 
(.:)0 	

(4) 

where 

N8  = number of applications of load to initiate a fatigue crack, 
= amplitude of applied tensile strain, and 

C and m = factors depending on the composition and properties of the mix. 

For many dense mixes, the slope factor m has a value of approximately 5 or 6; but 
certain mixes, particularly those containing softer grades of bitumen, give steeper 
lines even under controlled stress testing that includes very littie crack propagation 
time. Some typical results for different mixes are shown in Figure 6; the details of 
the composition of the mixes are given in Table 1. 

The slope of the fatigue line appears to depend on the stiffness characteristics of 
the mix and the nature of the binder; mixes having high stiffnesses and linear behavior 
give a flatter line. That type of behavior is characteristic of dense surface-course 
mixes having a relatively high binder content of a harder bitumen. The leaner base-
course mixes made with softer grades of binder show considerable nonlinearity, par-
ticularly at higher stress levels, and those mixes have a steeper fatigue line. 

Although the logarithmic strain-life relation is usually shown as a straight line, it 
is probably curvilinear, particularly at high strains where nonlinearity is apparent. 

If the method or conditions of testing are such that considerable crack propagation 
takes place during the test, then the line representing the service lives of specimens 
will be steeper as shown in Figure7 because the rate of crack propagation depends on 
the stress level. That is likely to occur at higher temperatures (lower stiffnesses), 
particularly under controlled strain testing. However, a relation similar to Eq. 4 will 
still define the fatigue characteristics of the mix, but the values of factors C and m will 
be different. 

EFFECT OF MIX VARIABLES 

From the foregoing it will be realized that stiffness plays a predominant role in de-
termining the fatigue behavior of bituminous mixes. It appears that maximum principal 
strain is a good criterion of crack initiation; and, therefore, in controlled stress tests, 
the stiffness will determine the strain level and hence the fatigue life. In controlled 
strain tests, which include crack propagation time in the measured life, stiffness again 
is important for it controls the stress level that determines the rate of crack propagation. 

In general, increased stiffness results in longer lives at a given stress level in 
controlled stress testing and shorter lives in controlled strain testing at a given strain 
level. 

It, therefore, follows that any mix variables that affect the stiffness are also going 
to affect the fatigue life of asphalt mixes. Those variables are aggregate type and 
grading, including filler, binder type, hardness (viscosity) and content, degree of mix 
compaction, and resulting air void content. The 2 factors that appear to be of primary 
importance are binder content and voids content. 

Increasing voids reduces the fatigue life markedly (Fig. 8). The effect of increasing 
voids is twofold: reduced stiffness and increased stress concentrations die to the pres-
ence of voids in the material. Therefore, the detrimental effect of voids is likely to be 
more apparent in controlled stress testing or controlled strain testing at low tempera-
tures. If increasing the bitumen content reduces the voids, then the fatigue life will be 



Figure 6. Strain-life fatigue results for various mixes from controlled stress testing. 
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Table 1. Typical mixes tested in controlled stress. 

Coarse Fine Binder 
Aggregate' Aggregate Filler Mean 
(percent (percent (percent Percent Penetra- Voids Slope 

Description of Mix by wt) by wt) by wt) by Wt tion (percent) C Factor 

Mastic asphalt wearing 42 23' 20' 15 70/30 0 1.13 a  10" 5.5 
course TLA/20 

Rolled asphalt wearing 30 52.2' 8.9' 7.9 45 2.9 8.8 a  10 5.1 
course, BS 594, gap 
graded 

Asphaltic concrete wear- 42 46.8' 4.7' 6.5 70 3.6 2.2 5  10" 6.1 
leg course, continuously 
graded 

Rolled asphalt base course 65 29.3' - 5.7 45 4.0 6.7 5 10_12 4.2 
BS 594, gap graded 

Dense bitumen macadam 62 28.6' 4.7' 4.7 100 6.8 1.9 a  10" 3.8 
base course, MOT spec., 
continuously graded 

Dense bitumen macadam 62.3 28.7 4.7' 4.3 200 6.9 1.8 5  10" 4.0 
base course, MOT spec., 
continuously graded 

Dense tar macadam base 61.7 28.4 4.7' 5.2 B 54 7.5 2.7 5 10 3.0 
course, MOT spec., con- 
tinuously graded 
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increased; but if the mix already has negligible voids, then further binder will reduce 
the stiffness and result in increased strain and hence reduced lives under controlled 
stress testing (Fig. 9). 

The general effect on the strain-life relation of altering the binder and filler con-
tent of a particular mix is shown schematically in Figure 10. For a lean mix, in-
creasing the binder and filler will result in a stiffer material and hence smaller strains 
and longer life. However, if too much binder is added, the stiffness is reduced and 
hence an optimum fatigue life exists. 

Although other mix variables such as aggregate type and grading do affect the fa-
tigue performance of asphaltic mixes, they can be largely accounted for by their effect 
on the 3 main factors: stiffness, binder content, and voids content. Figure 11 shows 
the results of 13 similar gap-graded, rolled-asphalt, base-course mixes made with 
different aggregates and binders as given in Table 2. The plotted points give the mean 
lives obtained at different stress levels and represent more than 400 individual fatigue 
tests. The general conclusion is that for mixes with similar binder contents aggregate 
type has. little effect on the strain-life relation. 

Figure 12 shows the strain-life lines for some continuously graded asphaltic con-
crete mixes made with different aggregates and binders. The important effect of binder 
content and void content is evident. Similar overall conclusions on the effect of mix 
factors on fatigue life have been presented by Epps and Monismith (5). There is some 
evidence that asphalt type does affect the strain-life relation; harder grades give 
slightly improved performance under controlled stress conditions. The importance 
of asphalt viscosity on controlled strain fatigue results has been shown by Santucci 
and Schmidt (!)• 

In conclusion, it may be stated that for good fatigue performance for thick asphalt 
construction a mix of maximum stiffness should be the objective and the quantities of 
filler and binder should be such that a condition of maximum tensile stiffness associated 
with minimum voids is produced. 

EFFECT OF REST PERIODS 

The fatigue characteristics discussed above have been obtained from tests carried 
out under simple loading conditions that mainly apply continuous cycles of loading of 
particular magnitudes. In practice, the material is subjected to a succession of load 
pulses of varying sizes and at varying time intervals between pulses depending on the 
details of the traffic. The question, therefore, arises as to the possible beneficial 
effect of periods of rest during a fatigue test. 

Some workers (4, 17) have reported crack-initiation life did not increase in as-
phaltic mixes as a result of periods of rest that were at different temperatures and 
injected after varying portions of the expected life but did significantly increase in 
specimens made from bitumen alone under similar testing conditions. Bazin and 
Saunier (11), on the other hand, report that asphaltic concrete made with a very soft 
binder (200-penetration bitumen) had increased lives because of healing following rest 
periods under compressive stress. 

More recent work reported by Ralthby and Sterling (14,20) and by Van Dijk et al. (12) 
show considerable beneficial effects of strain recovery if periods of rest are injected 
between each load pulse. Those findings mean that laboratory tests using continuous 
cycling load pulses may well underestimate the fatigue life to cause initiation of cracks 
in practice. 

CUMULATWE DAMAGE 

In practice, asphalt pavements are subjected to a form of compound loading, and 
changes take place in the loading conditions during the life. In a recent review of some 
general cumulative damage theories, O'Neill (21) concludes that none of the hypotheses 
considered shows a clear general superiority to the rule of linear summation of cycle 
ratios. When satisfactory, constant-amplitude, simple load test data can be provided, 
the application of the linear rule, generally referred to as Miner's rule, is extremely 
simple. 
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Figure 9. Effect of binder content on fatigue life in 
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Table 2. Rolled asphalt base-course mixes. 

Coarse Aggregate 

Type 
Percent 
by Wt 

Fine Aggregate 

Type 
Percent 
by Wt 

Filer 
(percent 
by wt) 

Binder 

Percent 
by Wt 

Penetra- 
tion 

Mean 
Voids 
(percent) 

Symbol on 
Figure 11 

Crushed rock 60 Sand 34 0 6 45 5.0 
Crushed rock 60 Crushed rock 34 0 6 45 5.6 0 

Crushed rock 60 Sand 34 0 6 35 4.2 a 
Crushed rock 65 Sand 29.3 0 5.7 45 4.0 + 
Crushed rock 60 Sand 34 0 6 100 4.8 o 
Quartz gravel 60 Sand 34 0 6 45 5.3 
Quartz gravel 60 Crushed rock 34 0 6 45 6.0 a 
Quartz gravel 65 Sand 27.4 -. 5.6 45 3.5 + 
Flint gravel 60 Sand 34 0 6 45 4.8 £ 
Flint gravel 60 Crushed rock 34 0 6 45 6.9 A 

Slag 60 Sand 33.7 0 6.3 45 5.0 
Slag 60 Crushed rock 33.7 0 6.3 45 5.6 
Slag 55 Sand 38.2 0 6.8 45 5.4 x 

1O-
w 
-J 

2 percent cement 
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Miner's rule for evaluating cumulative damage states that the condition at failure is 
given by 

(5) 

where 

n, = number of cycles of stress o applied to the test specimen, and 
N = number of cycles to failure at constant stress amplitude o  from simple loading; 

If N is the predicted fatigue life under variable amplitude conditions and f1, f2, ... f, 
are the relative proportions at each of the stress levels for which the fatigue lives are 
Ni., N2, • .. N, respectively, then by Miner's rule, 

N= 	- 	= - 	 (6) 
f1 	fz 	f 	r 

1=1 

The application of this rule to the fatigue life of asphaltic mixes under compound 
loading conditions was considered by Monismith et al. (22), who suggested strain rather 
than stress to be the appropriate criterion. Although widely used in such design meth-
ods as employ load equivalency concepts, no experimantal justification of its use was 
available until 1965 when Deacon (23) published the results of an investigation into the 
behavior of asphaltic concrete under compound loading conditions. He concluded that 
the linear summation of cycle ratios governs the fatigue behavior of bituminous mix-
tures that are subjected to multiple strains of variable magnitude. That conclusion is 
supported by the results of a recent experimental investigation at Nottingham University 
(24). Variations in the level of strain during the course of a test were achieved either 
by changing the temperature of the specimen or altering the stress level. 

In the application of Miner's rule, no allowance is made for intervals of "no-load" 
or rest periods. It may be assumed that the effect of such intervals will be beneficial 
or at worst of no consequence. If the effect is beneficial, then the rule, as it stands, 
is conservative for design purposes. 

PREDICTION OF FATIGUE CHARACTERISTICS 

To establish the fatigue characteristics of a particular asphaltic mix necessitates 
long and somewhat involved testing techniques using specially designed and expensive 
equipment. It would clearly be extremely useful if fatigue performance could be re-
lated to a test using more standard equipment, and the approach of Epps and Moni-
smith (25) to try and correlate fatigue with a simple, tensile test seems valuable. 

To date, there is littie convincing evidence that a simple nonrepetitive, loading test 
will be able to predict fatigue performance over the wide range of conditions and ma-
terials necessary, particularly in view of the difficulty of defining service life. How-
ever, a simple test may possibly be used to investigate stiffness characteristics for a 
number,  of mix variables, and further research in this direction is warranted. 

As more and more fatigue tests are carried out by various research workers in dif-
ferent parts of the world, the fund of results that may be used for design purposes 
grows. But unfortunately, different test methods and criteria of failure make it ex-
tremely difficult to correlate that fund of information in a quantitative manner. 

The most promising approach at present appears to be for each agency to produce 
general laboratory relations for the more common mixes that are used in its location 
and correlate those with pavement performance in its environment. For example, 
Epps and Monismith (5) have suggested that the fatigue characteristics C and m in the 
basic strain-life relation shown in Eq. 4 should be 6.28 x 	and 3.01 respectively 
for dense-graded aggregate mixes in California. These values give the expression 
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I '3.01 
N = 6.28 x 107(! 	

(7) 
\E) 

Similarly, values of the characteristics C amd m obtained by Pell and Brown (13) 
and given in Table 1 are appropriate for some British mixes tested under particular 
conditions. 

A recent development by several research workers is the production of empirical 
relations between mix-design variables and fatigue properties of asphalt mixes. That 
involves the identification of the most important parameters and establishing the in-
fluence of these on the fatigue relationship. 

Kirk (26) states that the primary parameter is the stiffness of the binder and that 
the fatigue life under controlled stress flexure at a particular stiffness depends on the 
strain per binder volume. A factor is then applied that indicates improved performance 
with maximum size of aggregate, and another correction factor is applied that reflects 
the effect of binder and voids content. 

Verstraeten (27) has produced a general expression based on controlled stress bend-
ing tests on 34 different mixes: 

C(N) = 	
V6  

x C x v8  + v. x N °22 	 (8) 

where 

c(N) = initial strain to produce failure after N cycles; 
= coefficient depending on the asphaltene content in the bitumen; 

C = coefficient that correlated with VA /(VB  + Vu); 
VA  = volume of aggregate, percent; 
V6  = volume of bitumen, percent; and 
V = volume of voids, percent. 

Equation 8 implies that the characteristic m, which defines the slope of the strain-
life line, has a constant value of 4.5 for all mixes. Verstraeten applied his expression 
to selected results obtained by Pell and Taylor (4) for 22 further mixes and shows good 
agreement in all but a few cases. 

It is doubtful whether in general a relation developed from the data of one researcher 
can be accurately applied to that of another. This is mainly because of the differences 
in apparatus and testing techniques, but an important fact that emerges from all fatigue 
investigations is that basically the general qualitative conclusions are similar. 

The fatigue performance of a mix is generally expressed by the strain-life relation, 
and many workers have shown that over the practical range of fatigue life and tensile 
strain that relation is linear when plotted on a log-log basis and can be expressed as 

log N = log C - m log c 	 (9) 

Therefore, factors m and C characterize the fatigue performance of a particular 
mix. At Nottingham University, when 1 particular type of controlled stress testing 
was used, values of m and C were obtained for a wide variety of mixes having a com-
paratively large range of fatigue performances. It was found that there is a linear 
relation between m and log C (Fig. 13), which may be expressed in the form 

m = A log C + B 
	

(10) 

That general relation only becomes apparent when mixes having a wide range of 
fatigue performances are considered and is probably not revealed by small changes in 
mix variables on a particular type of mix because of the normal scatter. Values of m 
and C obtained by other investigators show similar trends. 

The relation between m and C indicates that the log strain-log life lines tend to 
radiate from a common intersection point, and, if either factor can be related to mix 
properties, then a simple method of fatigue performance prediction would result. 
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Multiple regression analyses on the mix variables involved showed that the most 
significant factors were binder viscosity, binder content, and void content. However, 
because the basic strain-life relations obtained from the controlled stress tests were 
found to be independent of temperature, an equiviscous measure, such as Ring and Ball 
temperature, was chosen to characterize the binder viscosity. Dobson (28) states that 
the temperature dependence of the viscoelastic properties of a bitumen may be de-
scribed by one parameter, which Brodnyan (29) suggests is similar to the softening 
point. 

Binder content and void content are, of course, closely related, and aggregate 
grading and state of compaction affect that relationship, so binder content by volume 
V8  and void content V, were combined in a single factor V8 /(V8  + Vu), i.e., ratio of binder 
volume to voids in the dry compacted aggregate. 

Service life at a strain of 10 was used as a measure of fatigue performance, i.e., 
N,(e = iO- ), in a simple regression analysis that was performed on the results of 54 
mixes and that gave the following relation: 

log N(c = iø) = -16.34 + 6.03 lag( x 100'
+ , ) 

+ 5.99 log(T 88) 

the multiple correlation coefficient was 0.953, and the standard error of the estimate 
was 0.274. Values of measured fatigue life plotted against predicted values using 
Eq. 11 are shown in Figure 14. The service life at a strain of 10 was chosen for 
that analysis because in view of the inevitable scatter the results were considered 
more accurate at that strain level. However, either of the fatigue characteristic 
factors m or C could be related directly to the mix properties parameter by a similar 
approach, and further work is proceeding along those lines at the present time. In 
that case, the mix properties parameter consists of easily obtainable factors, namely, 
percentage volumes of binder and voids in the mix and the Ring and Ball temperature 
of the binder. 

SUMMARY AND CONCLUSIONS 

The definition of laboratory fatigue service life depends on the method of testing; 
therefore, it is not possible to produce unique relations characterizing fatigue per-
formance. 

Service life of specimens greatly depends on the mode of testing. Controlled 
stress loading appears to be applicable for materials used in thick asphalt construction, 
i.e., 6 in. or more, but controlled strain loading is more appropriate for thin asphalt 
layers, i.e., approximately 2 in. or less. Results from controlled stress mode of 
loading will generally give shorter lives and, hence, are conservative. 

Whichever method of testing is used, the fatigue performance can best be char-
acterized by a strain-life relation of the form 

N5  = C(: 

where N5  is the number of applications of tensile strain E to cause failure with the 
particular method of testing used. Factors C and m depend on the composition and 
properties of the mix and will also be affected by the testing method. 

Mixes having maximum stiffness characteristics will give longer lives under 
controlled stress conditions. Therefore, for thick asphalt construction the choice of 
mix composition, namely, aggregate type and grading, filler content, and binder type 
and content, should be such that under compaction a mix of maximum tensile stiffness 
associated with minimum voids is obtained. 

For thin asphalt construction maximum lives are likely to be obtained from more 
flexible, less stiff materials. Thus, mixes having high binder contents of softer bitu-
mens should be used. 
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Figure 13. Relation between mix 
	

6.( 

characteristic factors C and M. 

5. 

4 

m 

3 

2 

/ 
0 

0 

IIIITII 
0 

4 
GAP GRNO WEARING COURSE IULEO 	V 

ASPHALTS 
—04TiM.OJGY GRADED ODGE Bm)484 NMCAQAM 	6-  - -n---- 

/ cOTNJOI.SLY GRADEO cENSE ThRMACAD 	D 

4 	 5 	 b 
Log predicted life at £ r 104 

Figure 14. Measured versus predicted 	7 

fatigue life. 

3 
3 

6 

I 

w 
5 

0 

Figure 12. Fatigue lines for 
continuously graded dense asphalt 
mixes. 

2' 

10-s  
10 

ATI(I LIFF - CYflFS TO FALURE 

-14 	-12 	-10 	-8 	-6 	-4 
log C 



63 

A simple standard test probably using a single application of tensile load could 
usefully be developed to investigate, in a particular situation, the available mix com-
positions to give optimum stiffness characteristics. 

General relations that have the form shown above in paragraph 3 and different 
values of mix characteristics C and m should be established by various agencies using 
their particular method of testing. Those relations can then be correlated with per-
formance under the appropriate conditions of environment and traffic for design 
purposes. 

The results of simple loading fatigue tests may be used for design in compound 
loading conditions by the use of Miner's rule, namely, 

where 

n1  = number of cycles of strain e applied, and 
N1  = number of cycles to produce failure under constant strain amplitude ç from 

simple loading tests. 

The application of that rule is likely to yield conservative results for it neglects the 
beneficial effects of rest periods. 

If it is not possible to characterize the material by fatigue testing, then use 
may be made of empirical relations relating the fatigue performance to mix properties. 
Various workers have produced relations that emphasize different mix parameters 
depending on the range of materials used to provide the data. 

Because of the statistical nature of all fatigue results, it is important to realize 
that large numbers of specimens have to be tested before accurate relations can be es-
tablished whether directly of the form shown above in paragraph 3 or indirectly based 
on previous results. 	- 
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Fatigue design is usually a subsystem of the overall pavement design system. Input 
variables to the fatigue design subsystem are load, environment, construction, struc-
tural, and maintenance. Usually construction, structural, and maintenance variables 
are controlled by the designer and basically affect the load-carrying capacity of the 
pavement as designed, constructed, and modified in service. Traffic and environmen-
tal variables impose a load on the pavement structure, and those are the ones consid-
ered in this paper. In the present state of the art, there are adequate methods for 
estimating traffic data. Environmental models can include a wide variety of inputs, 
but here the inputs are limited to moisture and temperature effects. Temperature can 
be predicted with some degree of adequacy, based on existing weather data, but no 
present method is completely adequate for predicting moisture effects in pavements 
although work is under way to improve techniques. Future improvements in pave-
ment design systems in terms of traffic and environmental variables will necessarily 
involve some consideration of the stochastic variations in the predicted values, and the 
final designs will involve statistical confidence levels in lieu of conventional safety 
factors. However, adequate data are now available to develop rational fatigue design 
subsystems. 
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In the past 10 years, a great deal of effort has gone into providing 
a better definition of the overall pavement design system (1, 2). 
In that system development, many charts and models have been 
drawn to depict the process of pavement, management and design. 
They all have essentially the form shown in Figure 1, that is, a 
series of inputs combined through a model, usually mathematical, 
to generate a predicted response and a predicted history of loads 
to be transported. The response at some levels may yield distress, 
and all types of distress combine in some way, imprecisely known, 
to define performance in conjunction with the loads transported. 
Likewise, a series of concomitant variables is generated, result-
ing from the loads transported, the presence of the pavement 
structure, and other factors. A series of decision criteria and 
decision rules are applied to provide for rational design and man-
agement decisions. 

Figure 1 shows that traffic and environment occur as both in-
puts and outputs to the pavement design process. Those inputs 
and outputs must not be confused, and the purpose of the paper is 
to discuss input variables to a fatigue design subsystem. As out-
lined by Chestnut (3), if the overall pavement design process is 
the system, then the fatigue design is a subsystem of that total 
design system. 

INPUT VARIABLES 

Input variables to the fatigue design subsystem can be listed in 
5 categories: load, environment, construction, structural, and 
maintenance. The construction, structural, and maintenance 
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variables are normally those that are controlled by the designer or pavement manage-
ment team and that basically affect the load-carrying capacity of the pavement as de-
signed, constructed, and modified in service. The traffic and environmental variables 
are usually those that impose a load on the pavement structure. Such a load may be 
induced by traffic or by the environment, i. e., a temperature stress. The construction, 
structural, and maintenance inputs will not be considered further in this paper because 
its purpose is to consider the traffic and environmental variables. 

Interaction of Inputs 

Figure 1 shows that the input variables to the design subsystem are not independent 
of each other but rather interact to the extent that the effect of one variable on the 
structural model depends on the level of one or more of the other input variables. That 
definition of interaction is important to the discussion that follows. 

Feedback Information 

The term feedback is used in pavement design in two ways. First, as shown in 
Figure 1, it relates to a change in the input variables that results from or "feeds back" 
from a change in the response or distress variables. Examples are (a) the increased 
loads induced by traffic.when pavements get rough, or (b) the increased level of mainte-
nance induced when pavements crack and must be repaired. 

Another type of feedback is the information that is developed through observation 
and evaluation of pavement systems and their variables. Those data, in the form of 
traffic history, weather bureau data, deflection measurements, serviceability mea-
surements, and condition surveys, constitute the feedback information necessary to 
improve design methods and adequately manage or maintain any particular pavement 
as well. Because of the inherent complexity of predicting traffic and environmental 
variables, measuring and recording such data including the effect of the variables on 
pavement performance provide the only realistic basis for developing improved design 
methods. 

Much of the traffic and environmental input to a design subsystem such as fatigue 
must depend on recorded history of those variables or "feedbacks." 

Variability 

One other important concept is that of variability. All aspects of the pavement sys-
tem involve inherent variations that cannot be measured adequately or predicted in the 
deterministic sense (4). 

It is not possible to predict exactly the weight, amount, and kinds of traffic to be 
carried by the pavement at any given time during its lifetime. Likewise, it is impos-
sible to predict exactly the temperature or weather conditions that will prevail for a 
particular design situation. As a result of such variability, pavement design subsys-
tems must ultimately consider the stochastic variation of inputs, models, and model 
coefficients to predict a design in terms of required levels of reliability. 

In the present state of the art, the problem is often one of reducing input variables 
to manageable proportions. For example, temperature is a continuously varying 
parameter in both space and time; thus, the modulus of the paving materials also 
varies constantly. Although it is necessary to estimate useful "design values" that 
can be used to simplify the design process, designers and researchers should contin-
ually work to find more appropriate ways to handle that complex variability. 

TRAFFIC VARIABLES 

Traffic variables include those related to the vehicle loads applied to the pavement 
and include total vehicle load; wheel load; tire pressure; wheel or gear configuration; 
lateral placement; volume or number of applications; lane and directional distributions; 
sequence of load applications of the various types; load type, i.e., static, dynamic, 
braking, or accelerating; and variability of traffic. 
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Traffic variables are among the most capricious with which the engineer must deal. 
Structural construction variables can be specified and controlled to some degree based 
on specifications and inspection. Environment cannot be controlled, but there are natu-
ral patterns that are generally repeated. Traffic, on the other hand, is a function of peo-
ple, land use, legal load limits (although not constrained within them), and time. The 
number of variables that must be considered is large, and the number of combinations 
is infinite. 

Must we then assume that the task of handling traffic is hopeless? No, not at all. 
There are many ways to attack the problem. They generally fall into 3 categories: 

Design for the worst expected load condition, 
Equate all loads to equivalent load applications, and 
Predict traffic patterns and run a design analysis for the spectrum of load con-

ditions to be encountered. 

Predicting Traffic Input for Fatigue Analysis 

In a fatigue analysis, it is not adequate to design for the so-called "worst" condition. 
Nor is it possible in the strictest sense to design for fatigue with equivalent loads, 
although the AASHO Road Test did develop equivalence values on the basis of equivalent 
accumulated damage (5). Subsequent design methods using that design concept (6) have 
used those equivalencies on the assumption that the mixed traffic relations developed 
by Scrivner et al. are adequate (7, 8). 

As outlined by Scrivner, a major assumption required in the mixed traffic equations 
is that the order of accumulation of traffic is immaterial to the results. In the strictest 
sense, that is not true, of course. For example, it would be possible under that con-
cept to apply many applications of a light load and then to apply a few overload appli-
cations to cause pavement failure. On the other hand, if the overloads were applied 
first and the pavement failed, it would not be possible to carry the large number of 
light loads. In practice, however, with a "regular" stream of traffic in which there 
is a rather random mixture, the assumption seems to work satisfactorily. 

The Kentucky Highway Department uses equivalent 18-kip axle load in its design 
procedure (31). In that method, the expected lane loadings are determined from plan-
ning survey data, and all lanes are designed the same as the most heavily loaded lane. 
A cursory review of the work seems to indicate more concern with rutting than with 
fatigue, however. 

The remaining approach to traffic consideration is to predict traffic as accurately 
as possible based on past history, projected land use changes and highway improve-
ments, and predicted growth patterns. Each highway department has a technique for 
making such traffic projections based on data in its survey files. Derdeyn (9) and 
Heathington and Tuft (10) have studied this problem for Texas and have developed pro-
cedures that are acceptably reliable for use in the Texas flexible pavement system (1). 
Basically, the method includes 3 steps: 

Count or estimate existing or currently predicted daily traffic by lane and direc-
tion at the site; 

Estimate axle distribution based on comparisons with data from similar high-
ways or from a data bank of statewide traffic; and 

Predict future axle load distribution for the pavement site based on projected 
land use and population growth. 

Darter has studied such typical traffic prediction methods and compared them with 
subsequent actual survey data (11). He points out in his report that uncertainties on 
the order of a factor of 2 can be expected in the data from any such predictions. 
Thus, if a traffic analysis predicts 10,000 applications, experience shows that the 
actual number of applications might prove to be as low as 5,000 or as high as 20,000. 

To consider traffic adequately, the design method must ultimately include some 
consideration of uncertainty. Then it will be possible to evaluate the effect of improved 
traffic predictions in terms of high levels of design confidence and also to consider 
the resulting costs and benefits (4). 
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In the design analysis for the load spectrum, usually a series of layered system 
analyses is run on a computer by available programs. Those programs use a circular 
tire print, and the average tire pressure is usually used as the unit load. Multiple 
tires and axles can be handled by the more sophisticated programs. The designer 
must determine traffic data for his own design situation and input them into his method. 

ENVIRONMENTAL VARIABLES 

Environmental variables can include a wide variety of inputs such as general geo-
logical and soil conditions, oxygen and air surrounding the pavement, and moisture 
and temperature conditions within and around the pavement. However, for purposes 
of this discussion, we will limit our consideration of environmental variables to mois-
ture and temperature effects. 

It might be said that the pavement is a kind of transplant of materials into the exist-
ing body or environment of the earth for a special purpose. The environment works 
throughout the life of the pavement to "reject" it or destroy it by weathering. In other 
words, water and temperature variations are continually working on the pavement 
causing stress, strains, deflections, and permanent deformation, and there is much 
evidence that pavements are destroyed by the environment in the absence of traffic 
variables. In addition to moisture alone and temperature alone, there is, of course, 
the interaction of the 2 variables together in the form of freezing and thawing where 
the water and undesirable temperature variations result in water migration, formation 
of ice lenses or frost heaving, and subsequent softening in the spring. 

The fatigue subsystem is primarily concerned with the effect of moisture and tem-
perature on the structural properties or strength of the pavement materials or, in 
other words, the interaction of strength and material properties with the environment. 

Moisture 

The presence of moisture in a pavement produces several effects: 

Oxidation of the surface in the presence of water and sunlight to change the 
properties of the material, 

Freezing and thawing (formation of ice lenses), 
Instability that is caused by excessive pore-water pressure and results in the 

failure of bases and slope stability, 
Undesirable volume change, and 
Stresses induced by moisture variation. 

In this symposium, the main concern is the fatigue behavior of pavements. We will, 
therefore, ignore the volume change, roughness, and distress induced directly by 
moisture variations and will concentrate primarily on changes in material properties 
due to moisture variations and on stresses induced by soil-suction potentials present 
in the material or by excessive pore water pressure. 

Moisture variations are extremely difficult to handle. They are sometimes con-
sidered in "regional factors," based in general on the average rainfall or the wet or 
dry condition of the geographical area in which the design is being considered. Such 
techniques are inherent in the Kansas method of pavement design (12). A similar con-
cept was used in Texas (13); in it the general moisture conditions within the state were 
related to the "temperature constant." 

A more precise and more desirable method of considering moisture variations in 
pavement design is to evaluate the soil-suction potential under the pavement. A great 
deal of work has been done with that concept, but most of it is related to the prediction 
of swell or shrinkage and not directly to the prediction of stresses. Measuring devices 
are being developed to accurately predict the soil-suction potential of a soil, but no 
really competent work has yet been done on relating that to fatigue. 

Work by Lytton and Kher (14) presents an analytical tool for determining the changing 
moisture distribution with time in expansive clays. The method has been used to pre-
dict observed field values (Fig. 2, 14). 



Figure 2. Moisture distribution study at tube 16. 
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Figure 1. Typical pavement design system. 
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Because moisture cycling is seasonal and not a daily change, moisture variations do 
not impose the large number of repeated stresses that temperature variations do. How-
ever, it is possible that significant changes in moisture content can result in severe 
pavement cracking. Work is beginning in west Texas at the present time to relate 
moisture-change stresses to pavement distress; however, no data are yet available. 

In terms of evaluating strength for use in design evaluation, most designers evaluate 
feedback data from existing pavements in similar situations to determine the prevailing 
moisture conditions. In general, the water content often rises to near the liquid limit 
in many subgrades and stabilizes. Chu et ai. (15) discuss a method of estimating mois-
ture conditions based on laboratory tests. 

Temperature 

Of all environmental inputs, temperature is the easiest to estimate and use and is, 
therefore, used in more procedures than other environmental factors. Temperature 
stresses can often be as high as load stresses, as has been shown in numerous studies, 
particularly in rigid pavements, where temperature stresses are due to curling, warp-
ing, expansion, or contraction. Those same types of stresses are present in asphalt 
concrete pavements. They are tensile or compressive stresses due to increase or 
decrease in the general level of temperature and bending stresses due to temperature 
differential within the pavement structure itself. 

The tensile or compressive stresses are due to general or seasonal changes in the 
level of temperature, as are the resulting changes in material properties, notably 
asphalt stiffness. The bending stresses, on the other hand, are due to diurnal or 	- 
daily temperature cycles or variations. Much work has gone into the study of temper-
ature in asphaltic concrete pavements. However, much remains to be learned in 
applying the resulting information to pavement design. 

Temperature Stresses and Distress 

In considering temperature, a number of authors have made significant contributions. 
Of particular note is work by Haas (16) and by Haas and Topper (17). That work refers 
to "low-temperature cracking" (Fig. 3). In reality, the effects are aggravated by low 
temperatures that tend to cause brittle mixes. The problem is equally applicable, 
however, to large changes in temperature, even though at higher levels. In west Texas, 
for example (18), a significant amount of temperature cracking has been observed and 
related to temperature variations. 

Prediction of Temperature 

Several approaches have been taken to the problem of predicting temperature Input 
data. 

General design adjustments have been made for "regional or environmental 
factors" 	!); 

Design procedures have been developed that will relate to a general climatic 
area where an annual cycle of temperature, freezing, and so on will be about the same 
from year to year [that is the general approach taken by Haas and Topper, as shown 
by Figure 4 (16), in which "prior experience of cracking in the general area" is con-
sidered in the design]; and 

Temperature profile and history of a particular pavement are predicted based 
on available weather data [significant work has been done in that area by Shahin and 
McCullough (18)]. 

Shahin and McCullough have developed a system for predicting daily temperature 
cycling during an average year. The system has the capability of simulating the 
temperature cycling at any depth from the surface of an asphalt concrete layer, as-
suming that the layer is semi-infinite. A model was developed by which asphalt 



Figure 3. Factors of possible significance in low-temperature cracking of flexible pavements. 
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Figure 4. Tentative design and management subsystem for response of flexible pavements at low temperatures. 
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concrete temperatures during a single day can be predicted on an hourly basis. Fig-
ure 5 shows a comparison of temperatures predicted from the program and those 
measured 

The inputs to the model are daily mean air temperature, daily air temperature 
range, daily mean solar radiation, daily average wind velocity, and asphalt concrete 
thermal properties. The pavement temperature cycling during an average year is 
simulated by consideration of the day-to-day variations of its inputs. In doing so, 
Shahin and McCullough assume that the pavement thermal properties are constant. 
Meanwhile, they found that the daily mean air temperature and solar radiation are the 
most significant factors affecting pavement temperatures; therefore, equations to 
account for their variation were developed. From those equations, the daily mean 
air temperatures can be estimated for any day of the year, providing that the annual 
average and the range of air temperature are known. Similarly, the daily mean solar 
radiation can be estimated for any day of the year, providing that the July and annual 
averages of solar radiation are known. Figure 6 (18) shows a schematic diagram of 
the system. 

Monismith et al. (21) developed a technique for predicting temperature distributions 
based on the heat-conduction equation: 

TA(N) = ANNVE + (ANR/2) CoS(N) 

A typical temperature-time relation from their work is shown in Figure 7. 
In general, methods such as those illustrated here can be used to predict the ex-

pected temperature-time history profiles for a particular design situation. Care must 
always be exercised, however, to ensure that such complex prediction models are 
compatible with reality. That can be done by a realistic comparison with measured 
temperature variations. Measured temperature variations in pavements can also be 
used to develop direct empirical temperature prediction equations. 

Temperature Measurements 

To evaluate temperature prediction models or to develop empirical temperature mod-
els requires some knowledge of the real temperature gradient present in a pavement. In 
1966, Kallas (20) reported the results of a large series of temperature studies in thick 
asphalt conerit—e pavements. Results from those studies (Fig. 8 and Tables 1 and 2) 
can be used in a variety of ways to estimate temperatures for use in fatigue analysis 
or design. 

Likewise, a large series of temperature measurements was taken at the AASHO 
Road Test. As shown in Figure 9 (5), deflection measurements on the pavements were 
highly correlated with the temperature or the time of year. Extremely low deflections 
were recorded for periods of frost. Because of the large installation of thermocouples, 
it was possible at the road test to develop isotherms for pavement sections, as shown 
in Figure 10 (5). An important part of the road test data involved the relation of pave-
ment deflections and temperature. Typical information concerning that relation is 
shown in Figure 11 (5). Deflection-temperature relations basically involve changes 
in the material properties, i.e., stiffness, with changes in temperature. In all cases, 
decreased temperatures resulted in increased pavement stiffness and decreased de-
flection, as would be expected. The only variance with that relation occurred in the 
spring when the frost left the ground and moisture, which had accumulated during the 
freeze-thaw cycles, softened the subgrade and base materials to the point that greater 
deflections resulted. That relationship is supported by the observed deflections in 
the asphalt- stabilized base sections where the decreased temperatures could be ex-
pected to show low deflections, even though the subgrade was softened slightly by the 
accumulation of moisture. The observed data confirmed that hypothesis. 

SUMMARY 

In this brief report, we have considered 3 main categories of inputs to the pavement 
fatigue design subsystem: traffic, moisture, and temperature. 
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Table 1. Yearly 	 Duration (percentage of year) of Temperature Ranges (F) 
duration of 	 Temperature Level (F) 

temperature levels of 	Measure- 	0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 
ment 	to to- to to to to to to to to to 	to 	to 	to 	to 	Avg Avg 

12-in, asphalt concrete 	Position 	9 19 29 39 49 59 69 79 89 99 109 119 129 139 149 Avg High Low High Low 
pavement. 	 - 	 - - 	 -' 

Air - 	A 	'1 15 19 11 1') 14 '1 A 	 - 58 65 41 99 	9 
Surface - 	1 	5 11 17 15 13 14 9 5 	4 	3 	2 	1 - 	64 87 48 142 	9 
2-in.depth - 	- 	4 11 18 15 12 13 11 7 	5 	3 	1 64 83 51 127 	14 
4-ln, depth - 	- 	2 11 18 17 12 11 14 9 	5 	1 	- 64 74 55 119 	18 
6-in, depth - 	- 	1 10 20 18 12 10 16 10 	3 63 71 56 109 	20 
8-in.depth - 	- 	1 9 21 18 12 9 18 11 	1 	- 	- 64 69 58 '105 	23 
10-in, depth - 	- 	1 8 22 18 13 8 20 10 	----- 63 67 59 101 	25 
12-in, depth - 	- 	- 7 24 17 13 8 22 9 	----- 64 66 60 98 	27 
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Table 2. Monthly duration of temperature levels of soil below and adjacent to pavement. 

Duration (percentage of month) 
of Temperature Ranges (F) 

Temperature Level (F) 
Measure- 20 	30 40 50 60 	70 
ment to 	to to to to 	to Avg Avg 
Period Measurement Position 29 	39 49 59 69 	79 Avg High Low High Low 

November 6-in, below 6-in, pavement - 	- 14 81 5 	- 55 56 53 61 43 
1964 12-in, depth in soil - 	1 35 64 - 	- 50 52 48 56 38 

6-in, below 12-in, pavement - 	- 10 84 6 	- 56 57 55 61 47 
18-in, depth in soil - 	- 27 73 - 	- 51 52 50 56 42 

December 6-in, below 6-in, pavement - 	18 78 4 - 	- 43 45 42 50 36 
1964 12-in, depth in soil - 	43 57 - - 	- 40 42 38 49 33 

6-in, below 12-in, pavement - 	5 92 3 - 	- 45 46 44 50 38 
18-in, depth in soil - 	20 80 - - 	- 42 43 41 48 36 

January 6-in, below 6-in, pavement -, 	58 42 - - 	- 39 40 37 48 31 
1965 12-in, depth in soil - 	80 20 - - 	- 35 36 34 45 30 

6-in, below 12-in, pavement - 	53 47 - - 	- 39 40 39 48 31 
18-in, depth in soil - 	67 33 - - 	- 37 37 36 45 31 

February 6-in, below 6-in. pavement - 	20 80 - - 	- 42 44 40 48 30 
1965 12-in, depth in soil - 	51 49 - - 	- 39 40 37 46 30 

6-in. below 12-in, pavement - 	16 84 - - 	- 43 44 41 48 33 
18-in. depth in soil - 	38 62 - - 	- 39 40 39 46 33 

March 6-in, below 6-in, pavement - 	1 87 12 - 	- 48 50 45 56 39 
1965 12-in, depth in soil - 	11 88 1 - 	- 43 44 40 50 36 

6-in. below 12-in. pavement - 	- 82 18 - 	- 48 49 46 54 42 
18-in. depth in soil - 	1 99 - - 	- 43 44 42 48 38 

April 6-in. below 6-in. pavement - 	- 6 74 20 	- 56 59 53 67 45 
1965 12-in. depth in soil - 	- 43 57 - 	- 49 51 47 59 40 

12-in, pavement - 	- 3 78 19 	- 56 58 54 64 48 
18-in. depth in soil - 	- 45 55 - 	- 49 50 48 56 42 

Figure 9. Seasonal deflection on nontraffic loop, 6-kip single axle load. 
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Figure 10. Isotherms (3-0-16 design) of ioop 1 for March 25, 1960 (left), and May 25, 1960 (right). 
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In the present state of the art, there are adequate methods for estimating traffic 
data based on past experience and prediction models. Temperature can also be pre-
dicted with some degree of adequacy based on existing weather data. Moisture is per-
haps the hardest to evaluate. No present method is completely adequate to predict 
moisture effects in the pavement, although work is under way to improve the techniques. 

Future improvements in pavement design systems in terms of traffic and environ-
mental variables will of necessity involve some consideration of the stochastic varia-
tions in the predicted values. Thus, the final designs will probably involve statistical 
confidence levels in lieu of conventional safety factors. However, adequate data are 
now available to develop rational fatigue design subsystems. 
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That bituminous highway and airfield pavements can and should be designed in part 
to control fatigue distress is no longer questionable. This state-of-the-art paper de-
scribes how such a design can be accomplished by means of the phenomenological 
approach and emphasizes those procedures essential to the prediction of fatigue life. 
Each element of the design process is presented in terms of a comprehensive flow chart 
that depicts not only the interrelations among individual elements but also the chro-
nological sequence within which the individual elements are addressed. Critical 
stresses and strains in-the pavement structure can be estimated sufficiently well by 
means of elastic, multilayered analysis. That analysis is made tractable only by ap-
proximating the continuous spectra of traffic loads and physical states of the pave-
ment by means of discrete categories. Failure criteria relating the number of load 
applications causing failure to the calculated strain level and other variables are used 
to estimate the fatigue damage caused by 1 application of each traffic load while the 
pavement is in each physical state. The total accumulation of fatigue damage during 
the design life is estimated by the hypothesis of the linear summation of cycle ratios 
(Miner's hypothesis). Failure criteria for use in routine design can probably best be 
developed from analysei of the performance of in-service pavements. However, 
methods of structural analysis, materials characterization, and pavement-state cate-
gorization must be identical during both development of the criteria and their applica-
tion to design. Proper selection of the physical-state categories affords an excellent 
opportunity for realistically recognizing the effects of environmental variables on 
pavement performance and design. 

zitiu.e Lif 

John A. Deacon 
University of Kentucky 

The one structural function of a highway or airport pavement is to 
ensure that stresses repetitively applied to the subgrade by traffic 
loads are sufficiently 8mall that shear failure and excessive per-
manent deformation within the subgrade are prevented. At the 
same time, the structure itself must be so constructed as to pre-
vent internal distress that might ultimately impair the ability of 
the pavement to carry traffic safely and smoothly. One of several 
types of internal distress that must be controlled is fatigue, that 
is, cracking of the bound components of the pavement due to repet-
itive traffic loading. 

The notion that pavement structures can exhibit fatigue dis-
tress and that such distress can and should be controlled by judi-
cious design is certainly not new. As early as 1938, Bradbury (3) 
suggested a design methodology for controlling fatigue distress in 
portland cement concrete pavements. The central thrust of the 
current Portland Cement Association design methodology (34) is 
the control of fatigue cracking through proper thickness selection. 
Design techniques have also been advanced for controlling fatigue 
in bituminous pavements. In 1963, Shell made a significant con-
tribution to available technology through the introduction of a de-
sign methodology for highway pavements (36). That was followed 
in 1970 (12) by the development of a design procedure for bitumi-
nous airfld pavements. The Kentucky Department of Highways 
has developed a comprehensive design methodology (8, 9) that, like 
the Shell procedures, incorporates a concern with faflgffè cracking. 

78 
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The Asphalt Institute has also incorporated means for controlling fatigue distress in its 
new manual (1) for the design of full-depth asphalt pavements for airfields. 

In addition to those methodologies that have immediate applicability to routine de-
sign situations (41, 42), there have been several notable research investigations in 
which the preveiifloif fatigue cracking has been examined in detail (27, 40). The 
purpose of this paper is to summarize some of the currently availablteE1ihiques 
necessary for fatigue-life estimation in bituminous pavements. 

DESIGN APPROACH 

The recommended approach for design of bituminous pavements to control fatigue 
cracking is similar to that for the design of most engineering structures. Basically 
it is a trial-and-error procedure whereby (a) a trial structure is assumed, (b) the 
structure is analyzed by estimating the levels of the critical stresses and strains an-
ticipated under in-service loading, (c) the structure is evaluated by comparing the 
estimated stresses and strains with tolerable levels derived from failure criteria, and 
(d) modifications are made to the trial structure as necessary, and the process is 
repeated until a satisfactory design has evolved. 

A more detailed representation of the design process as it can be applied to the 
control of fatigue cracking in bituminous pavements is shown in Figure 1. The process 
flow is described below. 

Select the design life in order to enable an estimate of traffic accumulation 
(Fig. 1, box 24). 

Select or specify materials to be used in the trial pavement from among those 
available locally (box 21). 

Select a trial structural section, that is, the thicknesses of the component layers 
(box 22). 

Select the physical states of the pavement structure that are anticipated in ser-
vice and that are to be used in the design process (box 23). A physical state is that 
which corresponds to given moisture and temperature profiles or an equivalent rep-
resentation thereof. If the physical states of the pavement are properly defined, re-
gional effects as influenced by climatic conditions may be properly considered in the 
design. 

Estimate the future traffic that is anticipated while the pavement is within each 
distinct physical state during the entire design life (box 52). 

Characterize the deformability, that is, the stress-straln response, of the trial 
materials either by direct laboratory testing (box 41) or by comparisons with prior 
testing of similar materials (box 33). 

Estimate the levels of critical stresses or strains or both in the pavement struc-
ture that result from the application of each traffic load while the pavement is in each 
physical state (box 51). 

Establish simple failure criteria, that is, the number of load applications causing 
fatigue failure for each of all possible combinations of traffic loads and pavement states 
(box 50). That is a somewhat complex process and may entail any or all of the following: 
laboratory fatigue testing of bituminous materials (box 40), comparisons with prior 
laboratory fatigue testing of similar bituminous materials (box 32), evaluation of failure 
criteria developed by others (box 31), analysis of the performance of in-service pave-
ments (box 30), and selection of a suitable level of terminal serviceability, that is, def-
inition of failure (box 20). 

Estimate the accumulation of fatigue damage in the trial pavement (box 60) under 
the anticipated design loading (box 52) by suitably comparing the estimated history of 
stress or strain or both (box 51) with the simple failure criteria (box 50). 

Determine the acceptability and optimality of the trial pavement and, if necessary, 
modify the materials or structure or both of the trial pavement and iterate (boxes 70 
and 71). 

Examine all other failure modes (box 80). 
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That design process may be viewed by pavement designers as excessively long and 
complex when it is compared with many of the more conventional procedures. How-
ever, after the methodology has been developed, routine designs can be accomplished 
with ease. Simple charts or nomographs can often be used to depict design relations, 
and, if desired, laboratory and field testing can be minimized. 

DESIGN DETAILS 

In many respects, bituminous pavements are extremely complex structures. That 
is partly due to the extensiveinfluence of the climatic environment on pavement re-
sponse to traffic loading. The stiffness of the bituminous layers is strongly dependent 
on pavement temperature. Also the mechanical response of many subgrade soils is 
influenced by prevailing moisture and temperature conditions. During its life in ser-
vice, a pavement undergoes continual fluctuation in its temperature and moisture pro-
files. Analyses of pavement structures, such as those described here, are madetract-
able only by classifying all environmental conditions into a limited number of discrete 
categories or states. The subscript j will be used hereinafter to represent the jth 
physical state of the pavement that corresponds to a particular set of moisture and 
temperature conditions within the structure. 

In a similar way, the continuum of traffic loads is best treated in analyses such as 
these by all loads being classified into a limited number of discrete categories. For 
highway vehicles, that classification is normally based on axle type, for example, single 
or tandem, and on axle load. The subscript i will be used hereinafter to represent a 
traffic load of the ith type or category. 

Analysis of fatigue is based on the concept that each load application induces in the 
pavement irrecoverable damage and that, under load repetitions, such damage con-
tinually accumulates until such time that the pavement fails, that is, is no longer ser-
viceable. In the phenomenological approach to fatigue analysis, damage is represented 
by a simple fraction (or percentage). The pavement is said to fail in fatigue when the 
cumulative damage under repetitive loading reaches 1.0 (or 100 percent). Failure may 
be defined in many ways, such as the point of fatigue-crack initiation or the point at 
which cracking has progressed to a given extent. In any case, the damage at failure is 
considered to be complete, that is, 100 percent. 

Immediately following are discussions of some of the details of fatigue analysis and 
design. For clarity of presentation, the discussion proceeds in reverse numerical 
order with respect to the design sequence shown in Figure 1. 

Evaluation and Decision 

The evaluation phase consists of fatigue life estimation, that is, estimation of the 
cumulative damage that is induced in the trial pavement by the loading anticipated dur-
ing the design life (Fig. 1, box 60). A structurally efficient pavement is one in which 
the cumulative damage during the design life is estimated to be exactly 1.0. Normally, 
in analyses of bituminous pavements, no allowance is made for a factor of safety. 

Let dij  be the damage induced in the pavement by 1 application of the ith load while 
the pavement is in the j th physical state. If that particular load is repetitively applied 
to the pavement in that state until the pavement fails and if Njj  represents the number 
of applications before failure, then dij  can be estimated in the most simple way as fol-
lows: 

d1= 
1

— 	 (1) 
N1  

Because both the magnitude of traffic loads and the physical state of the pavement con-
tinuously vary for in-service pavements, Ni, cannot be measured directly. Hence, it 
is an estimated or a derived quantity that is usually related to the level of applied 
strain c. 
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The traffic forecast (Fig. 1, box 52) yields an estimation of nxj, the predicted number 
of applications of load i on the pavement in state j during the design life. The total 
cumulative damage D predicted during the design life is then 

D=Edn=EZ - 	 (2) 
j i 	 j N 

[Equation 2 must be slightly modified when it is necessary to consider the transverse 
distribution of traffic loads across the pavement, that is, the degree of channelization. 
Such a consideration is thought to be unnecessary for highways but is an absolute ne-
cessity for airfield pavements (5, 39)]. Failure occurs if D equals or exceeds 1.0. 
Equation 2 represents the well-kiwn hypothesis of linear summation of cycle ratios, 
also called Miner's hypothesis. it is the basis for the current design procedures of 
the Portland Cement Association (34) and has routinely been used in the design of air-
craft structures (15). More impoFiant, all current design procedures for bituminous 
pavements that aibased on the phenomenological approach use Miner's hypothesis. 
A limited laboratory investigation of bituminous materials has indicated the validity of 
Miner's hypothesis under randomly varied loads when the physical state is held con-
stant (7). Recent laboratory work at the University of Nottingham confirms the validity 
of that-hypothesis when the physical state is varied (43). 

Equation 2 is used to estimate the damage anticipated in the trial pavement during 
the design life. If the damage exceeds one, the pavement is underdesigned, and the trial 
structure or materials or both must be modified and the process repeated (box 71). If 
the damage equals one or is slightly less than one, the trial pavement is accepted as a 
suitable design (box 70). If the damage is considerably less than one, the pavement is 
overdesigned and modification of the trial structure and iteration are required (box 71). 

Analysis 

The purpose of the evaluation phase is simply to estimate how much fatigue damage 
is expected to accumulate in the trial pavement during the design life. Input to that 
evaluation is generated in the analysis routines and consists simply of the volumes of 
traffic anticipated during the design life, nj1, and estimates of the number of repetitions 
of each traffic load that would cause fatigue failure if that load were repetitively applied 
in the absence of other loads, N, . The usual procedure for estimating N1  is (a) establish 
a failure criterion that relates the number of repetitions to failure N with some critical 
strain € induced in the pavement and perhaps with other variables such as temperature, 
(b) estimate the critical strains clj  in the pavement induced by various loads under dif-
ferent physical states by means of analytical simulation, and (c) determine Njj  by com-
bining the Output of the 2 prior analyses. That procedure is summarized in subsequent 
sections after a brief discussion of traffic estimation. 

Future Traffic (Box 52) 

Obtaining an estimate of nj, can be tedious and time-consuming, but it is one of the 
most critical portions of the fatigue-design process. Detailed procedures are described 
elsewhere (44), and it is only necessary here to emphasize a few relevant points. 

Design is Tisually based on conditions at a critical location on a highway or airfield. 
For multilane highways, that is normally the outside lane that carries larger volumes 
of damaging truck traffic. There may also be a significant difference in the direction 
of travel along a particular route. Thus, detailed information is necessary on lane 
and directional distributions of the highway traffic. For airfields, the critical location 
is most frequently a taxiway servicing the most heavily used runways. In any case, the 
estimate must be based only on that volume and character of traffic traversing the 
critical or design location. 

Design for fatigue can be accomplished equally well by treating the basic loading 
patterns directly or by expressing the relative destructive effects of different loads 
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and configurations in terms of repetitive equivalency factors. Considerable effort, 
both empirical and theoretical, has been directed to the establishment of applicable 
load equivalency factors for highways (6, 21, 29, 37) and airports (5, 39). Expressing 
the destructive effects of a wide spectrum of ffafTTh loads in termcorquivalent repeti-
tions of a standard or base load greatly simplifies the analytical process (box 51) and 
enables simplified presentation of design relations in a conventional manner. 

It is important to recognize that traffic estimates must be related to the physical 
states of the pavement. If the physical state is represented by average annual condi-
tions, that is a simple task. However, if other more precise representations of the 
physical states are used, then typical monthly and perhaps even daily fluctuations in 
traffic volumes must be recognized (27). 

Care must be taken to avoid a priöii assumptions as to the potential significance of 
certain traffic loads, for example; the steering axles of trucks and the nose gears of 
aircraft. For identical loads, a steering axle (single tires) has been found to be ap-
proximately 3 times more destructive in fatigue than a conventional single axle (dual 
tires) (6). Although the total loads on steering axles are usually smaller than those 
on othei axles, steering axles can potentially contribute in a significant way to the total 
accumulation of fatigue damage. 

Procedures for estimating nij  are no different from those required in many current 
design methodologies with the exception that the volumes may need to be classified ac-
cording to the physical states of the pavement. Other traffic information may be re-
quired, however, including items such as speed, tire inflation pressures, and average 
distances separating various tires and axles. 

Computation of Critical Strains (Box 51) 

After the traffic loads, that is, the categories designated by i have been identified, 
it is necessary to estimate the critical strains Ej,  in the pavement. Those strains are 
combined with the failure criterion (box 50) to obtain estimates of Njj, the remaining 
set of unknowns in Eq. 2. 

Critical Strain 

Under conditions of constant air-void and asphalt contents, the determinant of fatigue 
failure is the maximum principal tensile strain (32). When the bituminous-bound layer 
of a pavement behaves as a structural slab and is of sufficient thickness, that strain 
occurs at the underside of the bound layer. Therefore, for normal pavements, the 
critical strain for fatigue design is the maximum principal tensile strain at the bottom 
of the bound layer. 

Method of Structural Analysis 

Methods for the structural analysis of layered systems are described elsewhere (45). 
The simplest of those, in which the pavement is represented by a linearly elastic, miir-
tilayered structure of semi-infinite extent, has been found to reasonably approximate 
the behavior of bituminous pavements (16) and is readily available in the form of com-
puter software (33, 38) or graphical reThsentation (18, 31). To compute the maximum 
principal tensilitiIn in the bound layer requires tlit each layer of the pavement be 
characterized by its thickness, modulus of elasticity, and Poisson's ratio. 

A structure consisting of bituminous surface and base courses, unbound granular 
base, and subgrade is usually characterized as a 3-layer system. If there is a thermal 
gradient in the bound layers, the average temperature is used to derive a suitable 
modulus of elasticity to represent the composite behavior of the bound layers. Like-
wise, average moduli may be used to represent the behavior of the base and subgrade 
layers. A more refined analysis is made possible by representing that same structure 
by more than 3 layers. That results in a more accurate estimation of stresses and 
strains at the cost of added analytical complexity. For purposes of routine design, a 
3-layer representation is thought to be sufficiently accurate. 
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The moduli of some materials, most notably unbound granular bases, has been found 
to depend on the level of applied stress. Unfortunately, the level of applied stress is 
unknown before the analysis. To consider such a situation, one may use an iterative 
solution of the multilayered elastic system (26). Such a refinement is highly desirable 
for research, investigative, and developmenfi purposes but may be of lesser conse-
quence for routine design procedures. 

Critical tensile strains clj  must be computed for a relatively large number of traffic 
loads i when applied to the trial pavement under a relatively large number of physical 
states j. That can lead to a formidable number of computations. The burden can be 
eased substantially by the use of repetitive load equivalency factors that make it neces-
sary to compute only those strains resulting from the standard or base load. Another 
means for expediting the computations is to make extensive use of interpolation tech-
niques (5). Finally, regression techniques may be used to expand a limited number of 
computid strains to a much more extensive set. Witczak quite successfully used such 
a technique in his analysis of 2-layered, airfield structures (39). 

Traffic Loading 

Readily available computer solutions of the elastic, multilayer system employ a tire 
load that has a circular contact area and a uniform contact pressure and is applied in 
a direction normal to the pavement surface. The contact pressure is most often as-
sumed to equal the hot, tire-inflation pressure. Impact loading is seldom considered 
in the design. 

Multiple tires in close geometrical proximity can be accurately represented in the 
analysis. However, a common practice is to approximate the effects of multiple tires 
through the use of an equivalent single tire. That and similar procedures can lead to 
erroneous results (6) and should not be used without independent validation. 

Establishment of Failure Criterion (Box 50) 

The failure criterion is simply a relation between the maximum principal tensile 
strain ( in the bound layers of the pavement and the number of applications N of that 
particular strain level causing failure by fatigue. (The failure criterion describes the 
situation that would result if only one strain level were repetitively applied until the 
pavement failed and if the physical state of the pavement did not change during that load 
history. Multiple strain levels, caused by varying loads and varying physical states, 
are analyzed by means of Miner's hypothesis.) All investigators have assumed that the 
E-N relation is linear on a log-log plot. Such a linear relation has been verified re-
peatedly from laboratory testing (24). 

The failure criterion can be esiblished in at least 4 different ways: from theoretical 
analysis of existing design curves; from an analysis of the performance of in-service 
pavements, particularly road tests operated under rigid control (box 30); from labora-
tory fatigue testing (box 40); and from a combination of the procedures given above. 

Failure Criterion From Existing Design Curves 

Existing design curves, in which the destructive effects of traffic are represented 
by equivalent axle loads, offer one means for establishing a failure criterion. The de-
sign curves are examined to determine one or more pavement sections that are con-
sidered adequate for each of several equivalent axle loads. The tensile strains im-
posed by the standard or base load in those representative structures are then estimated 
by elastic, multilayered theory. Average environmental conditions in the region for 
which the design curves are applicable are used to establish representative elastic 
parameters for the materials in the sections. The computed tensile strains are finally 
related to the number of load applications to establish the failure criterion. A failure 
criterion recently proposed by Deen et al. (8, 9) was derived in part from an analysis 
of existing design curves. 	 - - 
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That method for establishing a failure criterion is particularly attractive because of 
its inherent simplicity and the fact that it results in designs that are fully compatible 
with an established history of design and performance experience. At the same time, 
there are several noteworthy drawbacks. First, the failure criterion can be applied 
with confidence only in geographical areas that have climatic conditions similar to 
those of the region for which the original design curves were applied. Second, a one-
physical-state representation of the structure must be used in the design process. 
That presents difficulties if the seasonal and daily variations in future traffic volumes 
are anticipated to deviate significantly from average, region-wide patterns. Third, 
and most important, that method requires that the original design curves be based solely 
on the control of failure by fatigue. Most existing design curves consider all distress 
mechanisms simultaneously. They can be used properly only if conditions can be iso-
lated in which fatigue is the predominant distress mode. Finally, designs that would 
incorporate new and different types of bituminous mixtures cannot be examined with 
such a criterion. 

Failure Criterion From In -Service Pavements 

In- service pavements for which detailed records of traffic and performance have 
been accumulated offer perhaps the best current base for establishing a failure crite-
rion. Accelerated road tests are particularly useful because of their extensive data 
base and the controlled nature of those experiments. Accuracy can be improved by 
laboratory or field testing to determine the elastic parameters of the materials. In 
addition, analyses can be limited to those test sections known to have failed by fatigue, 
thereby ensuring that the failure criterion is relevant to the distress mechanism of 
interest. 

If an average annual characterization of the physical state of the pavement is to be 
used, the analysis proceeds much as before. For a single pavement state, Miner's 
hypothesis requires that, at failure, 

N 
	 (3) 

The conventional form of the failure criterion relates N to cl  as follows: 

= kie2 	 (4) 

Combining Eqs. 3 and 4 results in the following equality: 

(5) 
1 kjEjk 2  

For each test section of the road test, nj  is known from the history of load applications, 
Ej can be computed by elastic, multilayered theory, and the elastic parameters are 
evaluated under average environmental conditions. (Often only 1 type and magnitude 
of load is applied to each test section. Equation 5 thus becomes n = klE2.) An equation 
similar to Eq. 5 is, therefore, available for each test section. That set of equations 
can be solved for the unknowns k1  and k2  to complete the derivation of the failure cri-
terion. 

Improved accuracy can be achieved if due recognition is given to the varying nature 
of the physical states of the pavement during the test. In this case, Miner's hypothesis 
at failure is 

(6) 
j i Njj  
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The failure criterion must incorporate the effect of the stiffness of the bituminous mix-
ture on the E-N relation. The generalized form of such a criterion as used by Witczak 
(39) is 

N1, = klEIJk2E3 	
(7) 

in which E is the modulus of elasticity of the bituminous mixture when the pavement is 
in the j th physical state. Constants k1, k2, and k3  can be evaluated by Eqs. 6 and 7 being 
combined as follows: 

1 	 (8) 
ki1 E 

Again n1 , is known from the loading history on the test section, and ci, is estimated by 
elastic, multilayered theory. Evaluation of the resulting set of equations yields suit-
able estimates of k1, k2, and k3. 

The primary disadvantage of a failure criterion so derived is that it is applicable 
only to the type of bituminous mixture employed in the road test. The failure criterion 
used by Witczak (39) and developed by Kingham (20) was based on analyses of A.ASHO 
Road Test data. 

Failure Criterion From Fatigue Testing 

A failure criterion can be readily developed from laboratory fatigue testing of the 
bituminous mixture. Monismith and McLean (27) are among those successfully using 
such an approach. Test specimens are subjected to repeated flexing until failure, and 
the E-N relation is determined directly. Laboratory testing is the best way in which 
the behavior of new and different bituminous mixtures can be accounted for. However, 
there are several serious obstacles to the use of laboratory- derived failure criteria 
in routine design. Several of these are noted below. 

One of the major difficulties is that of defining failure in the laboratory in such 
a way as to be compatible with failure as defined for the in-service pavement. Brown 
and Pell (4) suggest that in-service pavement life (applications to failure for a given 
strain level) is of the order of 20 times the life of a test specimen in the laboratory. 
Thus, perhaps the best that can currently be achieved with laboratory- derived failure 
criteria is to obtain an estimate of crack initiation in the in-service pavement. Few 
techniques are available for quantitatively estimating the progression of cracking in a 
pavement or for considering varying levels of terminal serviceability. 

Laboratory fatigue specimens are conventionally subjected to either of 2 types of 
repetitive loading: controlled-stress or controlled-strain, depending on whether stress 
(load) or strain (deflection) is controlled during testing. Unfortunately, the number of 
load applications to failure is extremely dependent on the type of test. It has been hy-
pothesized that in-service pavements are subjected to a type of loading intermediate 
between those 2 types and that controlled-stress and controlled- strain loadings merely 
represent end points of an infinite spectrum of possible modes of loading (24). In the 
absence of suitable means for defining and applying intermediate modes, tiiproblem 
of which form of laboratory testing to use in design procedures will continue to exist. 
[Pell (43) gives a discussion of the effect of test type and design recommendations.] 

Laboratory testing requires selection of a frequency of loading, which is greater 
than that normally encountered by a pavement in service, and, for pulsating loads, a 
load duration. Those as well as other laboratory loading variables significantly affect 
the number of applications to failure. The possibility that rest periods can beneficially 
alter fatigue response is another variable complicating use of laboratory- derived 
failure criteria (2, 35). 

There are certain simplifications in the multilayered, elastic analyses that can 
cause a departure of predicted from actual pavement response. One of those is that 
theoretical analysis normally assumes the pavement to have unlimited lateral dimen- 
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sions and allows no lateral variation in material properties. Barksdale and Hicks 
(45) discuss an expanded, 2-dimensional, finite-element analysis that can approximate 
those effects. Complexities in the application of such an analysis probably outweigh 
any advantages that might accrue by virtue of its use in routine design. Thus, for 
example, no means are available for readily treating pavement edge support or dif-
ferential subgrade moisture conditions. Failure criteria derived from in-service 
pavements would seem intuitively to account for those and other such discrepancies 
between theory and practicality. 

5. Most analyses of highway pavements assume perfect tracking of vehicles; that is, 
they do not treat the transverse or lateral distribution of vehicle placement. That 
simplifying assumption may lead to erroneous results if laboratory fatigue criteria 
re used. 

Summary 

The most critical component of the fatigue design methodology is establishment of a 
failure criterion. Unfortunately, no universally acceptable means for establishing such 
a criterion has been developed. Possibly a combination of methods that uses laboratory 
testing to establish the behavior of individual mixtures together with analyses of in-
service pavements to establish an appropriate definition of failure will evolve as the 
optimal technique. 

At the same time, numerous failure criteria have been established and used by in-
dividual investigators. Some of those are shown in Figure 2. The E-N relation is 
dependent on the modulus of elasticity of the bound materials [the one exception is that 
used by Brown and Pell (4)], and a smaller number of applications of a given strain 
level can be tolerated whn the mixture has a higher modulus such as during periods 
of low temperature. Each of the criteria shown in Figure 2 may be adequate in the 
situation' for which it was derived. At the same time, none has universal applicability. 
They are simply available to be subjected to the test of time as they are applied to the 
future design of in-service pavements. 

Finally, a specific failure criterion can be applied with confidence only if methods 
used in derivation of that criterion are similar to those used in the design process. 
That means that methods for characterizing materials, methods for calculating the 
response of the pavement structure to load, and methods for classifying the physical 
states of the structure must not be allowed to vary. That caveat is especially im-
portant when one uses a failure criterion developed by other investigators. It also 
casts serious doubts on the practice of using a 1-state pavement representation (aver-
age annual conditions) and failure criteria derived from laboratory testing. There is 
simply no justification for assuming that damage will accumulate under the 1-state 
simplification in the same manner as it actually accumulates under the varying tem-
perature and moisture conditions of the in-service environment. 

Application 

The purpose of the analysis phase is to generate estimates of n± (the number of 
applications of each traffic load anticipated during the design life while the pavement 
is in the j th state) and Nij  (the number of applications of each traffic load that would 
cause fatigue failure in the pavement if that load were repetitively applied in the ab-
sence of other loads while the pavement is in the j th state). Analyses of existing and 
projected traffic data yield estimates of a13. Strains clj  induced in the pavement by 
the traffic loads are first determined before N13  is estimated. Those strains together 
with the failure criterion (e-N relation) are used to estimate N13 . 

Testing 

The analytical routines require, as input, knowledge of the elastic parameters (mod-
ulus of elasticity and Poisson's ratio) associated with each material in the pavement 
structure. In addition, knowledge of the fatigue behavior of the bituminous mixture 
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under simple laboratory loading conditions may be necessary in the development of a 
failure criterion. Characterizations of those material responses can, in some in-
stances, be based solely on prior analyses and testing (boxes 32 and 33). [Barksdale 
and Hicks (45) point out some of the difficulties attendant to the use of deformabiity 
characteriiions developed by others.] In other instances, such as when new ma-
terials are being considered, it may be necessary to evaluate material response by 
laboratory or field testing. 

Detailed procedures for laboratory testing are described elsewhere (43, 45). It is 
necessary to emphasize, however, that laboratory testing variables, especially those 
associated with loading, must simulate, to as large a degree as possible, in-service 
pavement conditions. Nair et al. (28), for example, conclude that asphalt concrete may 
be characterized as a linear isotr6ic elastic material for purposes such as fatigue 
analysis and design. In so doing, however, the elastic parameters must reflect the 
in-service pavement conditions to adequately account for time of loading, temperature, 
and stress dependencies. 

Physical States 

One aspect of the design process shown in Figure 1 deserves additional mention, 
and that is the selection of the physical states of the structure. The deformabiity and 
strength properties of materials within the pavement vary continuously with time in 
response to environmental factors that alter the moisture and temperature profiles. 
One approach to that problem is the 1-state representation that uses average, effective, 
or critical elastic parameters or all of those to analyze structural behavior. 

In adopting that approach, Deen et al. (8, 9) found that the average temperature of 
the bound layers in Kentucky pavements was4 F. A modulus of elasticity of 480,000 
psi, which for the type of mixtures used in Kentucky corresponds with this average 
temperature, was used in the analytical routines. The subgrade modulus, on the other 
hand, was a critical modulus evaluated from a soaked laboratory CBR value. That 
same representation was used both in the development of design relations and in the 
derivation of a failure criterion largely from an analysis of existing design curves. 

Dormon and Metcalf (11) also consider that pavement behavior may be effectively 
analyzed by means of a ftate representation. Deformability and strength character-
izations of the bituminous layers are based on use of an "effective" temperature, the 
determination of which requires analysis of the effects on fatigue life of yearly tem-
perature variations for a number of hypothetical pavements. Based on their analysis, 
a temperature of 50 F was recommended for use in design. 

The 1-state representation of in-service pavements is advantageous largely because 
of its simplicity. No major fault can be found with that procedure as long as the same 
pavement representation is used both in the 'analytical routines and in the development 
of a failure criterion. Difficulties can be anticipated, however, with the use of average 
parameters if the failure criterion is derived from laboratory fatigue behavior or from 
evaluations of in-service pavement performance in other geographic regions. 

Monismith and McLean (27) have employed a more complex and presumably more 
accurate representation of in-service pavement conditions by defining 288 physical 
states. Each state is representative of conditions in a typical hour (for example, 1:00 
to 2:00 p.m.) during a given month. The 288 states are probably somewhat optimal for 
using a laboratory- derived failure criterion. The surface modulus varies for each of 
the 288 hours as a function of the pavement temperature. Theoretical techniques for 
estimating pavement temperatures are readily available (23, 27). The subgrade mod-
ulus can be varied monthly to reflect seasonal changes iniibiade support due, for 
example, to frozen conditions in the winter months. Witczak (39) has demonstrated 
how a varying subgrade modulus can be treated. In addition, seasonal and daily varia-
tions in traffic volumes can be most effectively handled. 

Determination of how best to categorize the physical states of a pavement is a com-
plex task. Some important considerations that affect the choice include 

1. The nature of the failure criterion that is to be used, 
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The availability of techniques for estimating the temperature profile within the 
bound layers (44) and the relation between modulus and temperature, 

The availibiity of techniques for estimating the changes in subgrade modulus 
with season (44), 

The nature of the anticipated cyclic variation in traffic volumes, and 
The desire for simplicity. 

Fatigue Distress and Pavement Serviceability 

The surface manifestation of fatigue distress is patterned cracking. Such cracking 
combines with surface manifestations of other distress mechanisms such as thermal 
cracking, distortion, and disintegration to determine the serviceability of the pavement. 
Hudson et al. (17) have proposed a technique for defining serviceability whereby weight-
ing functions are used to represent the contribution of each distress manifestation to a 
reduction in pavement serviceability. If that technique were implemented, pavements 
could be designed to provide any desired level of terminal serviceability. 

To implement such a technique from the standpoint of fatigue distress requires the 
ability to estimate the extent of fatigue cracking. In theory, that would be a simple 
task if coupling effects among the various distress modes could be justifiably ignored 
and if a separate fatigue failure criterion were available for each degree of surface 
cracking. Unfortunately, few failure criteria are currently available that relate to the 
extent of surface cracking. McCullough et al. (22) have recently demonstrated an 
ability to estimate cracking index, a measure of i1e extent of surface cracking, for 2 
AASHO Road Test sections as a function of load history. However, future analyses 
of in-service pavements, such as the AASHO Road Test, should allow the derivation of 
suitable failure criteria that incorporate the extent of surface cracking. It seems 
highly improbable that failure criteria incorporating the extent of surface cracking 
can be developed from phenomenological analyses that use laboratory test data alone. 
That is further justification for developing failure criteria on the basis of in-service 
pavement performance rather than on the singular basis of laboratory test data. 

CONCLUDING REMARKS 

Well-documented methods, based on a blending of analytical skills and empirical 
evaluations, are currently available for the design of bituminous pavements to control 
fatigue distress (41, 42). Like other existing design methods, those methods are not 
perfect and almocFcainly will be improved by future modification. Unlike most 
existing design methods, however, they have the following capabilities: 

To treat new types of traffic loading for which little or no historical experience 
exists, 

To analyze new types of pavement structures such as full-depth construction, 
To extrapolate from portions of design curves reasonably well-established by ex-

tensive empirical validation to portions for which little or no verification has been 
possible, 

To examine new materials to ascertain their effects on pavement performance 
and to seek ways for better use of existing materials, 

To provide a rational way for explaining regional differences in pavement per-
formance due to climatic variations and to account for those variations in design, and 

To enable a proper interpretation of the performance of prototype and road-test 
pavements. 

To fully incorporate all of those extended capabilities into the design process re-
quires a degree of sophistication and complexity uncommon to most current design 
procedures. However, application of the fatigue-design methods discussed here for 
routine use need be no more difficult or time-consuming than most current design 
procedures. Laboratory testing, in excess of that normally undertaken, need not be 
required. Furthermore, use of the computer need not be required because conventional 
forms of design charts or nomographs can be and have been developed. 
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Selected techniques for fatigue-life estimation, on which these design methods are 
based, are summarized here. Elastic, multilayered analysis provides an acceptable 
means for estimating critical tensile strains in a pavement structure under realistic 
traffic loads. Those tensile strains have been found to be the basic cause or deter-
mmant of fatigue damage. Accumulation of fatigue damage under varying loads and 
environmental conditions can be effectively estimated by means of Miner's hypothesis. 
Proper characterization of the physical states of the pavement structure is essential 
to the development and application of a fatigue-design methodology and is the primary 
means of accounting for environmental effects. The burden of computations can be 
eased substantially by use of repetitive load equivalency concepts and regression and 
interpolation techniques. 

Two particularly crucial aspects of fatigue-life estimation are the development of 
a suitable failure criterion and the evaluation of elastic material properties. For pur-
poses of routine design, failure criteria derived from an analysis of the performance 
of in-service pavements would appear to be most suitable at this time. Those criteria 
reflect the effects of both strain level and modulus of elasticity on the number of load 
applications causing fatigue failure. Similar methods of materials characterization, 
physical-state representation, and analysis must be employed both in the development 
of the failure criterion and in its application to design. Elastic material properties 
can be evaluated either by laboratory testing or by use of previously published and 
readily available data. 

Capabilities exist for estimating future traffic and environmental variables as input 
to the design process. However, those capabilities are in need of continual extension 
and refinement. The impact of maintenance and construction variables on pavement 
performance has not yet been quantitatively assessed. 
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The basic premise of this symposium is the assumption that fatigue cracking in an 
asphalt pavement is "bad" and that such cracking reduces the long-term performance 
capability of the pavement. Probably without exception, engineers, particularly main-
tenance engineers, would agree with that conclusion. However, how much cracking 
is bad, what kinds of cracking are bad, and what happens to a pavement after cracking 
occurs are all questions that need to be answered before cracking predictions are under-
taken. This paper attempts to relate fatigue cracking to performance. It is hypothe-
sized that one of the objectives of any structural design system is to provide a pave-
ment that will resist fatigue cracking to such an extent that premature maintenance 
will not be required. 
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Fred N. Finn 
Materials Research and Development, Inc. 

In December 1970, the Highway Research Board conducted a spe-
cial workshop dealing with the structural design of asphalt concrete 
pavements. The primary goal of the workshop was to review the 
current status of structural design and to evaluate and assimilate 
ways of applying research findings to future design procedures. 
Emphasis was placed on the need for relating distress to perfor-
mance and performance in turn to the present serviceability index 
(riding quality) of a pavement. 

One of the workshop groups was charged with responsibility for 
discussing distress and pavement performance. The report (1) 
from that group indicated unanimous agreement that a present 
serviceability rating or present serviceability index evaluation 
system is the most satisfactory method currently available for 
evaluating pavement performance. 

However, it would appear that cracking alone does not correlate 
well with riding quality as quantified by the present serviceability 
index (PSI) equation developed by the AASHO Road Test staff (2). 
For example, 

PSI = 5.03 - 1.91 log (1 + sv) - 1.38 b2  - 0.01 (C + 

where 

sv = slope variance, a measure of longitudinal roughness, 
RD = average rut depth, and 

C + P = area of class 2 + class 3 cracking plus patching, per 
1,000 ft2. 

A numerical evaluation of that relation will indicate that when 
there is 100 percent cracking, that is, 1,000 ft2  of cracking per 
1,000 ft2  of pavement, the serviceability is reduced by 0.33. The 
suggestion here is that cracking may not influence riding quality 
in a particularly significant amount. Longitudinal roughness, which 
would logically be expected to be the most significant single param-
eter in the evaluation of riding quality, has simply overwhelmed 
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other factors such as rut depth and cracking plus patching. It was suggested at the 
HRB workshop that a high correlation exists between the present serviceability rating 
and the amount of cracking and patching on a given pavement. Specifically, it was in-
dicated that present serviceability ratings obtained by the use of only cracking and 
patching would give a correlation coefficient of about 0.8 and those obtained by the use 
of roughness would give a correlation coefficient of 0.9. However, the AASHO Road 
Test report (2) does not appear, at least in this particular example, to give that re-
liable a coefficient of correlation. Figure 1 (2) does suggest that, when the amount of 
cracking exceeds approximately 40 percent (400 ft2  per 1,000 ft2 ) of the total area, none 
of the pavements would have an acceptable riding quality of 2.5. 

In all probability, the subjective opinions of most engineers would be that 40 percent 
of class 2 or class 3 structural cracking in an asphalt pavement would be highly exces-
sive and totally unacceptable in terms of the adequacy of a particular pavement struc-
tare. It is pertinent to note that the PSI includes cracking plus patching. The specific 
area of cracking included in the equation cannot be distinguished from patching. Hence, 
the areas of cracking shown in Figure 1 could be relatively small, and good quality 
patches would not contribute to increased roughness. Thus, efforts to analyze the PSI 
equation could be misleading. 

In 1963, Rogers et al. (3) reported results of a nationwide survey of pavements that 
were scheduled to be rehabilitated. Efforts to correlate PSI with the amount of class 
2 and class 3 cracking plus patching indicate that little, if any, correlation exists be-
tween those 2 factors. Examination of the data included in that report is limited be-
cause areas are reported as the sum of cracking and patching. However, the data in-
dicate that (a) for pavements with less than 5 percent cracking plus patching, the PSI 
was above 2.0; and (b) for pavements with more than 45 percent cracking plus patching, 
the PSI was below 2.5. A limiting amount of cracking and patching would be between 
5 and 45 percent of the pavement area. Admittedly, that is a very loose association, 
but, when added to other bits of information, it may be useful. 

Those at the HRB workshop were unable to postulate a specific method by which 
distress could be related to performance. They were in agreement that the occurrence 
of cracking can be damaging to the continued performance of the pavement. They also 
agreed that when cracking occurs, water will enter through the pavement into the base 

Figure 1. Present serviceability rating versus square root cracking and patching 

for 74 flexible pavements. 
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and subgrade and cause increased roughness because of heaving or consolidation. Pell 
(10) indicates that a considerable amount of crack propagation will have to occur over 
a wide area before any serious deterioration of the pavement structure results from the 
possible penetration of water or from the increase in stresses in the underlying layers 
or from both of these. 

On the other hand, Terrel (9) indicates, 

Fatigue cracks were frequently developed during the summer and autumn months when test pave-
ments received the first phase of loading. Provided there was no accompanying change in subgrade 
or base courses, the number of load repetitions supported were surprisingly large .... lntrusion of 
water through the cracked surface and the usual spring thaw tended to weaken the underlying ma-
terial. When testing was resumed in the spring, total failure quickly resulted. That was a result not 
of further fatigue distress but of subgrade failure. 

Apparently, Terrel found that with cracking local failure will be accelerated by 
water. Pell considers that this will not necessarily propagate areally and, therefore, 
could be controlled or would not significantly influence the total pavement. 

During the AASHO Road Test, the occurrence of class 2 cracking was observed at 
approximately 50 percent of the traffic volume necessary to reduce the riding quality 
to a level of 2.5 (2). Clearly then, it can be expected that a certain amount of cracking 
is acceptable in terms of riding quality but not acceptable in terms of structural in-
tegrity. On the Zaca-Wigmore Test Road in California, maintenance engineers es-
tablished the terminal amount of cracking to be 10 percent. That is, after the pave-
ments exhibited 10 percent cracking based on the total area, it was determined that 
maintenance was necessary in order to hold that pavement together and to reduce the 
eventual need for expensive rehabilitation. 

Examination of some pavement condition survey forms may be useful in attempting 
to equate cracking to performance. In Washington (3), a system is used of negative 
values for various types of structural deficiencies. The negative values for alligator 
cracking are as follows: 

Percentage of Spalling Plus 
Area/Station Hairline Spalling Pumping 

1to24 2 5 10 
24to49 5 10 15 
50to74 10 15 20 
75+ 15 20 25 

It is perhaps significant that the first percentage division is set at 24 percent. Riding 
quality is combined with distress to summarize pavement ratings on a scale of 0 to 100. 
The reduction in overall rating associated with 1 to 24 percent cracking would be com-
parable to one-half point on the PSI scale of AASHO. That seems to suggest fairly 
significant sensitivity to cracking by that method. 

Another evaluation of the Washington method is to compare the total amount of redUc-
tion by cracking to the total allowable deduction for various classes of flexible pave-
ments. For example, the limiting rating for Interstate and principal pavements has 
been set at 60. Assume that the riding quality is good (equivalent to a PSI of 4.0). 
With no cracking, the rating would be 84; with 75 percent of the area exhibiting crack-
ing, the rating would be 72. Assume that riding quality is fair (equivalent to a PSI of 
2.5). With 75 percent cracking, the rating would be 62. It appears that, if only riding 
quality and cracking are considered, extensive cracking would be permitted and still 
be acceptable. In all probability, that is a somewhat questionable conclusion because 
other forms of distress (e.g., rutting) have probably occurred in practice to cause the 
pavement rating to fall below 60 long before cracking reached 75 percent of the area. 

Forbes (5) has suggested a similar classification for cracking except that the first 
separation on the amount of cracking is 15 percent. Azarnia (6) in evaluating main-
tenance criteria for county roads indicates that alligator cracking at less than 5 percent 
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of the area should not require maintenance; however, maintenance could be required 
for 15 percent cracking depending on the level of severity. Hughes (7) has also reported 
on some of the problems related to structural deficiencies. Although this report was 
issued in 1971, several of the comments are still very pertinent. 

The subject of pavement deficiencies has received the most attention since the initiation of the 
structural rating system. There are, of course, obvious deficiencies which affect pavement per-
formance and develop a need for resurfacing. The main difference of opinion among engineers 
is the relative seriousness of these deficiencies. 

The first step in the development of the rating system, then, was to hold discussions with in-
dividuals knowledgeable about pavement deterioration to enumerate and define the deficiencies 
which indicate the structural condition of a roadway. In addition, the relative seriousness of the 
deficiencies were discussed and numerical factors indicating the same were assigned. 

The condition rating in Minnesota is obtained by averaging the PSR (riding quality) and 
the structural rating, each on a scale of 0 to 5. A weighting factor is applied to the 
various forms of structural distress, and information is corrected to a per-mile basis. 
By the suggested procedures, it would require almost 30 percent of the area to have 
alligator cracking before the pavement would be unacceptable. That is, if the riding 
quality is 2.5 or better, the area of cracking would need to be about 30 percent before 
the overall rating would drop below 2.5. 

On the basis of the discussion given above, it is possible to draw the following 
conclusions: 

Fatigue cracking in asphalt pavements is damaging to the continued successful 
performance of that pavement; 

The initial occurrence of cracking may not be so crucial to the overall perfor-
mance as some acceptable level generally indicative of a pending period of accelerated 
deterioration; and 

The acceptable level of fatigue cracking could be between 10 and 30 percent de-
pending on the amount of other types of structural distress and the riding quality. 

Thus, to be helpful to the highway engineer, the output variable of cracking as predicted 
from research should include not only some estimate of initial cracking but also the rate 
of progression of cracking with time. McCullough et al. (8) indicated that it may be 
possible to predict the accumulation of cracking with time. 

There are difficulties in using cracking as an output variable for field projects. That 
was probably best demonstrated on the WASHO Road Test in Idaho. On that project, 
cracking was considered the dependent variable or the performance rating factor. De-
sign requirements were essentially based on the thinnest test sections considered not 
to have been damaged by the test traffic; in other words, those sections that basically 
had 0 percent distress or cracking. Examination of graphical representations of that 
information suggests that, if as little as 5 percent cracking had been tolerated, the 
allowable thickness requirements could have been reduced by approximately 3 in. for 
those sections surfaced with 2 in. of asphalt concrete and about 1 in. for those sec-
tions surfaced with 4 in. of asphalt concrete. 

A second somewhat confounding aspect of the WASHO and AASHO data is that there 
were long periods at certain times of the year in which no cracking occurred in the 
pavement. Another problem is the ability to associate the various types (forms) of 
cracking with structural distress. 

In summary, it would appear that the need to predict cracking is important and that 
most highway engineers agree that cracking is the first indication of the loss of load-
carrying capacity of a given pavement construction. The initial occurrence of crack-
ing is not so crucial to overall performance as the need to be able to predict some rate 
of propagation of cracking to some limiting amount. 

At the present time, there does not appear to be any method of objectively quantifying 
cracking as a performance parameter. Performance data from the AASHO Road Test 
suggest that some cracking can be tolerated without serious loss in riding quality. 
Several papers in this Special Report and condition survey procedures indicate that 
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some cracking is permissible. However, an upper limit needs to be established as a 
design criterion, and the further development of fatigue research needs to concentrate 
on some method for estimating the areal propagation of cracking as suggested by 
McCullough. 

The only reasonable way to quickly determine the limiting amount of cracking is to 
ask the engineers who are responsible for the maintenance. Combining subjective eval-
uations of the future utility of a given pavement with objective measurements of the 
amount of cracking existing on the pavement with awell-planned performance feedback 
system should make it possible to develop useful cracking criteria. In this way, agen-
cies can begin to establish a quantitative association between cracking and performance 
in terms of the need for specific maintenance strategies necessary to protect the basic 
investment. 
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Although considerable work has been completed on laboratory testing of asphalt con-
crete to determine fatigue properties, more work must be done on predicting fatigue 
behavior in the field. The initiation and progression of fatigue cracks in a pavement 
normally take on the familiar "alligator" or "chicken-wire" shape. However, their 
point of initiation within the pavement structure or within the life-span of the pave-
ment is not well understood. This paper describes several projects that were developed 
as pavement experiments to investigate several aspects of performance. The projects 
selected are representative in terms of both simple field observation of fatigue cracking 
and complete studies that include data on materials characterization, loading history, 
and other aspects. 
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Five separate road tests or experiments have been selected by the 
author in an attempt to illustrate 2 factors: (a) the initiation and 
development of fatigue or fatigue-related cracks and (b) the pre-
diction of fatigue cracking as part of controlled experiments where 
knowledge of the pavements was sufficient to provide input for 
modeling their behavior. The Brampton and San Diego projects 
are included in the first category, and the Folsom and Morro Bay 
projects are in the second. Tests at the Washington State Umver-
sity test track provided an opportunity for both observation and pre-
diction. 

BRAMPTON TEST ROAD 

During the summer of 1965, a full-scale test road was con-
structed near Brampton, Ontario (1). Although many pavement 
sections were included in that experiment, two were selected here 
to illustrate fatigue-related crack development. 

The first contained 3'/2 in. of asphalt concrete, 2 in. of crushed-
stone base, and 6 in. of sandy-gravel subbase. After an initial 
period of service, short transverse cracks began to develop in the 
outer wheelpath as shown in Figure 1. Progression to more ad-
vanced forms of alligator cracking (Figs. 2 and 3) occurred rather 
rapidly and is somewhat typical for that type of failure. The load-
associated cracking shown in those figures is perhaps closest to 
the pure fatigue failure and has been observed by the author to be 
frequently associated with asphalt pavements overlying unbound 
granular bases. 

The second example at Brampton illustrates that crack initiation 
may be non- load -associated in many instances but may eventually 
develop into fatigue cracking. Low-temperature cracking, as 
shown in Figure 4, or reflection cracking from underlying cement-
bound layers, as shown in Figure 5, often occurs soon after con-
struction. Those breaks in the pavement surface may permit ini-
tially higher than normal deflections because of free boundary con-
ditions orbecause of influx of water into underlyinglayers or both. 
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How non-load-associated cracks rapidly develop into load-associated cracking is 
shown in Figures 5, 6, and 7. The surface crack occurred about 2 to 3 months after 
construction and was reflected from the underlying cement-treated base. Alligator 
cracks began to appear around that initial crack (Fig. 5), and additional secondary 
cracking in the wheelpath (Fig. 6) was further evidence of load association. In many 
instances, those pavements with cement-treated bases were also badly rutted as shown 
in Figure 7. That observation and the associated high deflection measurements sug-
gested that the cement-bound material was breaking down and reverting to a situation 
analogous to a granular base. As a result, failure was markedly accelerated. 

SAN DIEGO TEST ROAD 

Another example of an extensive test project in which observations are still under 
way is the experiment on Sweetwater Road near San Diego, California (2). Constructed 
in the mid-1960's, the project was a cooperative study of 8 base types with 4 levels of 
thickness. After 4 years of in-service operation, none of the sections showed any sig-
nificant distortion or permanent deformation. However, although no photographs were 
available, many of the pavement sections showed considerable load-associated cracking 
(2). Based on observations by Finn (3), about 27 percent of the test sections exhibited 
cracking of that type. In several instances, the cracking may have been associated 
with longitudinal cracks that occurred along the outer edge of the pavement and that 
were not associated with traffic. However, many of the sections were of full-depth 
design, and failure appeared to be somewhat different from that observed at the Bramp-
ton test road. 

FOLSOM TEST PROJECT 

Several full-scale projects in California have been reported by Monismith et al. (4), 
in which considerable testing and analysis were used in an attempt to predict fatigue 
life. The Folsom project, constructed by the California Division of Highways between 
Sacramento and Placerville, had a pavement cross section as shown in Figure 8. The 
subgrade and untreated materials in the pavement were tested in repeated load triaxial 
compression to obtain the resilient moduli. The asphalt concrete was tested for fatigue 
properties. 

Two variations of the subgrade were considered; those were part of a compaction 
study. A range of moisture for a particular stress condition was used so that a rela-
tion such as that shown in Figure 9 could be used to represent the subgrade material 
under various construction, load, and environmental conditions. In that figure, iso-
dines of resilient modulus were developed over a range of moisture-density conditions. 

The rounded-gravel subbase material was used to fabricate cylindrical specimens 
for repeated load tests over a range of cell pressures. For those tests, both axial and 
circumferential deformations were measured, so that resilient modulus and Poisson's 
ratio were determined as follows: 

MR  = 7,730 (e)046  

= 0.13 + 0.05 (/3) 

where 

8 = sum of principal stresses, 
cr i  = vertical repeated stress, and 

= lateral cell pressure 

A crushed-gravel base-course material was tested in the same manner as was ma-
terial for the subbase, and modulus and Poisson's ratio relations were determined as 
follows: 

MR  = 3,470 (8)0.65 

= 0.16 + 0.08 (cyj/c) 



Figure 2. Beginning of alligator fatigue cracks. 
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Figure 3. Complete alligator cracking prior to repair. 
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Figure 5. Initial crack that was reflected up from 
cement-treated base and is starting point for fatigue 
cracking. 

Figure 7. Section with cement-treated base showing 
considerable pavement deformation prior to cracking. 

Figure 4. Non-load•associated crack 
that was thermally induced and may 
act as catalyst to fatigue cracking. 

Figure 6. Cracking shown in Figure 5 that has 
developed to complete alligator cracking in wheelpath. 
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Figure 8. Structural pavement section of Folsom 

project. 
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Figure 9. Water content-dry density-resilient modulus relation for 

subgrade soil. 
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The asphalt-concrete surface course was tested for flexural stiffnes character-
istics by the use of beam specimens over a range of temperatures. Stiffness values 
for 2 ranges of loading times are shown in Figure 10. For purposes of pavement re-
sponse, Poisson's ratio was assumed to vary from 0.30 to 0.35. 

Figure 11 shows the Folsom pavement section as well as the material character-
istics for each layer. Once the pavement was characterized by the laboratory tests, 
it was desirable to determine how measured surface deflections compared with those 
calculated by the CHEV 5L program. Figure 12 shows a comparison of those deflec-
tions and also the effect of asphalt concrete stiffness and subgrade moisture (inasmuch 
as those 2 variables had the most influence on deflection). 

In addition to stiffness modulus of the asphalt-concrete surface course, fatigue 
characteristics were also determined. Results of both controlled-stress and controlled-
strain tests at 68 F are shown in Figures 13 and 14 for the control section. Similar 
relations were determined for the other test sections but are not shown. 

Estimating the service life of the pavement involves systematically characterizing 
the materials, traffic, and environmental factors and then comparing the predicted 
life and cracking with that actually observed. The steps followed in that estimation 
are summarized below. 

Estimate the truck traffic distribution throughout the day in hourly increments 
for the various axle-load groups based on several assumptions. All of the traffic vari-
ables were related. 

AHT13  = ADTT A
3  HT 

 

where 

ADTT = average daily truck traffic, one direction in design lane; 
A3 = percentage of truck traffic of class j (2 axle, 3 axle, and so on); 

HT1  = percentage of truck traffic in the hourly interval i; and 
AHT J  = number of operations of class j in hour i (daily). 

AXLDIk 
=i 

 (AHTI 

where 

WLFk3  = wheel load factors to relate axle class j to axle-load group k, and 
AXLDIk  = matrix of the number of axle loads of group k in each hour i (on a monthly 

basis). 

The AXLDIk  values were expanded to an annual basis by incorporating climatic infor-
mation as described in step 2. 

Estimate the stiffness moduli for the asphalt-concrete layer based on climatic 
data for the Folsom area. Those data were used in a computer program that was mod-
ified to provide mean stiffness and temperature at the beginning and end of each hourly 
increment throughout the day. That approach allowed the use of a single modulus value 
for the full depth of asphalt concrete and simplified the analysis. 

Compute stress and deformation by the use of the multilayer linear elastic com-
puter solution, and estimate the bending strains on the bottom side of the asphalt bound 
layers. The range of those values is shown in Figure 15. 

Estimate the fatigue performance of asphalt concrete from the road section based 
on data similar to that shown in Figures 13 and 14. For pavements with asphalt sec-
tions of an intermediate thickness, a mode factor (i.e., stress- or strain-controlled) 
should be considered. A range of mode factors that are intermediate to the limits ob-
tained can be determined in laboratory fatigue testing depending on whether the tests 
are stress -controlled or strain-controlled. A comparison of mode factors is shown in 
Figure 16 and can be used for variable thickness pavements. 



Figure 10. Computed relation between mixture stiffness and temperature. 
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Figure 11. Pavement section used in analysis. 
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Figure 12. Computed and observed pavement deflections. 	 Figure 13. Initial mixture bending strain 
and applications to failure. 
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5. Predict fatigue life by assembling all the required data so that, for each incre-
ment of time, a condition representing the pavement in terms of strain, mode factor, 
and stiffness is easily accessible. The number of repetitions to failure were designed 
ENNFLk , where 2 is the stiffness group and k is the axle-load group. Then, 

Annual damage 	Z (APLLk /ENNFLk ) 
2k 

Traffic values were then incremented by an expansion factor (3 percent), and the 
process was repeated until the total damage was equal to one. 

Fatigue life predictions were made by the use of 3 sets of strain-repetitions to 
failure relations. The relations and the predicted fatigue life are given below (4). 

Fatigue life was based on tests of laboratory specimens prepared with the 
control asphalt. Individual estimated lines were linearly extrapolated to the full range 
of strain computed. Those data resulted in a predicted fatigue life of 9.5 years. 

The data were the same as those used in step 1 except that the assumption was 
made that strains less than 70 x 10_6  in. /in. caused no fatigue damage (i.e., endurance 
limit). The data resulted in a predicted fatigue life of 12 years. 

A set of relations was estimated from results of tests on specimens obtained 
from the field surface-course layer. Strains less than 70 x 10 6  in. /in. were again 
excluded. Those data resulted in a predicted fatigue life of 6 years. 

The pavement in the Folsom project was designed for a 10-year life by the California 
Division of Highwys using conventional techniques. Based on appropriate traffic data 
for 1970, suitable extrapolations, and other tests and analysis, the pavement was pre-
dicted to perform well on the basis of fatigue life. In other words, a predicted life of 
9 to 12 years based on fatigue data appears to be reasonable. 

MORRO BAY PROJECT 

Other projects, similar to the Folsom project, were a part of the total program de-
scribed by Monismith et al. (4). One of those near Morro Bay, California, was ana-
lyzed by similar techniques but was based on much less sophisticated fatigue data. One 
conclusion was that a single fatigue curve may not be sufficient for prediction of fatigue 
life when the total input is so complex. 

The Folsom project was newly constructed so that sufficient time had not elapsed 
for actual fracture to initiate in the field sections by the time of reporting. The Morro 
Bay project was constructed in 1963, however, and offered an opportunity to observe 
field cracking. The total analysis, similar to that described above, indicated that some 
distress might show up in 1965. Field sampling did not show any such evidence, but re-
sampling in 1967 revealed the apparent initiation of fatigue cracking. Figure 17 shows 
the pattern of observed cracks on the bottom side of several slabs of asphalt concrete 
removed from the pavement. 

WASHINGTON STATE UNIVERSITY TEST TRACK 

The special testing facility at Washington State University has provided another op-
portunity to study fatigue behavior in the field. That apparatus, shown in Figure 18, 
permits a careful control of the traffic factors, which were difficult to estimate for the 
in-service pavements discussed in the previous section. Details of the facility have 
been described elsewhere (5, 6). 

Although 4 circular test rings have been completed at the track, the test series con-
ducted from October 1968 to August 1969 was selected for analysis here. That partic-
ular test ring consisted of 12 pavement sections (Table 1).  The main experiment was 
the investigation of the 3 main base types, all covered by a uniform 3-in, asphalt con-
crete surface. Loads were applied to the pavement sections by the special 3-armed 
loading frame at speeds varying from 5 to 20 mph. Dual tires had a total load of 
10,600 ib, and a special control mechanism caused the loads to move slowly from one 
side to the other while all 3 sets of tires were simultaneously revolving around the 
track. 
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After the construction of the Washington test track, loading was initiated in and con-
tinued through the autumn of 1968 when weather was extremely wet but was suspended 
during freezing conditions throughout the winter. When testing was resumed the fol-
lowing March, very little additional rainfall occurred, and the temperatures were 
steadily increasing until the conclusion of the test in August 1969. 

Performance as measured by Krukar and Cook was in 2 phases: (a) the number of 
load applications until the appearance of the first cracking, and (b) the applications 
until the section was completely destroyed and the test was stopped for repairs. In 
most of the pavement sections tested, surface cracks first appeared as short trans-
verse cracks very similar to those at the Brampton test road. Figure 19 shows an 
example of those cracks that have been accentuated with chalk. That form of cracking 
was typical for pavements with untreated base courses and with thinner base sections 
of emulsion and asphalt cement treatment. 

Figure 20 shows an example of the next phase of crack advancement. In addition to 
further cracks, an appreciable amount of permanent deformation has occurred in the 
wheelpath. That type of failure was often of a local nature and may have been associated 
with weak or uncompacted underlying materials. A more advanced form of alligator 
cracking is shown in Figure 21 and is somewhat typical for most of the thinner sections. 
Fatigue cracks were frequently developed during the summer and autumn months when 
those test pavements received the first phase of loading. Provided there was no ac-
companying deformation in subgrade or base courses, the number of load repetitions 
supported was surprisingly large. In other words, once the primary fatigue cracks 
appeared, no further development of failure appeared during many thousands of repe-
titions (note in Fig. 21, 588,000 repetitions). 

During the wet fall, rainwater accumulated in the depressed areas and thoroughly 
soaked the untreated bases and subgrade. Intrusion of water through the cracked sur-
face and the usual spring thaw tended to weaken the underlying material. When testing 
was resumed in the spring, total failure quickly resulted as shown in Figure 22. That 
was a result not of further fatigue distress but of subgrade failure. 

Several of the thicker (up to 9.5 in.) all-asphalt-concrete and asphalt-treated base 
sections served considerably longer before distress began to appear. Eventually, 
when the typical short transverse cracks appeared they were often accompanied by 
evidence of pumping. Figure 23 shows small amounts of the silt subgrade being exuded 
at the surface. Other thick sections did not exhibit surface cracks. However, when 
the pavements were removed and examined, there was considerable evidence of alligator 
cracking on the underside of the asphalt layers as shown in Figure 24. Subgrade soil 
had also been pumped into that crack system. The fact that cracks were well developed 
at the bottom and practically nonexistent at the surface was further evidence that the 
failure was of the fatigue type and that cracks initiate at the bottom and propagate to-
ward the surface. 

It appears feasible to predict the advent of fatigue cracking when sufficient informa-
tion and test data are available. A brief attempt at this approach (6) resulted in a rea-
sonable relation between laboratory flexural fatigue tests and cracking in the test ring. 
Figure 25 shows actual points of failure (individual points) superimposed over laboratory 
data (solid lines) for similar surface materials, for at that time data were not available 
for the test track pavements. The technique used for this comparisonwas very similar 
to that described for the Folsom project. The materials were characterized in the lab-
oratory, and computations were made to estimate or predict the actual measured field 
behavior. By iterative procedures, a reasonable match was obtained, and the resulting 
pavement was used for comparison. During the field tests, surface strain was mea-
sured under repeated loads, and an average weighted strain was estimated during the 
period of testing. That analysis was made for the test ring completed in the spring of 
1968, and, although the test sections (Table 1) were similar, actual data and weather 
were somewhat different from those for the 1968-69 test. 

A much more detailed analysis of the Washington test track has been provided by 
Kingham and Kallas (7), which in many respects parallels the approach described by 
Monismith for the Folsom project. After the field testing was complete, pavement 
samples were obtained from the untraveled portion of the track. Subgrade testing had 



Figure 17. Crack patterns on bottom of slabs obtained from Morro Bay project. 
2. 
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been completed on those materials previously (6). Figure 26 shows the relation be-
tween water content and modulus for the subgrade. Because moisture data were avail-
able throughout the test period, the stiffness could then be estimated at any time. 

Untreated crushed-stone base was tested similarly to the subgrade. Cylindrical 
samples were fabricated to field densities, and resilient modulus values were deter-
mined. The asphalt-treated base materials were tested also for complex modulus 
values as was the asphalt concrete surface. Figures 27 and 28 show the results of 
those tests. 

Flexural fatigue tests were conducted on both field- and laboratory-prepared samples. 
Beams measuring 3 x 3 x 15 in. were sawed from the remaining untracked portion of 
the pavement. They were similar to those of the Folsom project except for size (i.e., 
1.5- x 1.5-in, cross section). Most repeated bending tests were conducted on field 
beams for a range of stresses and temperatures to bracket those experienced in the 
field. Figure 29 shows the results of those tests for the asphalt-treated base. It was 
also found that results of tests on field and laboratory specimens were very similar, 
an important factor when fatigue tests were conducted for design purposes. 

The predicted performance of pavement sections was based on a very laborious task 
of accumulating all the required data during the test period. Strain levels in the bottom 
side of the asphalt-bound layers were computed based on the conditions existing at 
every load application. For example, for every time period (as short as 1 hour) in 
which the structural section behaved similarly, i.e., it had similar modulus values 
and the vehicle speed was the same, the applications were added. Then, when strain 
levels for all periods during the test were known, they could be compared to results of 
the field tests and the laboratory tests by the use of Miner's criteria. 

The results of predicting fatigue failure by the procedure given above are given in 
Table 2. The last column in that table shows the actual count of wheel load applications 
to the point of cracks appearing at the surface. Both laboratory tests (stress-controlled 
and strain-controlled) as well as field criteria (dynamic modulus -temperature rela-
tions) were considered. Both types of laboratory tests tended to overpredict the life 
to initial cracking. Although comparisons were better for stress- rather than strain-
controlled for the asphalt-base sections, they still were somewhat inaccurate. Com-
parisons for crushed stone were poor. Therefore, prediction of failure for thinner 
asphalt sections may be inadvisable, at least by the use of the approach described. 

In summary, it would appear that prediction of pavement fatigue life is reasonable 
but not entirely accurate, at least with the data and techniques now available. Further 
work may be needed to develop criteria for pavement design with respect to prediction 
and prevention of fatigue distress. 

SUMMARY 

It would appear that much can be gained by observing the behavior of pavements in 
the field and through careful study of specific projects. Fatigue cracking may occur 
in several ways. In general, asphalt concrete surfaces on unbound aggregate bases 
tends to show initial distress through the development of short transverse cracks in 
the wheelpath. Although that is the appearance at the surface, cracks may be much 
more developed on the underside of the asphalt concrete. 

Many pavements showing fatigue distress may have initially been affected by other 
factors that actually served as a catalyst to crack development. For example, cement-
treated base may develop shrinkage cracks that in turn are reflected by the asphalt 
surface and form the beginning of a typical alligator crack system. 

Most pavements tend to deteriorate rapidly once fatigue cracks develop, particularly 
if surface water is available to penetrate into underlying pavement materials. It is, 
however, often difficult to distinguish which comes first: the surface cracking that 
develops into a rutted or surface depression or a weak substructure that permits high 
strain levels to develop in the asphalt layer and thus accelerate fatigue distress. Fur-
ther, it is apparent that considerable range in the service life of pavements exists 
after the surface has developed fatigue cracking. In some instances, the pavement 
structure continues to serve traffic for a considerable length of time after fatigue 
"failure, provided the underlying layers are not disturbed. 
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Figure 25. Laboratory fatigue data and wheel load applications. 
of asphalt sections that showed little crack 
development at surface. 
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subgrade soil stiffness. 
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Base Section 

Base 
Thickness 
(in.) 

Sand asphalt 1 2.0 
2 4.0 
3 6.0 
4 8.0 

Asphalt Concrete 5 0.0 
6 2.0 
7 3.5 
8 5.0 

Crushed stone 9 4.5 
10 7.0 
11 9.5 
12 12.0 C 
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Figure 27. Modulus relations for 
asphalt base courses. 
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Table 2. Predicted and observed performance of pavement sections. 

Repetitione to Failure 
Surface 
and Base Laboratory- Laboratory- 
ThiCkneSs Controlled Controlled 

Base Section (In.) Stress Strain ACtual (5) 

Sand asphalt 1 3 to 2 132,100 162,784' 144,660 
2 3 to 4 190,801' 190,801' 159,789 
3 3 to 6 220,189' 220,189' 175,620 

Asphalt concrete .5 3.1 to 0 153,300 157,100 47,391 
6 3.1to2 164,800 158,137' 148,887 
7 3.3 to 3.5 174,900 170,710' 161,262 

Crushed stone 9 3 to 4.5 147,000 152,700 12,000 
10 3to7.0 150,300 156,700 47,391 
11 3to9.5 153,700 158,000 48,000 
12 3 to 12 156,700 160,100 49,104 

'Further analysis periods are required for the failUre prediction because cycle ratios were less than 0.85 at the end of 
computation. 
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Two extensive test projects have been described that illustrate techniques for de-
veloping potential fatigue prediction procedures. One of those used an in-service pave-
ment and the other a special test track. Both are very comprehensive in that they take 
into account all the variables that were feasible at the time of analysis. 

The project reported by Monismith et al. was an in-service pavement that required 
a careful analysis of traffic loads as well as environment and materials. Characteri-
zation of the pavement structure and fatigue-life determination of the surface asphalt 
concrete were key factors. Once all available data were assembled, the cumulative 
effects of traffic on the pavement for the environmental conditions and the time period 
were estimated. Depending on the assumed influence of repeated traffic loads on fa-
tigue life (in terms of strain in the asphalt-bound layer), a predicted life to failure 
ranged from about 9 to 12 years; the pavement was designed for 10 years according to 
the conventional California method. It would appear from this analysis that a reason-
able estimate of design life in terms of fatigue cracking is feasible if the engineer is 
willing to take the time and care needed to do so. 

The test pavements at the Washington State University test track were really studied 
from 2 standpoints: (a) observation and a limited analysis and (b) a more complete 
analysis based on consideration of all cumulative effects. Terrel and Krukar made a 
brief study in which they compared the number of load applications to initial surface 
cracking with failure expected by theoretically characterizing the pavements (based on 
modulus tests) and using fatigue data (from materials similar to that in the track). A 
reasonable prediction resulted but was inconclusive because of the lack of actual lab-
oratory fatigue performance of the pavement materials used in the test track. 

A more complete analysis of the Washington pavements by Kingham and Kallas prob-
ably lies somewhere between the analysis of the Folsom project and the Washington 
analysis discussed above. Careful characterization of the pavements and materials 
and also fatigue tests were provided. The traffic in terms of applied wheel loads was 
carefully analyzed in conjunction with changes in subgrade moisture and temperature 
(i.e., asphalt stiffness). Each increment of loading was accumulated as damage or 
distress. Predicted failure of the surface in fatigue was then compared with observed 
cracking in the pavements. Predictions for pavement sections with crushed-stone bases 
were poor; those for treated bases were somewhat better, although not so good as might 
have been expected. 

In summary, it would appear that prediction of fatigue failure in actual pavements 
is feasible. However, there appears to be a basic lack of knowledge in the actual be-
havior of pavements under varying loads and environments. That difficulty in charac-
terizing the pavement section, coupled with laboratory fatigue tests of the material, 
still leaves a gap in the understanding of all phenomena involved. Even so, more basic 
studies such as those described here will certainly assist the engineer to gain a better 
grasp of how to incorporate fatigue into a pavement design procedure. 
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This paper summarizes the development of a workable design approach to analyze 
fatigue distress of full-depth asphalt airfield pavements. The design method uses mul-
tilayered elastic theory coupled with a limiting (critical) strain criterion developed from 
analysis of field results from the AASHO Road Test. The solution methodology re-
quires that 2 specific functions be evaluated, for design: the allowable traffic value 
function and the predicted traffic value function. The allowable traffic value repre-
sents the number of equivalent strain repetitions of a standard aircraft that a given 
thickness of full-depth pavement can withstand for a particular temperature and sub-
grade modulus combination. The predicted traffic value represents the number of 
equivalent aircraft strain repetitions estimated to occur during the selected design 
period for a given full-depth thickness. The thickness solution is obtained by the si-
multaneous graphical solution of both traffic value functions. Thickness design curves 
and aircraft equivalency diagrams are provided from which both traffic value functions 
are easily obtained. Design input variables needed for the thickness solution are the 
design subgrade modulus, mean annual air temperature, design period, and aircraft 
traffic forecast. 
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The Asphalt Institute has recently published a revised edition of 
its manual, Full-Depth Asphalt Pavements for Air Carrier Air-
ports (11). A new thickness design procedure based on multi-
layered elastic concepts is introduced in the manual as a workable 
approach to the design of full-depth asphalt airfield pavements (an 
asphalt pavement in which asphalt mixtures are used for all courses 
above the subgrade or improved subgrade). The design procedure 
follows the general concepts of a systems-oriented solution to the 
overall pavement management process in that 2 unique pavement 
distress modes are recognized and considered independently in the 
thickness solution: fatigue of the asphalt concrete layer and per-
manent deformation within the subgrade layer. 

The detailed documentation and analysis leading to the develop-
ment of the overall design method used in Manual Ms-li can be 
found in other reports (17, 18). The purpose of this paper is to 
demonstrate the applicability of the fatigue subsystem distress 
mode, considered in the manual, as a workable design approach. 
Although the paper is confined to airfield pavement design tech-
nology, the concepts presented are generally applicable as a de-
sign approach to highway pavements. 

GENERAL SOLUTION 

Figure 1 shows the thickness design procedure; a separate de-
sign is required for each of the 2 distress mechanisms previously 
described. Within each distress mode, 2 separate analyses must 
be accomplished. The first is termed the "allowable traffic value 
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analysis."  The solution yields the allowable number of strain repetitions of a standard 
aircraft (DC-8-63F) that a given thickness of full-depth pavement can sustain for a 
given distress type and a particular set of subgrade and environmental conditions. The 
second is termed the "predicted traffic analysis." The solution yields the predicted 
number of equivalent strain repetitions of the standard aircraft (DC-8-63F) due to the 
anticipated aircraft traffic mixture forecast for the service life of the airfield pavement. 

The input necessary for the solution of the allowable traffic value analysis is the de-
sign subgrade modulus E. and the mean annual air temperature t for the design location. 
Mean air temperature data for most design locations are readily available through var-
ious weather bureau summaries and do not present any great problem in obtaining that 
design factor. The design subgrade modulus of elasticity E. is determined by 1 of 3 
methods: direct measurement as described in the manual, an approximate relation to 
CBR, or an approximate relation to plate-bearing values. 

The direct determination is made by a repeated load triaxial compression test de-
tailed in the manual. The commonly used method of determining subgrade strength for 
airport pavements, the California bearing ratio (CBR), makes use of the relation 
E. = 1,500 CBR. AASHO Test Method T 193 or ASTM Test Method D 1883 is used for 
the CBR test. Samples are compacted according to method B or D of ASTM Test 
Method D 1557 (AASHO Test Method T 180). 

The requirements for the plate-bearing test are detailed in Manual MS-10. The 
relation to E. is given in the design manual. The test is performed on compacted sub-
grade in trial sections prepared exactly as it will be done for the finished pavement. 

Knowledge of those 2 variables allows one to select the appropriate design chart in 
Manual MS-il for the distress mode considered. A schematic illustration of a typical 
allowable traffic curve is shown in Figure 2a for the fatigue mode of distress for a 
particular E. and t. The curve represents the allowable number of strain repetitions 
Na  of the standard aircraft that a given full-depth pavement thickness can sustain in 
fatigue. 

For the predicted traffic analysis, the requisites for solution are a prediction of the 
specific aircraft types and associated traffic levels of each aircraft within the design 
period evaluated. From that information, the predicted traffic curve can be developed 
from aircraft equivalency diagrams found in Manual MS-il. That curve is shOwn in 
Figure 2b and represents, at a given asphalt concrete thickness TA,  the number of 
equivalent strain repetitions of the standard aircraft caused by the anticipated air-
craft miçture within the design life considered. The thickness solution for the fatigue 
subsyste4n is determined by the intersection of the 2 curves shown in Figure 2c. That 
is, at the design TA  value, the predicted number of equivalent strain repetitions due to 
the mix is equal to the allowable number of fatigue strain repetitions of the standard 
aircraft that the pavement thickness can sustain for the given subgrade and environ-
mental conditions. 

SUMMARY OF FACTORS CONSIDERED 

The mechanics of the general solution provided in Manual MS-il for either distress 
mode are quite straightforward. Required input variables are confined to those nor-
mally needed for most pavement design problems. Hence, the basic approach to the 
fatigue solution presented provides a workable system that can be used with identical 
input parameters required for most empirical design approaches. 

Factors considered in the allowable traffic analysis, which has inputs of E. and t, 
are as follows: 

E, v,  and h = stress and strain states evaluated through multilayered theory and 
used to determine critical horizontal tensile strain values at the 
bottom of asphalt-bound layer; 

N,. - = failure criterion developed from actual pavement performance studies; 
= 1, Miner's hypothesis, used as cumulative fatigue damage model; 

E1-t-f = asphalt concrete characterization, average dynamic modulus-
temperature-frequency response of dense-graded asphalt con-
crete mixtures obtained from laboratory tests; 
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f = design frequency or rate of loading (f = 2 cps) selected as repre-
sentative loading rate of dual tandem standard aircraft gear at taxi-
way speed of 10 to 20 mph; 

mq  = monthly modulus distribution, which accounts for the predicted 
monthly distribution of asphalt concrete modulus for design envi-
ronmental conditions (prediction based on field pavement tempera-
ture studies); and 

E. = subgrade modulus, which accounts for variation in subgrade support 
due to effects of anticipated freeze-thaw conditions of subgrade. 

Factors considered in the predicted traffic analysis, which has inputs of j, p, and 
L, are as follows: 

= aircraft type, which accounts for specific aircraft types in the an-
ticipated aircraft mix; 

p = number of passes, which considers predicted traffic volume levels 
for each aircraft type in the mix; 

Ld  = design life, which allows for design solution to be determined for any 
desired service life; 

S, P, and Pt = aircraft characteristics, which includes the unique load distributing 
characteristics of each aircraft type in the mix, e.g., gear type, tire 
spacings, load per tire, and tire pressure; 

X = point of load application, which accounts for differences between 
aircraft types in the lateral distance between aircraft and main gear 
centerline; and 

= lateral wander effect of channelized taxiway traffic conditions. 

The remaining sections of this paper discuss how those fundamental characteristics 
have been incorporated into the solution of the fatigue subsystem for full-depth airfield 
pavements. 

ALLOWABLE TRAFFIC ANALYSIS 

Allowable Traffic (Fatigue) Expression 

The development of the design fatigue equation (allowable traffic equation) was ac-
complished through a series of multiple regression equations. 

The monthly pavement temperature frequency distribution equation characterizes 
the mean and standard deviation of monthly pavement temperature distribution from 
mean monthly air temperature data. The equation is based on correlation studies 
from field tests in Arizona, Maryland, and New York and is valid only for thick 
(>10.0in.) asphalt concrete layers. 

t=B0 (t) +B1  

a = B 2 	 (1) 

where 

t = mean monthly pavement temperature; 

= mean monthly air temperature; 

= standard deviation of pavement temperature; and 

B0, B1, and B2  = constants with values 1.05, 5, and 5 respectively. 

The asphalt concrete modulus-temperature relation equation predicts the dynamic 
modulus of a dense-graded asphalt concrete mix for a given temperature. The rate of 
loading applicable for the equation is f = 2 cps and is based on regression analysis of 
laboratory dynamic modulus test results. 
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E1=-- 	 (2) 
K1 q 1 

where 

q = pavement temperature; and 
K0, K1, and d1  = constants with values 3.8 x 105, 1.0046, and 1.45 respectively. 

3. The multilayered principal asphalt concrete tensile strain for standard aircraft 
equation predicts the maximum principal tensile strain at the bottom of the full-depth 
pavement due to the standard aircraft (DC-8-63F) at the conditions of h1, E1, and E2. 
Poisson's ratio values used to develop the equation are 0.40 and 0.45 for asphalt con-
crete layer and subgrade soil respectively. 

E = h1A1E1A2E 2A3 	 (3) 

where 

= maximum principal tensile strain at bottom of asphalt concrete 
layer due to DC-8-63F aircraft; 

h1  = thickness of full-depth pavement; 
E1  = modulus of asphalt concrete layer; 
E2  = subgrade modulus of elasticity; and 

M0, Al)  A2, and A3  = constants with values 1.086 x 103, 1.19967, 0.66866, and 
0.320867 respectively. 

4. The fatigue criteria equation predicts the relation between the allowable number 
of tensile strain repetitions to failure and the associated tensile value for a given pave-. 
ment temperature. Criteria were developed from analysis of AASHO Road Test data 
for thick asphalt concrete layers. 

Ntq  =abQ d1(.) 	 (4) 

where 

N 	= number of allowable tensile strain repetitions at pavement tem- 
perature q; 

= as defined in Eq. 3; and 
a, b, c, and d1  = constants with values 1.86351 x 10 1 , 1.01996, 4.995, and 1.45 

respectively. 

The major relation is that noted by Eq. 4, which expresses the fatigue criterion for 
a typical asphalt concrete mixture. Figure 3 shows thatcriterion in terms of mix tem-
perature defined in accordance with Eq. 2. The equations given above coupled with 
Miner's hypothesis for cumulative damage on a monthly basis allowed the development 
of the following basic fatigue equation: 

12 j fm41  K102cqj i\ 
h-T= 	° 	vi 	' 	I 	 •(5) 1 - 	A 	l2aK A2C i 	I 	d ° 	=1 	\ b OE2iA3C 

Equation 5 yields the required thickness of full-depth asphalt concrete TA  for the fatigue 
distress mode for a given allowable number of strain repetitions N, subgrade modulus 
for the i th month E2  i, and monthly temperature data. m41  represents the monthly 
frequency of the ith month that the pavement temperature i will be within a certain 
temperature interval, q1 , ± a. The subscript j denotes the j th pavement temperature 
interval, 10 F. Therefore, even though mean air temperatures are used as input for 
any given month, the solution is based on a predicted normal distribution (frequency) 
of pavement temperatures for that month. A more thorough development and explana--
tion of the equation is given in an earlier report (17). 
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Figure 1. Airport pavement thickness design procedure. 
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Environmental Effects 

The major significance of the model developed is that itallows the effects of monthly 
variations of both predicted temperature distribution and subgrade support values 
tobe investigated. Hence, throughuse of this expression, a comprehensive study was 
conducted to ascertain certain environmental effects on design thickness requirements 
for full-depth pavements. 

A full-depth asphalt pavement possesses load-distributing characteristics similar 
to classical flexible and rigid pavement systems. The behavior is primarily influenced 
by the modulus of the asphalt layer, which in turn is significantly dependent on the 
pavement temperature. The extreme dependency of the elastic layered response 
(stress and strain) to the modulus logically implies that identical full-depth pave-
ments should perform differently in differing environmental situations. 

As an example of this aspect, Figure 4 shows a comparison of predicted yearly 
frequency distribution of moduli for thick asphalt concrete pavements placed in Browns-
ville, Texas, and in Winnipeg, Canada. The difference in the predicted distributions 
is apparent. For example, the mean moduli values are about 250,000 psi for BrownS-
ville and 1,100,000 psi for Winnipeg. The percentage of the year the moduli will be 
above 500,000 psi is about 5 percent in the warm Texas climate and about 75 percent 
in Canada. In concept, if placed in the colder climate, the full-depth asphalt concrete 
modulus will approach values quite typical of that of a rigid pavement condition during 
a larger relative proportion of the year. Conversely, the yearly percentage when the 
asphalt concrete modulus will be in a more flexible state if placed in the Texas loca-
tion should also be readily observable. It is subsequently felt that, for thick asphalt 
concrete pavements, the effect of environment on structural design considerations is 
as important a design variable as subgrade support and traffic. 

Predicted Monthly Damage Percentage 

The design equation developed for the fatigue subsystem allowed the determination 
of the predicted monthly damage distribution for any environmental input; monthly 
temperature and subgrade modulus values are used in the predictions. Figure 5 shows 
the predicted fatigue in Swea City, Iowa. Monthly air temperature values for the site 
were translated into monthly pavement temperature frequencies from Eq. 1. Monthly 
subgrade modulus values were selected based on the anticipated duration of freezing 
and thawing developed from a freezing index analysis of the site. For this case, a nor-
mal modulus E;  of 6,000 psi was selected with a minimum modulus of 0.4 E;  during the 
thaw period and a maximum subgrade modulus of 4.0E2  during the freeze. Monthly 
moduli for the other months were selected by assumingthat a linear relation existed 
between the normal, frozen, and thawed states. 

Also shown in Figure 5 is the distribution of actual pavement failures (main factorial 
study) observed by month at the AASHO Road Test. The temperature and subgrade 
modulus distribution for the predicted damage location, although not identical, is quite 
similar to that found at Ottawa, illinois, the site of the AASHO Road Test. Even though 
the actual distribution of pavement failures is for flexible (granular base) pavements 
and the predicted values are based upon full-depth concepts, the general agreement in 
magnitude and trends is felt to be quite encouraging and supports the basic model used 
in the analysis. 

Effect on Full-Depth Thickness 

The effect of both variable monthly pavement temperature and subgrade values on 
full-depth thickness was determined by an analysis of more than 130 locations in North 
America through a computerized solution of the fatigue equation developed. Figure 6 
shows the results of that study. Data are plotted by the mean annual air temperature 
of each site investigated against a thickness adjustment factor T. That factor is the 
ratio of the thickness obtained by a monthly cumulative damage model for the variable 
monthly conditions to the thickness obtained at a constant subgrade modulus and an 
arbitrarily selected constant pavement temperature of 40 F. 
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Analyses were based on the assumption that the subgrade modulus would be constant 
throughout the year and would also vary because of freeze-thaw conditions in accordance 
with the procedure previously described. The results of that study show that, for the 
constant yearly subgrade modulus condition, greater full-depth thicknesses are re-
quired for colder conditions because of fatigue cracking within the asphalt-bound layer. 
However, when variable subgrade conditions are introduced to take into account monthly 
variations in modulus due to anticipated freeze-thaw states, thickness requirements 
generally occur below that shown for a constant subgrade condition corresponding to a 
mean annual air temperature of approximately 40 F. 

The explanation for that occurrence is that during cooler periods, although tensile 
strains are more critical, the probability of a very stiff subgrade due to frozen con-
ditions may be large. Therefore, the large frozen subgrade modulus results in ex-
tremely smaller tensile strains, than would be obtained at the normal or constant sub-
grade modulus. Dempsey and Marek also found that to be conceptually true in their 
theoretical study of the bidaily radial stress and strain predictions of several test 
sections of the AASHO Road Test (10). Based on a combined heat-transfer model for 
evaluating the temperature regime and frost-line position in the pavement system and 
an elastic layer model for stress and strain determination, they found that during most 
of the frozen subgrade period the horizontal state of stress and strain existing at the 
asphalt concrete base interface was either close to zero or actually transferred into a 
compression phase. 

Based on that analysis, the T limits selected for use in Manual MS-li are also 
shown in Figure 6. The lower limit of the adjustment factor used (TF  = 0.866) cor-
responds to a mean annual air temperature of approximately 60 F. That arbitrary 
limit was selected primarily on the basis of a conservative safety factor. 

Effective Temperature Concept 

One of the important features of the developmental work leading to the fatigue sub-
system design in Manual MS-il, and one with extreme practical applications, is that 
of the effective temperature concept (17). An effective pavement design temperature 
q is defined as the unique pavement temperature at which the allowable number of 
strain repetitions to failure, obtained by using the variable monthly design equation, 
is equal to the failure repetitions obtained from Eq. 4 at q = q; the tensile strain 
value for the design load is calculated from multilayered theory at an asphalt concrete 
modulus corresponding to a temperature of q. 

Figure 7 shows the relation between the mean annual air temperature for the design 
location and the effective pavement temperature to be used for the fatigue criterion. 
Figure 8 shows the relation between the mean annual air temperature and the effective 
asphalt concrete modulus to be used in the multilayered analysis of the tensile strain. 

Example Problem 

The significance of using the thickness adjustment factor T, and the effective tem-
perature q methods to obtain an identical solution to the fatigue problem is demon-
strated in the following example. 

A full-depth pavement is to be analyzed for fatigue of the asphalt pavement layer. 
The subgrade modulus is 7,500 psi. The design aircraft is a DC-8-63F (358,000-lb 
max gross weight). Poisson's ratios of the asphalt and subgrade layers are 0.40 and 
0.45 respectively. The mean annual air temperature at the design location is 60 F. 

In the thickness adjustment factor analysis method, the basic fatigue criterion is 
always defined as q = 40 F by fatigue Eq. 4. Likewise, the asphalt concrete modulus 
used to evaluate the tensile strain is always 1,450,000 psi. A multilayered analysis 
using the Shell BISTRO computer solution for the design aircraft and h1  = 20 in., 
E1  = 1,450,000 psi, v, = 0.40, E2  = 7,500 psi, and v2  = 0.45 resulted in a maximum 
principal tensile strain of 137 gin. /in. Based on q = 40 F and E = 137 x 10_6  in. /in. 
from Eq. 4, the number of strain repetitions to failure for the fatigue distress mode 
is approximately 20,000. The design mean annual air temperature is 60 F, and the 
T value for that location is T = 0.866. Therefore, the acutal full-depth thickness 
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that would sustain 20,000 repetitions to failure would be ha  = h1(T) = 20(0.866) = 17.32 in. 
In summary, a full-depth pavement 17.32 in. thick placed in a design locale having a 
mean annual air temperature of 60 F would be able to withstand approximately 20,000 
strain repetitions of a DC-8-63F aircraft. 

In the effective temperature concept analysis procedure, data shown in Figures 7 
and 8 are used to determine the effective pavement temperature for use in the fatigue 
equation and the effective asphalt concrete modulus to be used in the multilayered anal-
ysis of the tensile strain. For a design air temperature of 60 F, q = 62 F (Fig. 7). 
The effective asphalt concrete modulus E. is approximately 600,000 psi. For com-
parable conditions of the problem solved by the Tr  method, the multilayered input used 
is h1  = 17.32 in., E1  = 600,000 psi, v1  = 0.40, E2  = 7,500 psi, and v2  = 0.45. The multi-
layered analysis of the DC-8-63F aircraft with the Shell BISTRO computer solution 
results in a tensile strain value of 280 pin. /in. Therefore, the allowable number of 
strain repetitions to failure by fatigue Eq. 4 with q = 62 F and E = 280 x 10_ 6  in. /in. 
is 19,513.5 or 19,500. That value compares quite well with the 20,000 strain repeti-
tions predicted by the TF  method. 

Typical Fatigue Curves 

Based on the concepts presented, full-depth design curves for the fatigue distress 
mode developed by the T analysis are presented in Manual MS-li. A typical set of 
those curves is shown in Figure 9. The curves already incorporate the required thick-
ness adjustment factor. The number of strain repetitions refers to the standard aircraft. 

As noted previously, the only input needed for the solution of the allowable traffic 
curve is the mean annual air temperature and design subgrade modulus. A typical 
allowable traffic curve (fatigue mode only) is shown in Figure 10 for E. = 15,000 and 
t = 50 F. The TA  values were obtained for the various strain repetition curves at an 
E. = 15,000 psi from the 50 F design curve shown in Figure 9. 

PREDICTED TRAFFIC ANALYSIS 

Predicted Traffic (Fatigue) Expression 

The allowable traffic curves previously presented express the thickness of full-depth 
pavement necessary to prevent the fatigue mode of distress for any desired number of 
strain repetitions of a standard aircraft. The aircraft selected as the standard for use 
in Manual MS-il is the DC-8-63F (358-kip maximum gross weight). The DC-8-63F, 
therefore, is the airfield design counterpart of the familiar 18-hip axle load used as 
the standard design vehicle in many highway pavement design methods. Because a 
standard aircraft is used, the effects of differing aircraft types on the cumulative fa-
tigue damage are incorporated into the fatigue subsystem through the use of aircraft 
equivalency factors, which indicate the relative damage caused by any particular air-
craft to that caused by the standard aircraft. 

Unlike most highway considerations, the analysis of mixed airfield traffic possesses 
3 important characteristics that distinguish it from the typical equivalency analysis 
commonly used in highway applications. 

Each aircraft type has its own unique load-transmitting system; that is, the 
family of aircraft main gears comprises differing tire spacings, gear types, locations, 
gear loads, and tire pressures. That contrasts with the typical grouping of most high-
way vehicles in that the primary variable is a rather restricted range of axle loads, 
while tire pressures, spacings, and gear types vary over a relatively small range and 
may, for the most part, be considered as constants among vehicular types. 

In highway pavements, the lateral wander effect of moving vehicles is extremely 
small and can be effectively assumed to be nonexistent. This implies that one pass, 
or movement, of a highway vehicle will cause one strain (stress or damage) repetition 
at the critical design location. However, airfield design studies have indicated that 
lateral distribution of aircraft should be considered for a more accurate estimate of 
the traffic analysis (4, 13, 14). Even for channelized taxiway conditions, N passes of 
an aircraft may not yield 9--strain repetitions at the maximum damage location but 
rather some defined percentage of that value. 
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in multilayer analysis for evaluating critical 
tensile strain. 
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3. The final difference between the 2 types of analysis is the mean lateral location 
of the point of load application. In highways, the mean location is slightly more than 
2 ft from the pavement edge and is assumed to be equal for all vehicular types. In 
airfield analysis, the distribution of aircraft is centered about the pavement centerline 
(taxiway or runway). For that situation, it is obvious that the point of maximum dam-
age due to the main gear loads will differ significantly among the aircraft types be-
cause of inherent differences (6 to 19 ft) in the transverse spacings between aircraft 
and main gear centerlines. Consequently, 2 aircraft having those pronounced dif-
ferences in gear locations and moving directly along the taxiway centerline would not 
cause strain or damage repetitions at the same location. 

The aircraft traffic mixture analysis used in Manual MS-li incorporates each of 
the characteristics. That results in a method that allows the determination of both 
the maximum anticipated number of equivalent DC-8-63F strain repetitions and the 
transverse taxiway location where that maximum damage will occur. 

The design expression developed to account for the predicted mixture of aircraft 
traffic in the fatigue design of the critical taxiway is 

J 
n=maxI pJ fJX Fib 	 (6) 

j =1 

where 

ne  = the maximum (design) equivalent DC-8-63F strain repetitions predicted across 
(transverse) the taxiway; 

pj  = number of taxiway passes of the j th aircraft; 
f 	= transverse distribution factor that relates the frequency percentage of tensile 

strain repetitions at the x th lateral taxiway interval (1 ft wide) due to the j th 
aircraft; 

F 	= equivalent aircraft damage factor of the j th aircraft on a full-depth pavement 
h thick (in this paper, the factor relates the equivalent damage only due to the 
fatigue mode of distress); and 

h = constant. 

A detailed development of Eq. 6 can be found in another report (18). 
Figure 11 shows, in schematic form, the basic concepts behind the equivalent 

damage equation: the frequency of strain repetitions along the taxiway for the 2 air-
craft and the number of strain repetitions occurring along the taxiway due to p passes 
of each aircraft type. The product of the strain repetitions at a given interval with the 
equivalent damage factor yields the number of equivalent repetitions of the standard 
aircraft along the taxiway for each aircraft. Summing the equivalent repetitions, at a 
given interval for both aircraft, gives the cumulative distribution of equivalent rep-
etitions across the taxiway. That is shown by the diagram at the bottom of the figure. 
The maximum value and its corresponding location yield the desired a  value of the 
design equation. 

In the design expression, the aircraft passes are data input determined from an 
analysis of the anticipated aircraft traffic for the airfield in question. The solution, 
therefore, depends on the establishment of the transverse distribution factor f1,, and 
the equivalent aircraft damage factor Fib  for the specific aircraft in the mix. 

Characteristics of Design Expression 

Transverse Distribution Factor f1  

The f factor represents the frequency of strain repetitions at the taxiway interval; 
x = (a - b) for the specific aircraft in question. That factor accounts for the lateral 
wander distribution a  of channelized taxiway traffic and the lateral distance between 
aircraft and main gear centerlines X1  for each specific aircraft type. The fundamental 
concept behind the f j,, factor is that the lateral distribution of the maximum principal 
tensile strain is normally distributed and can be characterized by u = ±X1, o for all 
aircraft. 
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Studies have shown that, for channelized taxiway traffic, o.. is approximately 40 in. 
or about 3.5 ft. Because X1  is unique for each aircraft type, the continuous normal 
distribution defined by those parameters can be translated into discrete frequency 
values f', taken at 1-ft-wide taxiway intervals by the probability equation 

a_b)Pr (a<x<b)=Pr (x>a)Pr (x>b) 	 (7) 

Those discrete frequency values would be equivalent to the f value provided the 
width of the distressed region (strain width) is exactly 1 ft. That, however, is not the 
case for almost all aircraft. As a simplifying assumption, the effective width of the 
principal horizontal tensile strain at the bottom of the asphalt layer was selected to be 
equal to 2S (where S is the center-to-center spacing between outermost tires, in trans-
verse direction, of the aircraft main gear). That assumption gives very excellent 
agreement with a more detailed study conducted by Deacon (4) using the actual variable 
transverse strain distribution for multiwheel aircraft. A further discussion of that 
comparison is given in another report (18). 

Use of the foregoing assumption, coupled with the normal distribution characteri-
zation parameters previously defined, allowed the determination of f3 ,, factors for 22 
selected jet aircraft. Table 1 gives those values at selected taxiway intervals for the 
aircraft noted. The practical interpretation of the table is that, if 100 passes of a 
DC-9-41 aircraft occurred on a taxiway, 21 tensile strain repetitions (DC-9-41) would 
occur at a location ±12.5 ft from the taxiway centerline. 

Equivalent Damage Factor Fib  

The Fib value indicates the unit damage caused by the j th aircraft relative to the 
unit damage caused by the standard s aircraft. For the fatigue distress mode, the Fib  
factor is Rc,  where R = (Et1/Et,), the ratio of the maximum principal tensile strain of 
the j th aircraft relative to the maximum principal tensile strain of the standard air-
craft evaluated under identical multilayered pavement conditions, and c represents 
the slope of the allowable fatigue criterion noted in Eq. 4. 

The maximum principal tensile strain in the asphalt-bound layer in a full-depth 
pavement is a function of 

ct  = f(j, h1, E1, E2)  v1, v2) 	 (8) 

For a given aircraft type and constant Poisson's ratio values of 0.40 and 0.45 for the 
asphalt and subgrade layer respectively, the tensile strain and, hence, R value are 
analytically functions of the thickness h1  and layered moduli values E1  and E2 . 

A multilayered study was undertaken to ascertain to what degree, if any, those 
variables influenced the R1  value. Figure 12 shows a partial summary of the R1  re-
sults developed. The major conclusion that can be drawn from that study is that, for 
all practical purposes, the F1  factor is a function only of the asphalt concrete pave-
ment thickness h1. Because the particular set of moduli values used for both layers 
appears to be insignificant, the Fib values for fatigue distress are also applicable for 
layered systems comprising more than 2 layers. Similar conclusions have also been 
independently obtained by Deacon (4). 

Fib  values for the fatigue mode of distress for the 22 aircraft previously given in 
Table 1 were computed from multilayered theory by the use of the Shell BISTRO com-
puter program. Individual aircraft gear characteristics were used for each layered 
input solution to determine the maximum principal tensile strain value. Constant 
layer moduli of E1  = 500,000 psi and E2  = 7,500 psi were selected for all problems 
analyzed. However, to take into account the effect of varying stress pulses (load fre-
quency) on E1  at a constant temperature, triple tandem aircraft gears were analyzed 
at an E1  = 420,000 psi (approximately 1 cps), and dual tire aircraft gears were analyzed 
at an effective E1  = 600,000 psi (approximately 4 cps). The standard aircraft has a dual 
tandem gear configuration corresponding to a frequency of about 2 cps for the design 
taxiway velocity chosen. Table 2 gives the Fib  values for the selected aircraft. The 
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Table 1. fix  values for Aircraft 0-1 Ft 4-5 Ft 8-9 Ft 12-13 Ft 16-17 Ft 20-21 Ft 24-25 Ft Max 
various intervals from 
taxiway centerline. B-747 0.45 0.68 0.62 0.45 0.68 0.59 0.18 0.71 - B-747F 0.45 0.68 0.62 0.45 0.68 0.59 0.18 0.71 

B-707-320C - 0.15 0.52 0.60 0.23 0.02 - 0.64 
B-707-120B - 0.15 0.52 0.60 0.23 0.02 - 0.64 

B-720 - 0.11 0.44 0.51 0.18 0.01 - 0.54 
B-727-200 0.05 0.28 0.62 0.47 0.12 - - 0.66 
B-737-200C 0.05 0.30 0.56 0.30 0.04 - - 0.56 
CV-990 - 0.14 0.42 0.36 0.09 - - 0.46 
CV-880M 0.01 0.17 0.44 0.32 0.06 - - 0.46 
L-500 0.01 0.22 1.00 1.66 1.24 0.36 0.02 1.66 
L-1011-8 - - 0.06 0.38 0.71 0.49 0.11 0.71 
L-1011-1 - - 0.06 0.38 0.79 0.72 0.27 0.83 

DC-10-30CF - - 0.09 0.44 0.81 0.67 0.23 0.84 

DC-10-10 - - 0.09 0.44 0.81 0.67 0.23 0.84 

DC-8-63F - 0.15 0.48 0.48 0.15 - - 0.56 

DC-8-61 - 0.15 0.48 0.48 0.15 - -. 0.56 
DC-9-41 0.07 0.29 0.46 0.21 0.02 - - 0.46 

DC-9-15 0.07 0.29 0.46 0.21 0.02 - - 0.46 

Concorde - 0.03 0.24 0.46 0.24 0.03 - 0.46 

BAC-1-11-500 0.14 0.36 0.42 0.14 - - - 0.46 

VIS-810 - 0.03 0.21 0.33 0.15 0.01 - 0.33 
SE-210-6R 0.03 0.19 0.36 0.19 0.02 - - 0.36 

Figure 11. Schematic 	 FREQUENCY 	 STRAIN REPETITION EQUIVALENT STRAIN 
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interpretation of the data given in Table 2 is that an L-1011-8 aircraft is about 4 times 
(3.843) as damaging in the fatigue mode of distress as the DC-8-63F on a 20-in, full-
depth pavement. 

Methods of Solution 

Manual Version 

For a given aircraft type, the predicted traffic equation is 

ne  = Pjf3XFJh 	 (9) 

That equation, in logarithmic form, is linear with a slope of 1, and the intercept is de-
fined by a unique combination of j,  h, and x. 

log n = log p + log C 	 (10) 

where C = fJ XF3h. 
The form of Eq. 10, which is valid for all aircraft, enables aircraft equivalency 

diagrams to be developed that relate the number of equivalent DC-8-63F tensile strain 
repetitions to the number of taxiway passes of the aircraft in question. Each relation 
defined is for a unique interval x and asphalt concrete thickness h1. 

That is the method presented in Manual MS-li for the solution of the predicted 
traffic equation. A typical fatigue equivalency diagram from the manual is shown in 
Figure 13 for the L-1011-8 aircraft. Similar diagrams for all 22 aircraft given in 
Table 1 are presented for asphalt concrete thicknesses of 10, 30, and 50 in. A simple 
solution to determining the predicted traffic values is given in Manual MS-li; work 
sheets are included for use in a step-by-step solution. 

Computerized Version 

Although the equivalency diagrams previously discussed can be used for any antici-
pated aircraft mixture, their use becomes quite laborious when many different air-
craft types, traffic volumes, and design periods are evaluated. To alleviate that 
situation, a computer program was developed for the solution of any aircraft mix-
ture forecast within the service life of the full-depth pavement. That program, it-
self, forms one of the subroutines of The Asphalt Institute's full-depth airfield design 
computer program. 

The only input required by the design engineer is a traffic forecast of the aircraft 
types and estimated number of taxiway passes of each aircraft anticipated during given 
time intervals (5-year period) up to the service life. The program computes the dis-
tribution of the standard aircraft strain repetitions along specified taxiway intervals 
for asphalt concrete thicknesses of 10, 20, 30, and 40 in. for both modes of distress 
and determines the maximum design strain repetition value and transverse location 
of that maximum damage for the input data. An example illustrates the use, results, 
and interpretatipns of the program. 

Table 3 gives a typical format entry of the input data. The numbers represent the 
anticipated number of taxiway passes within a 5-year period for each aircraft. The 
designer has complete flexibility to incorporate anticipated increases or decreases in 
traffic volume by aircraft type or take into account future aircraft types within the 
total forecast. 

Figure 14 shows a plot of the typical output for the given aircraft mixture. The 
results shown are only for h1  = 10 in., 20-year service life, and asphalt concrete 
tensile strain (fatigue) mode of distress. For those conditions, the maximum num-
ber of DC-8-63F strain repetitions due to the mix is approximately 130,000, and the 
maximum damage location occurs at about ±9.5 ft from the taxiway centerline. 

Table 4 gives the summary version of the program output data. That portion sum-
marizes the maximum strain repetitions and location of maximum damage, 4 levels of 
asphalt concrete thickness, and a 20-year service life. Similar results are also 



Figure 13. Typical aircraft fatigue equivalency 
diagram. 
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Table 2. F1h values for various asphalt concrete pavement 

thicknesses. 

Aircraft 10 In. 20 In. 30 In. 40 In. 50 In. 

L-500 0.368 0.721 1.098 1.49 1.832 
B-747-F 0.594 1.383 2.197 3.045 3.742 
8-747 0.392 0.876 1.970 2.158 2.393 
L-1011-8 1.692 3.843 6.234 8.542 10.863 
DC-10-30 0.594 0.843 1.000 1.096 1.229 
DC-10-10 0.700 0.736 0.824 0.752 0.796 
L-1011-1 0.619 0.707 0.938 0.716 0.698 
Concorde 0.820 1.432 1.665 2.335 2.652 
DC-8-63F 1.000 1.000 1.000 1.000 1.000 
B-707-320C 0.480 0.639 0.772 1.000 0.994 
DC-8-61 0.635 0.626 0.652 0.638 0.602 
B-707-120B 0.158 0.189 0.233 0.255 0.270 
CV-990 0.277 0.446 0.547 0.606 0.698 
B-720B 0.113 0.149 0.180 0.198 0.211 
CV-880M 0.134 0.166 0.188 0.195 0.220 
B-727-200 0.645 0.303 0.172 0.119 0.088 
DC-9-41 0.264 0.076 0.037 0.022 0.015 
B-737-200C 0.126 0.047 0.024 0.015 0.013 
SE-210-6B 0.013 0.012 0.013 0.011 0.013 
BAC-1-11-5 0.291 0.063 0.026 0.014 0.009 
DC-9-15 0.084 0.026 0.011 0.007 0.005 
VIS-810 0.069 0.015 0.006 0.003 0.002 

Table 3. Taxiway passes for various service-life 

intervals. 

0-5 5-10 10-15 15-20 
Aircraft Years Years Years Years 

DC-8-63F 2,000 3,000 5,000 8,000 
DC-8-61 10,000 10,000 8,000 8,000 
DC-9-41 9,500 12,000 13,500 16,000 
DC-9-15 6,500 7,000 7,500 8,000 
B-707-120B 7,500 6,000 5,000 4,000 
B-720 2,000 2,000 2,000 2,000 
8-727-200 40,000 50,000 65,000 80,000 
B-737-200C 8,000 10,000 12,000 15,000 
CV-880M 8,000 7,000 6,000 5,000 
BAC-1-11 . 2,000 1,500 1,500 1,000 



Figure 14. Computer program results of aircraft traffic mix analysis. 
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Table 4. Maximum equivalent DC-8-63F strain repetitions at 

various depths through year 20. 

Analysis 

Asphalt 
Concrete 
Thickness 
(In.) 

Taxiway 
Interval 
(ft) Max 

Asphalt concrete tensile 10 9 to 10 137,103 
strain 20 9 to 10 77,896 

30 9 to 10 57,101 
40 9 to 10 48,362 

Subgrade vertical strain 10 9 to 10 134,099 
20 9 to 10 30,262 
30 9 to 10 20,162 
40 9 to 10 18,122 
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Figure 15. Predicted traffic value curve. 
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Figure 16. Solutions of full-depth asphalt concrete thickness requirements to satisfy 

fatigue distress mode. 
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generated for service lives of 5, 10, and 15 years for the mixture and allow the de-
signer to use the traffic forecast for staged-construction purposes. The availability 
of the program allows a rapid method of analyzing even the most complex aircraft 
traffic mixtures. The final predicted traffic curve, for the fatigue mode of distress, 
for the data given in Table 6 is shown in Figure 15. 

SUMMARY 

The solution of the predicted traffic value curve allows the final design thickness 
requirement for the fatigue distress mode to be determined from the allowable traffic 
value results. The solution is made by a simultaneous graphical solution of both traf-
fic value curves. Figure 16 shows the solution for the subgrade modulus and tem-
perature data shown in Figure 10 and the 20-year design analysis for the aircraft mix 
given in Table 3. 

For that problem, the full-depth thickness requirement for the fatigue mode of 
failure is 18.0 in. That thickness requirement only satisfied the fatigue criterion, and 
another separate analysis has to be made to determine the thickness requirements to 
satisfy the permanent deformation (subgrade shear failure) mode of distress. The 
final design thickness requirement would be the larger of those 2 values. 
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Elastic theory and 40 years of empirical flexible pavement design in Kentucky have 
been joined into the design system presented in this paper. A brief discussion is pre-
sented of the coupling mechanisms relating experience to theoretical analyses. An 
annotated design procedure is presented as a guide for pavement designers. Design 
nomographs account for a wide range of input parameters and permit the designer a 
wide choice of alternative thickness designs. 

rn  Am 

James H. Havens, Robert C. Deen, and Herbert F. Southgate 
Kentucky Department of Highways 

The approach to a structural engineering problem is to resolve an 
equation of equilibrium and an equation of failure. The simplest 
equilibrium equatiOns are found in elastic theory. The simplest 
failure equations are statements of phenomenological strengths. 
A rational design criterion for pavements must be compatible with 
all past experience and performance histories. In fact, collec-
tively, those experiences are the best available equations of failure. 
Empirical design systems qualify abundantly in this way. 

Many logic statements may be needed to transform empirical 
parameters into classical units and to bring experiences into con-
formity with strict mechanistic disciplines. When they are so 
transformed and anomalies are resolved, the predictive capabili-
ties of the mechanistic theory stand confirmed; and the schema is 
claimed to be rational. Indeed, an enabling element in this venture 
was the Chevron computer program (1) to solve N-layered, elastic 
theory problems. The empirical resources were contained in a 
well-developed, experience-tested, equivalent wheel load (EWL)-
California bearing ratio (CBR)-thickness design criterion or sys-
tem (2, 3, 4). 

FI ErntHe mechanistic point of view, load-deflection relations 
outwardly portray the composite stiffness or rigidity of pavement 
systems. Contrary to general impressions, surface deflection is 
not a discrete, limiting parameter. Stresses and strains in the 
subgrade soil and in the extreme fibers of bituminous concrete 
layers constitute overriding, fundamental limits. Therefore, 
thickness design criteria cannot be based directly on deflection 
spectra. 

It is historically evident that many pavements fail through fa-
tigue and creep. In the fatigue domain, the state of strain and 
stress or both is computable from elastic theory. Obviously, it 
is necessary to resolve a suitable fatigue diagram. Customarily, 
fatigue diagrams are in terms of either controlled strains or con-
trolled stresses. Creep alludes to the mechanism of rutting and 
is most easily handled in a separate analysis. In that instance, 
creep, or rutting, is handled empirically. 

130 
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DEVELOPMENT OF DESIGN PROCEDURE 

The controlling, empirical model in this instance was the 1958 Kentucky design 
curves shown in Figure 1 (4). It involved 3 parameters and 3 layers. By convention, 
the total thickness has been proportioned to be approximately 1/3  asphaltic concrete and 
2/3 crushed rock base. Control points were selected for matching and balancing the 
elastic theory and fatigue analyses. Analysis of computer (Chevron program) results 
prevailed in the rightward portion of Figure 1, that is, to correct earlier errors in 
judgment in placing the design curves. Of course, the objective was to reconstitute 
those curves through theory (5, 6). Layer moduli and thicknesses were arrayed, and 
many solutions were obtainednumerous influence graphs were plotted. The necessary 
input assumptions are given below. 

E1  (modulus of elasticity of layer 1) ranged from 150,000 to 1,800,000 psi. The 
effective moduli of asphalt-bound layers depend on the pavement temperature and time 
of loading. Subgrade strains are critical when the asphaltic layer is warm and its 
modulus of elasticity is relatively low. On the other hand, strains in the asphaltic layer 
are critical at lower temperatures when its modulus is relatively high. 

Poisson's ratio of layer 1 = 0.40. Dormon and Edwards (7) have reported that 
Poisson's ratio of such materials varies from 0.35 to 0.45. 

E2  (modulus of elasticity of layer 2) = F x CBR x 1,500, where F is found from 
curves shown in Figure 2 (5, 6, 8); note that F = 1 when E1 = E2  = E3. Heukelom and 
Klomp (9) have shown that thieRective elastic moduli E2  of granular base courses 
tend to be related to the modulus of the underlying subgrade soil. The ratio of the base 
modulus to the subgrade modulus is a function of the thickness of the granular base, and 
in situ test results show that the range of that ratio is generally between 1.5 and 4.0. 
A value of 2.8 was selected in this study as being typical at a CBR of 7 (Fig. 2). 
Comparison of the 1958 Kentucky design curves and field data (4) indicated that this 
assumption was reasonable. It was further assumed that the ratio of E2  to E3 would be 
equal to one when E1 = E2  = E3. The curves shown in Figure 2 were then obtained by 
assuming a straight-line relation on a log-log plot. A review of the literature (10, 11) 
indicated that curves shown in Figure 2 give reasonable values for good quality gran-
ular bases within a range of practical design situations (CBR < 20); and, therefore, 
they were used throughout the analysis here to relate the modulus of the granular base 
to the subgrade support values. E2  values are a function of E1  and E3  only. 

Poisson's ratio of layer 2 = 0.40. Again, Dormon and Edwards (7) have reported 
Poisson's ratio of 0.35 to 0.45. 	 - 

E3  (modulus of elasticity of layer 3) = CBR x 1,500. Conversion from laboratory 
soil strength values to theoretical moduli of subgrades was aided by Heukelom and 
Foster (12), who developed a relation suggesting the subgrade modulus (in psi) is ap-
proximai1y equal to the product of the CBR and 1,500. Heukelom and Klomp (9) also 
indicated that this relationship is an acceptable approximation for evaluating subgrade 
moduli and provides a simple and practical approach to this estimation, at least for 
CBR's up to about 20. 

Poisson's ratio of. layer 3 = 0.45. Dormon and Edwards (7) indicated Poisson's 
ratio for subgrade materials on this order. 	 - 

Tire pressure = 80 psi. Many firms in Kentucky indicated that they operated 
their trucks with a tire pressure of 80 psi. 

A summary of the derivation of the fatigue criterion follows. 

Kentucky EWL's (equlvalent 5,000-lb wheel loads) were transformed into EAL's 
(equivalent 18-kip axle loads) (5, 6) by EAL's = 2-directional Kentucky EWL's/32. 

The criterion concerning limiting strains in the asphaltic concrete was based on 
interpretative analyses of other work (13). Van der Poel (14, 15) indicated that a safe 
limit for asphalt was in the order of 1 

10-3at  30 F. Becãiisisphaltic concrete con-
sists of approximately 10 percent binder by volume, that fixes the safe strain level of 
asphaltic concrete at 30 F in the order of magnitude of 1 x 10. Others (7, 13, 16, 17) 
have established (by interpretative analyses of pavements and fatigue testdt) tHatTiFie 
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magnitude of asphalt strain EA  to ensuring 1 x 106  repetitions at 50 F was 1.45 x io. 
Limiting values of strain (all at 50 F) as a function of number of repetitions N of the 
base load (18-kip axle load in EAL computations) as given by Dormon and Metcalf (17) 
can be represented by the equation log CA = -3.84 - 0.199 (log N - 6.0). Other fatigii 
curves representing other temperatures, i.e., other values for E1, were derived from 
curves shown in Figures 3 and 4. The relations given by Kaflas (18) between tem- 
perature and E1  provided guidance at this stage. 	 - 

Some investigators suggest a fatigue diagram of the load-log N type. Fatigue the-
orists (19, 20, 21) have suggested and shown in certain instances that a log load-log N 
plot is more realistic. Pell (20) suggested an equation of the form N = K'(1/ç, where 
n is the slope of the log E1-log N plot and K' is a constant. Pell (20), Deacon (19), and 
others have suggested that the value of n lies between 5.5 and 6.5 äiid is a functi6h of 
the modulus of the asphaltic concrete. Peil's work further suggested that the family 
of curves relating log CA to log N for different E1 values is parallel. The use of such 
a relation in this study produced such irrational results (as E1  decreased, the total 
pavement thickness decreased) that an alternative relation was sought. 

By plotting (to a log-log scale) the 18-kip tensile strain versus the tensile stress at 
the bottom of the asphaltic layer, we noted that for a given E1  the curves depicting 
structural influences appeared to converge to a single point near a strain of 2 x 10-3  
(Fig. 3). By extrapolating Dormon and Metcalf's data (17), represented by the equation 
given above, to a value of N = 1, we found the asphaltic Ensile strain to be 2.24 x 10r3. 
That strain was thus taken to be the limiting or critical asphaltic tensile strain for a 
single application of a 9-kip wheel load. By constructing lines tangent to the strain 
versus stress curves at a strain of 2.24 x 10, we obtained modulus lines representing 
the limiting relations for asphaltic strain versus stress— independent of structural in-
fluences. The stress-strain ratios shown in Figure 3 are in terms of bulk moduli (E1  = 

0.6K1, where K1  is the bulk modulus). 
For a total pavement thickness consisting of 33 percent asphaltic concrete thickness 

(with a modulus of 480 ksi, typical of pavements in Kentucky), it was observed that the 
tensile strain at the bottom of the bound layer for a CBR of 7 and total thickness of 23 in. 
(control pavement) was 1.490 x iO'. The traffic associated with that control point was 
8 x 106  EAL's. In Figure 3, a line drawn perpendicular to the line for an asphaltic con-
crete modulus of 480 ksi, as determined above, at a strain of 1.490 x 10-4 intersected 
the other asphaltic moduli lines at strains that were assumed to be critical strains at 
8 x 106  EAL's. Based on a straight-line variation between log LA and log N, the curves 
shown in Figure 4 were obtained as representing the critical asphaltic concrete strains. 

The limiting asphaltic stress-strain curves shown in Figure 3 are shown again in 
Figure 5. For any given modulus of asphaltic concrete, the limiting strain for a single 
application of a catastrophic load [EAL = N(1.25) 18], where P is the axle load in kips 
(5, 6), is taken to be 2.24 x 10'. As shown in Figure 4, another known point of limiting 
trin falls on the line perpendicular to the stress-strain curves for 8 x 106 repetitions. 

Based on a logarithmic scale between these 2 points, the lines of equal numbers of rep-
etitions shown in Figure 5 are obtained. The limiting asphaltic concrete tensile strain 
for any combination of number of repetitions and modulus of the asphaltic concrete can 
be read from curves shown in Figure 5 and are the same as those shown in Figure 4. 
The curves shown in Figure 5 converge to a common strain value at N = 1. That is a 
unique feature in the development of the schema. The convergence allows stress to 
proportionalize according to modulus when a limiting catastrophic strain is respected, 
regardless of modulus. 

3. It was observed from computations and analysis (5) that the vertical strain at the 
top of the subgrade E for the control pavement (CBR 7, 23-in, total pavement thickness, 
i.e., 7.7 in. of asphaltic concrete and 15.3 in. of crushed stone base) was 2.400 x iO. 
A review of other work (10, 17) also indicated that an Es  of 2.400 x io for 8 x 106  18.ijp 

axles would provide a hiWdree of assurance against rutting; that value was thus as-
signed to csg  at 8 x 106  repetitions and a wheel load of 9 kips. Analysis of elastic theory 
computations throughout a spectrum of pavement structures resulted in the curves 
shown in Figure 6 (5, 6). Figure 7 was then prepared and can be used to determine the 
limiting vertical strains at the top of the subgrade for various equivalent single wheel 
loads and thus for various values of accumulative EAL's. 
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Figure 1. 1958 Kentucky flexible pavement design curves. 
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4. To complete the fatigue analysis required that results be plotted in terms of 
modulus values, layer thicknesses, and so on from influence graphs, satisfying limiting 
strains. That was done for the following proportions of T1  and T2: Ti = 1/3 T and T2  = 

%T,T1 ='/2 T and T2 =Y2 T,T1 = 3/4 T and T2 ='/4 T, and Ti=T and T2 =0. T1 =thick-
ness of layer 1, T2 = thickness of layer 2, and T = total pavement thickness. Coaxial 
graphs, shown in Figures 8, 9, and 10, were drawn to permit continuous interpolations. 

DESIGN PROCEDURE 

Design Period (and Design Life) 

The design life is the time period of useful performance and is normally considered 
to be 20 years. Pavements may be designed for an ultimate 20-year life but be con-
structed in stages. Low-class roads may be designed in stages or merely designed for 
a proportionately shorter life. Usually it will not be practical to design pavements for 
low-class roads to last 20 years. Economic analysis or limitations of funds may dictate 
the design period. 

Traffic Volume Information 

Normally, traffic volumes are forecast in connection with needs studies and in the 
planning stages for all new routes and for major improvements of existing routes. 
Whereas anticipated traffic volume is an important consideration in geometric design, 
the composition of the traffic in terms of axle weights, classifications, and lane dis-
tributions is essential to the structural design of the pavement. Traffic volumes used 
for EAL computations should, therefore, be reconciled with other planning forecasts of 
traffic. Historically, actual growths of traffic have exceeded the forecasts in the ma-
jority of cases. Overriding predictions of traffic volumes may be admissible for pur-
poses of EAL estimates when properly substantiated. Moreover, the design life of the 
pavement may differ from the geometric design period. 

If only the beginning and twentieth-year AADT is furnished, it may become necessary 
to request a listing of AADT estimated for each calendar year; otherwise, a normal 
growth curve must be assumed. In the absence of specific guiding information, a con-
stant yearly increase factor may suffice, typified by the compound interest equation 

A = p(1 + i) 

where 

A = AADT in the nth year, 
P = the beginning AADT, 
i = yearly growth factor, and 
n = number of years from the beginning. 

Thus, the AADT for each year may be calculated and then summed through n years; or 
an "effective" AADT may be calculated as (P + A)/2, which, when multiplied by the 
number of years, yields a cursory estimate of the total design-life traffic. 

Design EAL'S 

Heretofore, the Kentucky design system was based on EWL's. The present system 
is based on EAL's. That transformation was made for the sake of unifying design prac-
tices and standardizing definition of design terms. EAL's are defined here as the num-
ber of equivalent 18-kip axle loads (22). 

Basically, the computation of EAL's involves, first, forecasting the total number of 
vehicles expected on the road during its design life and, second, multiplying by factors 
to convert total traffic to EAL's (23). Of course, that is obviously an extreme sim-
plification. More ideally, the yearly increments of EAL's could be calculated and 
summed; that approach would permit consideration of anticipated changes in legal weight 
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Figure 8. Nomograph for analysis of vertical compressive strains at top of 
subgrade and tensile strains at bottom of asphaltic concrete layer comprising 
33 percent of total pavement thickness. 
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limits, changes in style of cargo haulers, and changes in routing. If a design life of 
fewer than 20 years is to be considered or if staged design and construction is foreseen, 
the EAL value for the respective design period is determined. 

The EAL's so determined are gross, 2-directional values that must be reduced to 1-
directional values. When more than 2 lanes in each direction are involved, additional 
factors appropriating EAL's among the lanes will be necessary. No guiding values 
may be cited, but such values should be available from the planning study report. The 
necessity of those factors is apparent: It is customary to design all lanes like the most 
critical one; adjacent lanes of different thicknesses might result in complicating con-
struction procedures. The validity of such a line of argument, however, may be subject 
to question in the future (24). 

Design CBR 

CBR test values (3) reflect the supporting strength of the subgrade. Moreover, the 
test procedure intenfionally conditions the soil (by soaking) to reflect its least or mini-
mum supporting strength; that is presumed to be representative of the soil strength 
during sustained wet seasons when the ground is saturated or nearly so. At other 
times, the soil may be much stronger; and pavements thereon would be capable then of 
withstanding heavier loads. If pavements were not designed for the minimum capabili-
ties of the foundation soil, it might be necessary to impose further restrictions sea-
sonally with respect to single axle loads in order to prevent premature and catastrophic 
failures. However, a pavement should be designed so that it will perform adequately 
throughout the design period when seasonal variations are considered. To the extent 
that such performance is represented, the empirical curves shown in Figure l(and thus 
the corresponding empirical expressions of failure criterion) represent such designs. 

The CBR value does not ensure immunity against frost heave even though it may 
have a compensating effect in the design of the pavement structure. Greater pavement 
depths are required for low-CBR soils than for high-CBR soils, and it is usually the 
low-CBR soils that are more sensitive to frost. A high type of pavement is normally 
of sufficient thickness that the supporting soil lies below the freezing line (in Kentucky). 
However, because of the thermal properties of the constituent materials of the pave-
ment, frost penetration in the pavement may be greater than in the adjacent soil mass. 
For thinner pavements, the supporting soil is well within the frost zone; therefore, the 
pavement structure providing the greatest template depth is preferred. Pavements less 
than 6 in. in thickness or having less than 4 in. of asphaltic concrete should be regarded 
dubiously from this point of view. It is recommended that soil having a CBR of less than 
2 be considered ineligible and unsuitable for use as pavement foundation. 

Soil surveys may indicate wide variations in CBR along the length of a specific route. 
It is presumed that adequate pavement thicknesses will be provided throughout the 
project. The designer must, therefore, consider the contiguity of the soils and perhaps 
sectionalize the project according to minimum CBR. The designer must respect all 
minimums, or else some sections of pavement will be underdesigned; overdesigns must 
be admitted as a natural consequence therefrom. The designer is privileged to decide 
whether to require an intervening low-CBR section to be upgraded to the same quality 
as that of abutting high-CBR sections or make a separate design for the low-CBR sec-
tion. Of course, the designer should consider the relative economics of the 2 alterna-
tives, but he may also consider continulty and uniformity of pavement section and con-
struction control as pertinent factors. Usually it will be found impractical to vary the 
design thickness within short distances. 

Asphaltic Concrete Modulus of Elasticity 

Generally, design systems do not account for the possible range of values of the 
modulus of elasticity of bituminous concrete. That has generally proved to be more 
than adequate because such design systems have been applied to rather limited situa-
tions in which the stiffness characterization of bituminous mixtures actually used in 
practice falls within a very limited range. The effective moduli of asphalt-bound layers 
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depend on the pavement temperature and time of loading. As design systems begin to 
take into account to greater degrees the range of pavement temperatures and times of 
loading, the modulus of the bituminous concrete mixture becomes more and more sig-
nificant. 

Initial and preliminary analysis of the performance of Kentucky flexible pavements 
(thickness being 1/3  asphaltic concrete and 2/3  crushed stone base) in comparison with 
theoretical computations indicates empirically that the bituminous concretes used in 
Kentucky typically have an apparent modulus of elasticity of about 480,000 psi; that 
corresponds to the modulus at 64 F (the mean annual pavement temperature) obtained 
from an independent correlation between modulus and average pavement temperature. 
Weighting distributions of pavement temperature of more than 64 F for various thick-
nesses of asphaltic concrete suggest that 76 F might be considered an equivalent 
"design" temperature for full-depth asphaltic concrete pavements. 

Designs with lesser proportions of the total thickness being asphaltic concrete might 
be expected to be less sensitive to rutting of the asphaltic concrete than full-depth de-
signs. The reduced susceptibility might be considered as an increase in the effective 
modulus of elasticity of the asphaltic concrete. Correlating the mean pavement tem-
perature with the modulus of elasticity of the asphaltic concrete according to Southgate 
and Deen (25) makes it possible to determine and plot (Fig. 11) the moduli corre-
sponding to 64 F (thickness being 1/3 asphaltic concrete) and 76 F (full-depth asphaltic 
concrete). Based on a straight-line relation, the change in asphaltic concrete modulus 
as the temperature sensitivity to rutting varies is described as shown in Figure 11. 
Designs obtained by the use of modulus values shown in Figure 11 would surely per-
form at least equal to current designs (employing usual proportions of dense-graded 
aggregate base and asphaltic concrete surface courses). Other more refined weight-
ings should be regarded as admissible. 

Alternative Pavement Thicknesses 

If the design EAL is known, the limiting subgrade strain can be determined from 
curves shown in Figure 7. Likewise, Figure 5 shows the limiting asphalt tensile strain 
values. If a design is desired for an asphaltic concrete with a modulus other than the 
4 specifically shown in Figures 8, 9, and 10, it will be necessary to know the limiting 
asphaltic concrete strain for each of the 4 modulus values so that interpolations can be 
made later. 

Enter the top portion (for asphaltic strain control) of Figure 8 at the design 
CBR. Draw a line vertically to limiting strain values (from Fig. 5) for each E; mark 
each point (Fig. 12). 

Draw horizontal lines from each of the points obtained above to the respective E1  
modulus quadrants, and mark the point at the appropriate strain values. 

From those points, draw lines vertically, and mark points on the turning lines. 
From those points, draw lines horizontally, and read TA values for each E1 mod-

ulus on the thickness scale. 
Repeat step 2 but use the lower portion (for subgrade strain control) of Figure 8. 

Only one value of limiting subgrade strain is given for a fixed value of repetitions and 
is independent of E1  moduli. 

Draw a horizontal line to the right through all 4 quadrants and locate the strain 
value in each quadrant. 

Repeat steps 4 and 5 to obtain values of T3  for each E1  modulus. 
Plot each design total thickness from steps 5 and 8 (arithmetic scale) versus 

log E1  modulus, and fit a smooth curve to the points as shown in Figure 13. 
Repeat steps 1 through 8 and use Figures 9 and 10. 
From Figure 13, read the total thickness TA for each ratio of thickness of as-

phaltic concrete to total thickness, and plot the resulting total thickness values (arith-
metic scale) versus log of percentage asphaltic concrete thickness as shown in Figure 
14. Repeat this step and use T3  from Figure 13. 

Select from Figure 14 the final design total thickness values for TA  and T2  for 
the desired ratio of asphaltic concrete thickness to total thickness. 



Figure 10. Nomograph for 
analysis of vertical compressive 
strains at top of subgrade and 
tensile strains at bottom of 
asphaltic concrete layer 
comprising 100 percent of total 
pavement thickness. 
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Figure 13. Total pavement 
thickness, TA and Ts, as function 
of asphaltic concrete modulus. 

Figure 14. Total pavement 
thickness, TA and Ts, as 
function of ratio of thickness 
of asphaltic concrete to total 
thickness. 
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If the design EAL is 4 x 106  or greater, the design total thickness for each E1  
modulus is the greater of TA and T,. If the design EAL is 7.81 x 10 or less, the total 
thickness design is TA. 

Rutting of Subgrade 

Whereas the respective design curves provide equal assurances against rutting 
throughout all ranges of EAL's, greater rutting is tacitly and progressively admissible 
in some inverse relation to EAL's. It has been presupposed that no additional rutting 
should be allowed in pavements having design EAL's equal to or greater than 4 x 106.  
On the other hand, it seemed that a pavement having a design EAL equal to or less than 
7.81 x 103 might be allowed to rut in a completely uncontrolled manner. Weighting the 
intervening curves in relation to EAL's permitted construction of a nomograph (Fig. 15) 
for those designs where rutting criteria control. It is suggested that this weighting be 
respected in an advisory way. It may be violated permissively in either direction, 
provided the fatigue limit of the asphaltic concrete layer is respected. 

Figure 15 is used to adjust for rutting when the design EAL is more than 7.81 x io 
and less than 4 x 106.  The final design thickness adjusted for rutting is obtained from 
the following procedure: 

For the desired ratio of asphaltic concrete thickness to total thickness shown 
in Figure 14, read the total thickness (TA for asphaltic concrete strain control), and 
mark on scale 1 in Figure 16. Draw a straight line from TA on scale 1 through the 
design EAL value on scale 2, and mark the intersection point on line 3. 

For the desired ratio of asphaltic concrete thickness to total thickness shown in 
Figure 14, read the total thickness (T, for subgrade strain control), and mark on scale 1. 
Draw a straight line from T, on scale 1 through the design EAL value on scale 4, and 
mark the intersection point on line 5. 

Connect the intersection points on lines 3 and 5 by a straight line, and read the 
final adjusted design thickness on scale 6. 

CONCLUDING REMARKS 

To determine pavement thicknesses from the nomographs similar to those shown in 
Figures 8, 9, and 10, one must know design EAL's, CBR of the subgrade soil, and mod-
ulus of elasticity of the asphaltic concrete. Such a set of nomographs permits selection 
of pavement structures employing alternative proportions of bituminous concrete and 
crushed stone base. Total thickness varies according to the proportion chosen. How-
ever, the choice may not be made arbitrarily or trivially. It is implicitly intended 
that the final selection also be based on additional engineering considerations such as 
estimates of comparative construction costs, compatibility of cross-sectional template 
and shoulder designs, uniformity of design practices, highway system classifications, 
engineering precedence, and utilization of indigenous resources. Designs based on 
33 percent and 67 percent proportions of bituminous concrete (asphaltic concrete mod-
ulus of 480 ksi) and crushed rock base respectively conform with the department's 
current design chart, representing current, conventional, or precedential design. The 
nomographs (Figs. 8, 9, and 10) represent theoretical extensions of conventional designs 
and, from a theoretical standpoint, provide equally competent structures. 
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This paper deals with an application of the principles and concepts of fracture me-
chanics to the problem of cracking of flexible pavements under repeated loading. A 
brief discussion of the relevant principles of fracture mechanics is presented, and a 
summary is given of the theoretical and experimental work done at Ohio State Uni-
versity. The advantages and disadvantages of the method are discussed, and future 
developments are outlined. 
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The term "fatigue" is always associated with damage or deterio-
ration under repetitive loading that eventually leads to cracking 
and sometimes catastrophic failure of the structural component. 
It implies a process of localized progressive structural change 
occurring in a material subjected to fluctuating stress that gen-
erally results in the lowering of the resistance of the material to 
subsequent stressing. 

Fatigue is now recognized as a phenomenon of a highly com-
plex nature, and it is generally accepted that no single theory can 
deal with all the relevant aspects of the problem. Ultimately many 
disciplines must be drawn together to develop a unified theory. 

Existing theories tend to tackle the problem from only 1 of 3 
points of view: statistical mechanics, microstructural, and con-
tinuum mechanics. 

The statistical mechanics approach considers the problem on 
the basis of the kinetic concept of the mechanism of fracture that 
involves the breakage and reformation of atomic bonds by stress 
and thermal fluctuations, the accumulation of rupture bonds re-
sulting in loss of stability, and eventually breakdown. That approach 
leads to quantitative results but suffers from the lack of consider-
ation of the mechanics of the microstructures and the geometrical 
and boundary effects. 

Microstructural theories describe the mechanism of crack ini-
tiation and growth. The type of microstructure of the material, 
crystalline or amorphous, and the loading conditions are con-
sidered. They tend to be qualitative because geometrical and 
boundary conditions are ignored. 

The continuum mechanics approach is the most powerful. It 
considers the localized nature of the problem, the geometrical 
and boundary conditions, and conforms as closely as possible to 
the microstructural theories that are known to explain correctly 
the mechanism of fatigue. 

The phenomenon of fatigue failure is associated with the concept 
of "damage" or those material changes that lead to formation of 
macroscopic cracks and subsequent structural instability. The 
occurrence of fatigue failure is a result of 2 separate processes: 
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damage initiation and damage growth. The occurrence of those 2 processes in a ma-
terial system results in a gradual weakening of the structural components. However, 
the failure state is not reached until the damage approaches a critical level. In short, 
damage initiation and growth are necessary but not sufficient conditions for the oc-
currence of fatigue failure. In fact, damage growth in a material body can be arrested 
during the course of repeated loading before reaching the threshold of instability. The 
arrest of the damage can occur because either the applied load cannot furnish sufficient 
energy required for growth or other changes in the material body and boundary condi-
tions alter the state of stress distribution in the structural component. 

The processes of crack initiation and growth differ among various materials. Be-
cause of the presence of inherent flaws, it is reasonable to expect a crack to initiate at 
the first few cycles of load application (1) in certain alloys, plastics, polymers, and 
heterogeneous compositions such as asplialtic materials. The statistical distribution 
of such internal discontinuities can, in fact, account for statistical variations in the 
fatigue life. 

The process of crack growth has been discussed by various theories, but fundamen-
tally it is related to the deformation occurring at the tip of discontinuities and is as-
sociated with the energy balance in those regions. The work of external forces in the 
regions of discontinuity is divided into stored elastic energy, the energy required for 
irreversible changes in the material body as viscous or plastic flow, and the surface 
energy required to form a crack. The rate of crack growth then depends entirely on 
the energy balance, and the path it follows is governed by the minimum energy re-
quirement. 

During the cyclic deformation process, the tip of the zone of discontinuity blunts and 
resharpens, resulting in crack growth through the body (Fig. 1). That process con-
tinues until a crack of critical size has been reached, and the induced state of stress 
results in structural instability or terminal event of fracture. 

Although the crack growth is discontinuous, it is assumed to be continuous to justify 
the use of the continuum mechanics approach. The problem of the initiation of crack 
growth and fracture belongs to the domain of fracture mechanics. 

The development of fracture mechanics followed from Griffith's classical theory for 
brittle materials. Subsequently, Irwin and Kies proposed that a modified Griffith theory 
could be employed widely in fracture- strength analysis in the presence of substantial 
amounts of plastic strain as long as fracture occurred in advance of general yielding. 

Modern fracture mechanics owes its development to Irwin, who proposed the concept 
of the stress- intensity factor. In 1957 he observed that all crack behavior could be 
classified into 3 distinct modes according to whether the resulting displacements con-
tribute to the opening (mode 1), in-place sliding (mode 2), or tearing (mode 3), or modes 
of relative displacement of the crack surfaces (Fig. 2). The 3 modes are necessary 
and sufficient to describe all the possible modes of crack behavior in the most general 
state of elastic stress. 

It follows naturally that each of the crack movements is associated with a stress 
field in the immediate vicinity of the crack tip. The distribution of stress in the vicinity 
of the crack tip is basically a problem in the mathematical theory of elasticity in which 
it can be shown that all crack-tip stress fields exhibit inverse square root singularities. 
Thus, for small-scale yielding (i.e., for a small plastic zone as shown in Fig. 1), the 
stresses in the vicinity of the crack tip can be expressed as follows for open mode 1: 
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There are similar expressions for the other 2 modes involving K11  and K111. 
The parameters K1, K11, and K111  are called the stress- intensity factors and clearly 

govern the magnitude of the local stresses in the vicinity of the crack tip. 
The validity of the stress field is confined to an annular zone around the leading edge 

of the crack. The zone lies beyond the zone of plastic and nonlinear strains but does 
not extend beyond distances from the crack tip smaller than the crack and specimen 
dimensions. 

The utility of the elastic stress field analysis lies in the similarity of the near crack-
tip stress distributions for all configurations with the same stress -intensity factor; i.e., 
2 bodies with cracks that are of different size and have different manners of load appli-
cation but are otherwise identical will have identical near crack-tip deformation fields 
if the stress- intensity factors are equal. Or, in the words of Irwin, "The point of view 
so far represented is that of an imaginary small observer looking outward from the 
crack edge plastic strain zone, and [being] unable to distinguish whether an increase 
in the surrounding stresses arises from an increase in the applied load or from an in-
crease in the size of the crack" (1). 

The stress- intensity factor K has also been shown to be related to the Griffith strain 
energy release rate G as follows: 

K2 = GE 

1 - 

for the plane strain, and 

K2  = GE 

for the plane stress. G = 6W/6c, the strain energy release rate, may also be con-
sidered as the crack extension force. Thus, K is seen to be a powerful parameter for 
it not only governs the magnitude of the stress field- in the vicinity of the crack in ac-
cordance with the load, size of crack, and geometrical and boundary conditions but 
also is proportional to the force tending to cause crack extension. 

It was not surprising, therefore, that in 1957 Irwin wrote that a substantial fraction 
of the mysteries associated with crack extension might be eliminated if some estimates 
of the stress conditions near-the loading edge of the crack were made in terms of the 
stress- intensity factor. 

However, it was not until 1961 that Paris, Gomez, and Anderson (2) first introduced 
the application of the stress- intensity factor to fatigue crack propagation rates. In 
1963, Paris and Erdogan (3) found from experimental data that the crack propagation 
rate, dc/dN, was proporti6hal to the fourth power of AK for a number of materials. 
This law of crack growth is expressed as dc/dN = AK, where A is a material constant 
and n=4. 	 - 

Later, the fourth-power relation was justified by consideration of the energy absorp-
tion within the entire plastic zone ahead of the crack tip (4). Rice (5) also derived Paris 
and Erdogan's expression by a rigid plastic model, which assumes plastic deformation 
is limited to a strip of material ahead of the crack tip. 

It is clear from the discussions given above that the stress- intensity factor is the 
dominant parameter controlling the crack growth in a pavement, and therefore it is im-
portant to be able to determine its value, both theoretically and experimentally, for all 
modes of cracking in pavements as well as 2-dimensional simplifications used for sim-
ulation in laboratory experiments. The available theoretical solutions and experimental 
methodology are discussed in the following section. 

DETERMINATION OF THE STRESS-INTENSITY FACTOR 

To determine the stress- intensity factor K for a given crack size and specimen ge-
ometry, analytical methods have been developed for various boundary conditions. 

The K-value for a simply supported beam with a central load was solved by Winne 
and Wundt and by Gross and Srawley (6). The results of their analysis are shown in 
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Figure 3. Finite element method has been used to develop a similar nondimension-
alized relation among stress-intensity factor K, load, and beam geometries. 

The K-value for a beam supported on an elastic foundation with a central load was 
obtained by the boundary collocation method. The solution is given in another paper (7). 
Similarly, a finite element program has been developed to calculate K for any crack - 
size. 

The solution for the stresses in a slab with a semi-infinite crack supported on an 
elastic foundation was obtained by Williams, Ang, and Folias (8). From that solution, 
the K-values under a moving load were obtained as given e1sehere (7). 
.1 The stress-intensity factor K for any type of loading, crack patteri, and geometry 
can be determined experimentally by a very simple procedure. That is done by mea-
suring the change in the deflection as the cracks grow and by applying the formula 

K2 	
P2E 

= 
2(1 - v2) ôc 

where 

P = load, 
E = Young's modulus, 
L = compliance, or inverse slope of the load-deflection diagram, and 
c = crack length. 

EXPERIMENTAL CHARACTERIZATION OF PAVEMENT SYSTEMS 

In the research work carried out at the Ohio State University, the applicability of the 
theory to asphaltic materials has been examined in the light of 2 very important as-
sumptions made in the theoretical concepts: 

The material must be homogeneous, isotropic, and essentially elastic-plastic, and 
The size of the plastic zone at the tip of the crack must be small in comparison 

to the crack and specimen dimensions. 

The first assumption is one that is generally accepted for asphaltic materials. With 
regard to the second assumption, the size of the plastic zone r7  can be calculated from 
the formula 

1 (K)
2 

 r7  = - 
21T 

where o = yield stress in tension. 
Using that estimate of the size of the plastic zone, Srawley and Roberts (9) established 

criteria for the crack length, width, and depth of beam to ensure plane strain conditions 
and the applicability of linear elastic fracture mechanics. The criteria state that both 
the crack depth and width of the beam should exceed 

2.5 
(2  

\ c7 / 

For a pavement, the theory is applicable if the thickness of the asphaltic layer is 
greater than 1.25 (Ki/a7)2. For typical highway mixes, that criterion is satisfied even 
for pavement layers smaller than 1 in. and for the heaviest loads; therefore, from a 
practical point of view, we may say that linear elastic fracture mechanics is always 
applicable. 

The results of experiments conducted at Ohio State University were reported in 
other papers (10, 11, 12, 13). The following salient points were made in those papers. 

1. Tests on simply supported beams of sand asphalt beams tested at 23 F (10) showed 
that the rate of crack propagation dc/dN correlated well with the stress-intensity fac-
tor K in accordance with Paris' law 
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dc 
= AK4  

where A is a material property. 
The beams failed when the crack reached the critical crack length Cf correspond-

ing to the critical stress- intensity factor Kic. K1c  is the failure criterion for both mono-
tonic fracture and fatigue and is a material property. 

The fatigue life Nr  of the beam may then be expressed as 

Cf  

Ni = 
 f

-!_dc 
AK4  

co  

where c0  is the starter flaw. The starter flaw is a material constant but is subject to 
statistical variation and is believed to be principally responsible for the statistical 
variation of fatigue life. 

Tests on simply supported sand asphalt beams (11) at 77 F showed that there was 
considerable interaction between creep and fatigue. The amount of creep was mini-
mized and more realistic conditions were simulated when the beams were supported on 
an elastic foundation. Both controlled stress. and controlled strain types of loading 
were used. 

The results of the tests on the beams supported on an elastic foundation provided 
further verification of the crack propagation law and of the fact that the starter flaw 
was indeed a cbnstant for the material. Furthermore, the prediction of the fatigue life 
was independent of the method of loading (controlled strain or controlled stress). That 
effect is fully accounted for by changes in the stress- intensity factor due to changes in 
the load. 

The experiments on asphalt concrete beams (12) supported on an elastic founda-
tion also showed excellent correlation with the cracigrowth law. The asphalt concrete 
mix was a typical Ohio Department of Highways 404 mix containing 6.5 percent asphalt 
content with both 60-70 and 85- 100 penetration asphalt. 

Sand asphalt slabs 44 in. in diameter were tested on an elastic foundation by an 
MTS machine (7). The amount of cracking and the crack pattern were obtained by X-ray 
photography. The cracks originated at the bottom and grew radially. Eventually cir-
cumferential cracks that originate at the top appeared. The completion of the circum-
ferential crack marked the end of the experiment. The crack pattern is shown in Fig-
ure 4. 

The results provided further verification of the validity of the crack propagation 
law: dc/dN = AK4. The value of A was approximately the same as the value deter-
mined for the sand asphalt beams of the same composition as the slabs, showing that 
A was indeed a property of the material. 

The foregoing principles can now be applied to the design and analysis of pavements 

OUTLINE OF METHOD OF ANALYSIS AND DESIGN OF MULTILAYERED 
PAVEMENT SYSTEMS AGAINST FATIGUE DISTRESS 

Inevitably pavement design against fatigue distress involves many complex and in-
terrelated factors. The foregoing theoretical and experimental work established that 
the rate of crack propagation in a pavement could be expressed in terms of the proper-
ties of the component layers and the geometrical and boundary conditions. Thus, any 
variation in the material properties during the life of the pavement is automatically ac-
counted for, providing that such variation can be ascertained in a quantitative sense. 

Changes in Young's modulus E and Poisson's ratio ii of the asphaltic layer due to 
temperature, speed, and aging would also influence the fatigue behavior of the pave-
ment with regard to the stress distribution and the effect on the crack growth constant A. 
Those effects must be ascertained with proper consideration to the environmental and 
climatic conditions. Similarly, the effects of changes in the subgrade support due to 
moisture content variation must be estimated. 
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However, a number of important factors contributing to the fatigue life of a pavement 
have not been considered. Foremost among those are the cumulative effects of random 
loading and the effects of the interaction of rutting on cracking. Both of those topics 
are now the subjects of continuing research at Ohio State University. Recent results 
show that the effects of random loading can be largely accounted for by a simple modi-
fication of the concepts given above. 

Of secondary importance is the effect of rest periods. Laboratory tests conducted 
at room temperature show that rest periods may be beneficial to fatigue due to healing. 
In practice, however, healing may not take place because of dust and water that may 
enter through the top cracks. 

Within those concepts and within those limitations the following method of analysis 
and design is proposed. 

Materials Characterization 

Determine from laboratory tests which materials will be used for the base course 
and subgrade, and select a suitable asphaltic mix for the surface layer. Evaluate from 
standard test methods the properties E and v for each layer and the modulus of subgrade 
reaction k as a function of temperature, frequency, aging index, and moisture content 
where applicable. 

From fracture tests on beams of the same asphaltic mixture as the surface course, 
determine the critical stress-intensity factors K1c  and K2c  as functions of temperature, 
frequency, and aging index. 

From fatigue tests on the asphaltic beams supported on an elastic solid, deter-
mine the constants A1  and A2  in the crack propagation law dc/dN = A1K + A2K as func-
tions of temperature, frequency, and aging. Determine also the range and distribution 
of the experimental constant c0 . 

Analysis and Evaluation 

The basic principle of the fatigue analysis is that damage will be proportional to the 
average of the fourth power of the rises and falls in the load-time history of random 
loading (13) as shown in Figure 5. The exact damage per passage of axle load dc/dN 
is expressed by 

dc 
- = A1K + A2K 42 
dN 

where K1  and K2  = average of the rises and falls of the stress-intensity factors cor-
responding to the peak-to-trough rises and falls in the K-time histories. 

Obtain the components of the stress-intensity factors K1  and K2  for a pavement 
slab for any configuration of wheel loads, for any size and location of crack, and for 
any combination of the thicknesses and material properties of the component layers. 
Typical influence lines for K1  and K2  for a semi-infinite crack for a full-scale pave-
ment are shown in Figure 6. 

Determine the fatigue crack propagation in the pavement by determining the size 
and distribution of starter flaws c, in the pavement. For a typical pavement the lateral 
distribution of wheel loads may be assumed to be as shown in Figure 7. Evidently the 
fastest crack growth will take place under the greatest concentration of loading be-
cause the stress-intensity factor is highest there. Thus, the cracking will be assumed 
to be primarily along the wheel track and perpendicular to it as shown in Figure 7. 

Determine the size of starter cracks along the line of cracking by applying sta-
tistical analysis to laboratory tests on specimens prepared in the laboratory or cut out 
from the pavement at regular intervals or by cutting out continuous specimens in the 
wheel track over a distance equal to the shortest distance over which the distribution 
of c0  will be repetitive. Only the upper range of c0  values will be of practical interest 
because for exceedingly small values the crack will not propagate to the surface in the 
design period of the pavement. 
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Figure 5. Load-time and K factor-time history of random loading. 
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Confining attention to the growth of the cracks in a small representative section 
of the pavement, obtain the value of K1 and K2  for each crack. For simplicity it will be 
assumed that the distribution of the cracks is such that there is no interaction. 

Integrate the rate of crack propagation numerically for 1 passage of the load 
train, and obtain the increment of damage. Damage is defined as the length of crack 
inclusive of the plastic zone formed at the crack tip or, for simplicity, as the length 
of crack. Thus, the increment of damage 4c is 

Ac =[( 1 )4 + A2(K)] 

where K19  and K = averages of the rises and falls of the influence lines for K1  and K2  
respectively of the stress-intensity factor for each crack for the pth axle load. 

Increase the length of the cracks, and compute K1 and K2  again. If the maximum 
values of K1  and K2  exceed Kic and K2, the critical values of K, for any axle loads in 
the load train, the cracks will propagate rapidly and the pavement will be considered 
to have failed. If not, then increase each crack length by the increment of damage c, 
and repeat the procedure. 

For each location of the assumed starter flaws, compute at reasonable intervals 
the length of longitudinal and transverse crack, and determine the total area of cracking 
as the product of the sum of the longitudinal cracks and the average length of the trans-
verse cracks. 

Thus at regular intervals the maximum values of K1  and K2  and the total area of 
cracking will be known. If K1  and K2  exceed the critical values of Kjc  and K2, then the 
pavement will fail by rapid crack extension. On the other hand, K1 or K2  may never 
exceed Kic  or K2c  even if the length of cracks becomes exceedingly long. In such cases 
it is convenient to adopt the suggestion of Zube and Skog that, when the alligator type 
of cracking exceeds 10 percent of the total area, the pavement should be considered to 
have failed. 

In this discussion, longitudinal and transverse cracks have been considered as the 
primary mode of crack propagation. In reality, of course, cracks in other directions 
and parallel to the main cracks will also develop rapidly into the well-known alligator 
pattern (hexagonal-shaped cracks). The alligator pattern may be deduced directly from 
the Griffith theory of fracture, which requires that the total surface energy expended 
to form new surfaces must be a minimum. It seems mathematically that this condition 
is best satisfied for hexagonal-shaped cracks rather than triangular-, quadrilateral-, 
or pentagonal-shaped cracks. 

Once the primary mode of crack propagation has reached an advanced stage, the 
secondary and tertiary modes of cracking leading to the completion of the alligator 
pattern will follow in rapid succession. Thus, the definition of the failure criteria 
based on the primary mode of crack propagation is sufficiently accurate to obtain an 
estimate of the service life. Should the pavement design prove to be unsatisfactory, 
a new design must be made and the analysis for the service life repeated. 

Load Equivalency Factors 

From the theoretical relation dc/dN = AK4  and the fact that K is proportional to the 
load P, the load equivalency factor for single axle loads is proportional to the fourth 
power of the load (but may be somewhat higher because of the effects of random load-
ing). The load equivalency factor for tandem axles depends on the spacing of the axles 
and the shape of the influence line of K as the loads move across the crack. 

As an illustration, consider 2 pavement sections, shown in Figures 8 and 9, that have 
about the same structural capacity (by the AASHO design method), but different relative 
stiffnesses. The influence lines for K for an 18-kip single axle and a 36-kip tandem 
axle load moving directly over a longitudinal crack 2 ft long are also shown in Fig-
ures 8 and 9. 
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Figure 7. Typical lateral distribution of wheel loads in pavement and assumed idealized 
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The load equivalency factor, defined as the destructive ratio or crack ratio produced 
by 1 passage of the axle load as compared to an 18-kip single axle load can be obtained 
by taking the ratio of the fourth power of the rises and falls in the influence lines for K. 
Applying that criterion shows that the factor changes from 1.62 to 2.0 as the relative 
stiffness of the pavement decreases. 

ADVANTAGES OF MECHANISTIC METHOD 

The prediction of the fatigue life of pavements from laboratory tests is independent 
of the mode of loading or the specimen geometry. Those effects are completely ac-
counted for by the stress-intensity factor. 

Failure is defined realistically as follows: (a) failure by rapid crack propagation 
occurs when the stres s- intensity factor for a particular crack approaches the critical 
stress-intensity factor and is most likely to occur under very heavy loads, thick asphalt 
layers, and brittle mixes; or (b) failure occurs when the area of cracking (obtained 
directly from the computations) exceeds 10 percent of the total area of the pavement. 

Load equivalency factors for any type of loading can be obtained by a simple and 
reasonably accurate procedure. 

Statistical variations are explained by the basic concepts of the method. 
The effect of variables other than the bending stress, e.g., the modulus of the 

foundation and the thickness of the asphaltic layer, is accounted for. 

DISADVANTAGES OF MECHANISTIC METHOD 

To predict the area of cracking requires that the K-value be obtained for the 
actual crack pattern. However, solutions have been obtained only for 2-dimensional 
cases and certain simplified crack patterns such as a semi-infinite crack, a semi-
circular crack, or a very short crack for 3-dimensional cases. That represents the 
main difficulty in applying the method to obtain realistic crack patterns in pavements. 
Some type of numerical or finite element solution is required. 

The computational time is at present lengthy, but simplifications could be intro-
duced to reduce this to an acceptable time. 

FUTURE DEVELOPMENT 

A solution to obtain the K-value for all types of crack patterns is required. 
There is need for the development of a theoretical solution to account for the 

effects of the interaction between cracking and rutting due to repeated loading. 
The effects of random loading and of the various properties of the asphaltic mix-

ture on fatigue need further investigation. Some of this work is being done at Ohio State 
University. 

CONCLUSIONS 

The crack propagation theory, dc/dN = AK4, satisfactorily explains the fatigue 
performance of bituminous pavements; the stress-intensity factor K is the dominant 
parameter controlling crack growth, and A is a constant of the bituminous material. 
The theory applies only for plane strain conditions; that is when the thickness h of. the 
bituminous slab exceeds 1.25 (Kic/a7)2, where Kic  is the critical value of K1, and a., is 
the yield strength. 

The critical stress-intensity factors Kic  or K2c  are the failure criteria for low 
temperatures or thick slabs. For higher temperatures or thin slabs, failure may be 
considered to have taken place when about 10 percent of the total surface area is cracked. 

The load equivalency factor, defined as the destructive ratio when compared to 
an iB-kip single axle load, is proportional to the fourth power of the axle load for single 
axle loads; but, fortandem axle loads of equal magnitude, it is dependent on the spacing 
between the axles and the relative stiffness of the pavement. The load equivalency 
factor can be determined by taking the average of the fourth power of the peak-to-trough 
rises and falls in the K-time history. 
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The bending stress a in the bituminous slab is not a sufficiently good parameter 
to describe the fatigue behavior of pavements, for it cannot account for the cracking 
and the subsequent redistribution of the stress. The stress- intensity factor K fully 
accounts for those effects; in general, K is a function of the bending stress, the crack 
length in the pavement, the relative stiffness of the pavement, and the geometrical and 
boundary conditions. 

Finally, when one knows the traffic loading and the variation of material proper-
ties E, ii, A, Kic, and K2c  due to temperature, moisture, and aging index during the ser-
vice life of the pavement and also the magnitude and distribution of the starter flaws c0, 
a reasonable estimate of the service life can be obtained by the method outlined. 
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H. Y. Fang, Fritz Engineering Laboratory, Lehigh University 

The authors have attempted to apply the theory of classical fracture mechanics for 
predicting the fatigue life of flexible pavements. Most of the material in the paper is 
concerned with the review of the elementary concept of fracture mechanics based on 
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the stress- intensity factor parameter. The authors conclude that the stress- intensity 
factor is the parameter controlling crack growth in the pavement. However, the ex-
perimental data (13) quoted by the authors appear inconclusive. Therefore, the writer 
wishes to raise sieral questions with regard to the contents of the paper. 

In the abstract of the earlier paper (13), the authors define the fatigue failure cri-
terion of pavements as the time for the itress-intensity factor of the longest crack to 
reach its critical value at which rapid crack propagation occurs. That is in contrast 
to the crack growth data shown in Figure 7 of that paper (13) in which the crack tends 
to reach a subcritical crack length rather than rapid unstable crack propagation. 

The authors use the word "damage" very loosely. It appears that damage and crack 
growth are used synonymously. In collecting crack growth data, it is essential to re-
port the size of the crack opening, which could range from, say, 10 in. (nonmetals) to 
10_6  in. (high-strength alloys). Moreover, the classical fracture mechanics theory is 
not a theory of cumulative damage. 

Recent (14, 15) and previous (16) works on the direction of crack initiation have shown 
that there ibiiij one fundamental mode of crack propagation, namely, that the crack 
runs in a plane perpendicular to the direction of maximum stress (16). The classical 
concept of mode 2 crack extension is inadequate because the crackies not run directly 
ahead. A more refined theory based on the stationary value of the strain energy density 
factor S (14, 15) indicates that the crack runs in the direction at which S reaches the 
critical vfué. In pavement studies one has to treat the mixed mode crack problem 
involving a combination of at least k1  and k2  because the cracks do not run in a straight 
line. 

The linear fracture mechanics theory is not restricted to the definition of small-
scale yielding as stated by the authors where the zone of plasticity is small in com-
parison to the crack length. It has been shown that the elastic stress- intensity factor 
and the so-called "plastic stress- intensity factor" (18) do not differ significantly even 
though the plastic zone size may be as large as haJfThe crack length. 

The basic assumption of the crack growth relation used by the authors is an empir-
ical power-law relation obtained from crack growth data on metal alloys (17). The 
fourth-power exponent is to be questioned because we know that the expon n can vary 
from 2 to 100 depending on the material, the environmental conditions, and the range of 
cyclic loading. For example, in the range of 106  to iO in./cycle, n normally varies 
from 2 to 10. Moreover, the exponent can deviate greatly from 4 if the cyclic range is 
varied below and above 10_6  to iO in./cycle. Those observations have been made on 
metallic materials such as aluminum, steel, and titanium and on nonmetallic materials 
such as plexiglass and other thermoplastic materials. It is an open question as to 
whether the fourth-power exponent or any other value should be used for predicting the 
fatigue life of pavement structures. Experimental data shown in the references listed 
by the authors were based on simply supported beams of sand asphalt material tested 
at 23 F. It is not clear whether all the crack growth data in Figures 8 to 10 (13) were 
or were not taken from the beam-bending specimen where the crack is only pia11y 
through the thickness. It should be recalled that the fourth-power relation was origi-
nally established from data on metal specimens with a through crack running at both 
ends. Moreover, the analytical results of a cracked plate on an elastic foundation also 
correspond to a through crack and not an edge crack. Therefore, it is the opinion of 
the writer that the experimental data presented by the authors are insufficient to estab-
lish prediction relations for the fatigue life of pavements. 

The authors state that "linear fracture mechanics is always applicable," based on 
the 1.25 (k1/ )2  relation. One must remember that the concept of size limitation such 
as 2.5 (kj/a)1  was established on the basis of a through crack in a homogeneous ma-
terial with a reasonably well-defined yield stress. In the case of pavement material, 
the crack may not penetrate through the entire pavement, and, furthermore, one must 
carefully define what is meant by a for a multiphased material that is also time de-
pendent. 

Based on the evidence presented by the authors, the discussion given above suggests 
that there is now inadequate justification for the application of fracture mechanics to 
the prediction of fatigue life of pavements based on a simple interpretation of the frac- 
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ture mechanics theory using equations borrowed from studies on metal alloys. It should 
be made clear, however, that the concept of fracture mechanics can be used to analyze 
pavement materials as in the case of composite systems. Successful application of the 
theory depends on the ability of the analyst to come up with a realistic analytical model 
catering to the specific problem at hand. What has been developed for metals may not 
necessarily apply to pavement materials. There is no doubt that additional work must 
be done on defining the service loading and environmental conditions under which fatigue 
crack growth takes place in pavements. 
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The authors wish to thank Fang for his review and discussion of our paper. We fully 
concur that fatigue analysis of pavement systems using fracture mechanics requlres 
consideration to complex service loading and environmental conditions and is much 
more involved than results presented in our paper. The data we presented are for a 
simplified laboratory pavement model with well-defined material characteristics and 
geometrical conditions. We regret to note that Fang in discussing the limitation of our 
results apparently assumes that we used a composite or multilayered asphaltic pave-
ment system. We have clearly indicated that the results are obtained from a pavement 
model resting on elastic foundation. 

Fang's comment on our use of the concept of damage is irrelevant. We have never 
stated nor suggested that fracture mechanics is a cumulative damage law. Further-
more, we fully disagree with his statement, "There is inadequate justification for ap-
plication of fracture mechanics to the prediction of fatigue life of pavements.., using 
equations borrowed from studies on metal alloys." 

Stress dependency of the damage rate and its sensitivity to specimen geometry is a 
well-known and accepted concept. The Paris equation used in our study is only another 
form of representing the rate of damage due to fatigue loading. 

We concur with Fang that this equation is a semi-empirical formula and n might be 
other than 4. It is also granted that test data from metal alloys and certain paving mix-
tures show a variation from 2 to 5 (4, 5, 6, 7). The important fact is that, for the sand 
asphalt material used in the Ohio S 	Uiirsity research projects, it was found ex- 
perimentally that the fourth-power relation best fits laboratory data. Figures 8 and 9 
(13) clearly show that the data were obtained from tests on slabs resting on an elastic 
foundation, while it is also shown in Figure 10 that the data come from beams and slabs, 
shown there as a comparison. 

There is absolutely no contradiction between the stated criterion for fatigue failure, 
defined as the time for the stress-intensity factor at the tip of the largest crack to 
reach its critical value or the time for the total area of cracking to exceed 10 percent 
of the area of the pavement surface, and the crack growth curve from a laboratory test 
on a slab with stationary load shown in Figure 7 (13). Obviously the criterion postu-
lated refers to a real pavement system with moving loads. 
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It has been proposed by the authors (2, 3) that the exact damage per passage of axle 
loaI in a pavement, dc/dN, is expresse(f-by— 

de 
= 

dN A
1K + A2K 

where K1  and K2  are the average of rises and falls of the stress-intensity factors cor-
responding to mode 1 and mode 2 of crack extension. However, as Fang indicated, the 
use of energy density factor S seems more appropriate. 

The idea of using the plastic stress-intensity factor is a sound one. However, at 
the time this study was being conducted, experimental evidence was not available to 
compare differences between plastic and elastic stress-intensity factors. 

If indeed the concept of K can be shown to be applicable to larger plastic zones, it 
will greatly reinforce the application of fracture mechanics to analysis of pavement sys-
tems. 

We have shown evidence from observations during the test and X-ray photographs 
(2, 3) that the cracks do penetrate through the entire pavement. That is why the theory 
frart-through cracks was used. The yield stress ay was measured experimentally 
versus rate of loading, and the results were reported (2). 



This paper describes a research study of the flexural and fatigue properties of both 
gap-graded and continuously graded bituminous mixtures to establish the factors con-
tributing to fatigue and the conditions under which gap-graded mixtures can be used 
to maximum advantage. Laboratory-prepared specimens and in situ measurements 
on a full-scale experimental road pavement were used to study the factors in-
volved in the fatigue subsystem. In the laboratory tests an electrodynamic sys-
tem of impulse loading was used on trapezoidal-shaped specimens. High-frequency 
seismic and ultrasonic methods emerged as valuable nondestructive techniques for 
the measurement of etastic moduli both in the field and in the laboratory. Cor-
relations between measured strains and deflections within the experimental pave-
ment structure and theoretical predictions derived from present-day structural 
analysis techniques based on linear elastic and nonlinear finite-element procedures 
were established. The results showed clearly the necessity for taking into account 
the stress nonlinearity of the resilient modulus of the granular crushed-rock ma-
terial in the base. On typical South African pavements it was shown that fatigue 
failure of bituminous surfaces occurs mainly under conditions of controlled strain. 
Therefore, proposals are made to modify current pavement design methods, in-
cluding the more complex methods that take account of environmental condi-
tions, traffic, material properties, and surface thicknesses. The proposals enable 
these methods to be applied to the design of thin (less than 50 mm) and inter-
mediate surfaces and with the use of a computer program to predict the initiation 
of fatigue and the rate of deterioration of the surface stiffness caused by the 
propagation of cracks. 

'atiu.c cIwIcx' 

WL x 
Charles R. Freeme and Claude P. Marais 
National Institute for Road Research, South Africa 

The cracking of the bituminous layer due to flexuraLl fatigue has 
become recognized in recent years as a major mechanism of 
failure in what would otherwise be considered a well-designed 
pavement. The extent of that form of cracking in South African 
pavements is widespread U1 , and this paper is concerned with 
the study of the main factors contributing to fatigue failure and 
the propagation of cracks in existing surfaces. 

The pavement network of the Republic of South Africa consists 
of an estimated 13,000 km of roads in urban areas and 36,000 km 
of "black-top" rural roads. A large proportion of the 10,000-km 
national road network has reached the stage of requiring major 
improvement if it is to continue to provide adequately for present 
and future traffic volumes (a). Although increased use is being 
made of bound bases and thicker surfaces on a few of the most 
heavily trafficked routes, a large proportion of those routes will 
be improved or constructed with premixed surfaces less than 100 
mm thick over unbound or stabilized aggregate base layers. Sur-
veys of the thicknesses of bituminous surface and base specifica-
tions have indicated that there is a marked difference in South 
African practice compared with that of other developed countries 
() where bound bases with thick surfaces are usual. For those 

158 



159 

reasons, the main emphasis in this paper is the description of the behavior of pave-
ments with bituminous surfaces 100 mm thick and less. 

Pavement engineers have recognized that the different forms of crack patterns re-
veal the mechanisms of particular types of distress. That recognition can lead to the 
application of effective remedial action and also to the prevention of crack-inducing 
conditions. Conventionally, cracks can be divided into 2 groups: those due to traffic 
and those not due to traffic. In general, no one factor can be isolated as the sole con-
tributor to cracking not associated with traffic because several interrelated factors 
are probably at work simultaneously (i). 

Failures from the repeated application of loads to the pavement surface have been 
recognized by Hveem and Carmany () and have been referred to by Porter (fi) and 
Dehien (7). Much of that work indicates that cracking due to fatigue is the primary 
cause of alligator cracking. Alligator cracking in pavements, however, indicates that 
fatigue of the bituminous mixture is not necessarily the primary cause of the initial fail-
ure but that it is a contributory factor to the propagation of cracks in the pavements. 

At the present time, inadequate knowledge exists on the intensity and location of the 
various forms of cracking on South African pavements on a national scale. A necessary 
prerequisite of a survey of that type is a rapid yet adequate method of observation, 
recognition, and recording of the crack characteristics. Such a method is one adopted 
from the work of Dehlen () and Williams (). 

Approximately 480 km of rural pavements on the Witwatersrand complex east of 
Johannesburg and 220 km of urban through-roads in 9 towns were inspected for crack-
ing. No attempt was made in that survey to relate cracking to causative factors such 
as age, traffic, or pavement type. Of the 700 km of pavement covered, approximately 
25 percent exhibited some form of cracking. Alligator cracking covered 19 percent of 
the total distance, and block, transverse, and longitudinal cracking individually covered 
less than 4 percent. 

Those statistics clearly demonstrate the extent of the problem in this area (the Wit-
watersrand) and the potential problems that can arise, or may well have arisen, in all 
industrialized areas. Therefore, the study described above and the proposed solutions 
for preventing cracking must play a prominent part in the design and active prevention 
of this phenomenon so prevalent in South African pavements. 

STIFFNESS OF BITUMINOUS MIXTURES 

Stiffness of a bituminous mixture has been defined in a number of ways but is usually 
taken to be the ratio of an applied stress to the resultant strain and is a function of 
temperature T and loading time t. An apparatus (Figs. 1 and 2) was developed in 1966 
(j) to measure stiffness and fatigue properties of bituminous materials. 

When the nature of the loading stress is impulsive, a peak stress and peak strain 
can be defined; the ratio of those peak values is taken as the measure of stiffness. The 
stiffness thus defined is used in this paper and is termed peak stiffness. 

Typical peak stiffness results as a function of temperature are shown in Figure 3, 
where a comparison is made between peak stiffness of laboratory specimens and field 
specimens for asphaltic-concrete and gap-graded mixtures. The fundamental frequency 
of the stress impulse, used in the test, is defined as the frequency of a continuous 
sinusoidal wave of which 1/2  cycle fits closest to the stress impulse. 

FATIGUE PROPERTIES OF BITUMINOUS MIXTURES 

An aspect of South African pavement structures is that the environmental and traffic 
conditionsare such that surfaces of most of the major routes have been and will con-
tinue to be constructed or maintained at less than 100 mm in thickness. In addition, 
the average pavement temperatures are generally high so that bituminous mixtures 
operate over a low stiffness range. Those factors lead to the hypothesis that fatigue 
failure occurs predominantly under conditions of controlled strain as opposed to con-
ditions of controlled stress. The necessity of establishing the applicability of those 2 
conditions of loading stems from the laboratory observation that, to obtain an optimum 



Figure 1. Apparatus for measuring fatigue and 	 Figure 2. Loading of trapezoidal-shaped specimen. 
stiffness. 
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Figure 3. Laboratory and field peak stiffness values for asphaltic-
concrete and gap-graded mixtures. 
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fatigue life from a particular bituminous mixture, the required mixture constituents 
and temperature conditions are in general opposite for the 2 conditions of loading. 

The emphasis in this section will therefore be mainly confined to aspects relating 
to the conditions that exist when fatigue failure occurs under conditions of controlled 
strain in the surface layer. Controlled stress conditions have been adequately reviewed 
and discussed by a number of authors, including Deacon (fl), Pell (j), Kasianchuk (1), 
Epps (a), and Monismith (10). 

Laboratory results are usually presented as a plot of fracture life against the applied 
stress or strain on logarithmic scales. At a particular mixture stiffness, the mean 
fracture life can be represented by a straight line; that relationship (15) is expressed by 

n 

N = K(- 	 (1) 
'El 

where N is the fracture life, € is the initial strain, and K and n are constants depending 
on the characteristics of the mixture. Pell (l) indicated that K is of the order 10 16  
and n varies from 5 to 6 for sand-sheet mixtures; Epps (1) indicated ranges of K from 
10 6  to  106  and values of n from 2.8 to 5.0. That formulation for the fracture life of 
bituminous mixtures has been adopted as a reasonable means of expressing the results 
of fatigue tests and is suitable for both modes of loading (1). 

For laboratory tests of the controlled strain type, the criterion of failure is not ob-
vious, and a service life is usually defined as the accumulated number of applications 
necessary to cause a particular degree of failure. A comparison of the results of 
replicate specimens tested under controlled stress and controlled strain conditions 
indicated that comparable results would be obtained when specimens tested under con-
trolled strain conditions are extremely stiff (i.e., at a low temperature), but at higher 
temperatures the controlled strain test results indicate considerably longer service 
lives than those given by controlled stress tests. 

The difference between the results of the 2 modes of testing has also been explained 
in terms of crack propagation through the mixture. In controlled stress tests, initiation 
of a crack results in a reduction of the stiffness of the specimen and a subsequent in-
crease in applied energy so that the crack is propagated almost instantaneously. in 
controlled strain tests, however, a considerable length of time is necessary to prop-
agate a crack or cracks sufficiently to reach an arbitrary state when the specimen is 
considered to have failed or reached its service life. 

Fatigue Testing Apparatus and Specimen Shapes 

A more comprehensive description of the fatigue and stiffness test apparatus (Figs. 
1 and 2) is given in another report (i). Aspects pertaining specifically to fatigue testing 
include the capability of monitoring the specimen stiffness continuously throughout the 
test. The feedback of either the applied stress or the resultant strain to the system 
input allows for the automatic maintenance of conditions of controlled stress or con-
trolled strain. A variety of specimen shapes and sizes can be tested in vertical or 
cantilevered excitation, but to date most of the work has been done on cantilevered 
beam and trapezoidal specimens in flexure. 

The conversion of the complex ratio of the applied force to the resultant displace-
ment obtained from calibration of the electronic apparatus (17) into equivalent stiff-
nesses as well as the determination of the stress and strain conditions pertaining to 
rectangular and trapezoidal specimens is given in an earlier report (j). 

Analyses made on a trapezoidal sample indicate that (a) the vertical stress and 
strain distributions are uniform over the lower half of the specimen, permitting a 
greater accuracy of prediction of these quantities than is the case when there is a 
rapidly varying stress-strain field in the sample, and (b) under repeated loading, the 
cracking of the bituminous mixtures takes place within the mixture and not at the joints 
to the metal specimen holders. 
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Type and Frequency of Loading 

Deacon (fl), among others, has shown that the type, frequency, and rate of appli-
cation of stress are significant. A number of researchers use sinusoidal excitation 
methods; that technique was used in the preliminary laboratory testing programs (l), 
but the results revealed a number of distinct disadvantages that could be overcome by 
the use of the repeated application of impulsive forces. The advantages of this method 
are as follows: 

The actual strain conditions occurring in a pavement surfacing, which are im-
pulsive and half sinusoidal in nature as shown by the practical measurements (1k), can 
be better simulated even though exact duplication is impracticable; 

The stiffness frequency spectrum tests can be executed simultaneously with the 
fatigue tests by techniques similar to those outlined by Szendrei and Freeme (Q, 21) 
but modified for this specific application; and 

The effects of fatigue, using stresses with a combination of a number of different 
frequencies, can be observed. 

Methods of Testing and Results 

Half-sine wave impulses were used for testing the specimens. The repetition rate 
was chosen to be 10 times the fundamental pulse time, resulting in the application of 5 
pulses per second or alternatively 1.8 x io repetitions per hour. 

The peak stiffness was used to monitor the degradation of the specimen with number 
of load applications. A continuous record of the peak stresses and strain values was 
made on ultraviolet paper for the complete duration of the fatigue test. 

A typical representation of reduction in peak stiffness with number of applications 
of load in the controlled strain test of the gap-graded specimen at 20 C is shown in 
Figure 4. The reduction in stiffness with number of applications of load is symptomatic 
of the deterioration of the specimen; however, the processes that give rise to this con-
dition are not derived from one source. They are divided into 3 zones: initial rapid 
reduction in stiffness, crack initiation, and crack propagation. 

At the commencement of the test, isolated structural flaws or, more precisely, 
domains of high stress concentration may exist that are sufficient to initiate the frac-
ture or to reorient small areas of the material and result in a reduction of the stiffness. 
The total energy expended within the specimen is, however, insufficient to overcome 
the energy balance necessary to sustain that trend, and the history of the specimen 
enters the second phase. 

Uncertainty exists in describing the actual mechanics of deterioration in the crack-
initiation zone; rupture or reorientation of chemical bonds may be a cause. However, 
in spite of the obscurity on that aspect, this zone remains the most widely reported 
statistic on fatigue life. The significance of the crack-propagation zone has been, in 
the opinion of the authors, considerably underrated in relation to the conditions that 
exist in actual pavements. 

The definition used of service life delineates the quotient of crack-propagation time 
included. For example, 3 definitions of service life are shown in Figure 5. The first 
designated (Njx is defined as the number of applications of load under controlled strain 
conditions, where the 2 lines extrapolated from the crack-initiation and crack-propagation 
zones intersect. The others, (N8)10  and (N,), are the number of applications required 
to reduce the initial stiffness S1  to 10 percent and 50 percent of S1  respectively. [For 
convenience, (N,), (N3)'°, and (N,)5  will be symbolized by the connotation N(x), N(10), 
and N(50) respectively, the additional symbols of s, implying service life, and c, im-
plying controlled strain conditions, being understood. Obviously, N(50) contains infor-
mation that includes a greater proportion of the crack-propagation time than the 
other two.] 

Two further quantities are shown in Figure 5: the rates of decrease in stiffness with 
the logarithmic number of repetitions for both the crack-initiation zone R1  and the 
crack-propagation zone R. Those quantities are related to the stiffness S and the num-
ber of repetitions N by the general formulation 
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S = RlogN+ S1 	 (2) 

where S1  is the stiffness at 1 repetition of load (i.e., N = 1). 
It is recommended that the service life should be defined by N(x) for several reasons. 

The strain versus service life can be conventionally plotted where N(x) is under-
stood to imply the number of applications of load to cause crack initiation, and Eq. 1 
() becomes applicable. 

With the knowledge of R1  and S1  available, the stiffness at the onset of crack 
initiation can be computed. 

Further, if R9  is then available, the stiffness after any number of applications 
in the crack- propagation zone may be computed; or, conversely, the fatigue life may 
be defined at any arbitrary state of deterioration of the stiffness. 

The results of the fatigue tests show that the rate of crack propagation R,, is mark-
edly dependent on temperature as shown in Figure 6. The value of R9  for 0 C is of the 
order of 20 to 100 times its value at 40 C for the gap-graded and asphaltic-concrete 
mixtures respectively. The dependence of R1  on temperature is, however, insignifi-
cant, as Figure 4 also shows. 

The experimental approach adopted to obtain the results on the bituminous surfacings 
was specifically chosen to minimize the time required to carry out the time-consuming 
fatigue tests. The aim was to establish the values of the K and n coefficients (Eq. 1) at 
20 C with reasonable accuracy (as given by the coefficient of variation of the points 
from the best straight line) and then to make the assumption that the n coefficient does 
not vary significantly with temperature. That assumption, which seems reasonable on 
the basis of the results of the literature review (1), enables the tests at other temper-
atures to be made at one strain level only to establish the value of the K coefficient. 

Figure 7 shows the dependence of service life N(x) on strain level at 20 C. The gap-
graded mixture has a significantly greater service life than the asphaitic-concrete mix-
ture under equivalent conditions. An alternative definition of service life, such as 
N(50), would have resulted in a significantly different graph, mainly as a result of R 
being dependent on temperature. N(x), the service life used, should be interpreted as 
the number of repetitions required to cause crack initiation. 

The n values obtained with this apparatus were of the order of 5 and 6 and tend to 
agree with values obtained by Pell () rather than those reported by Epps (14). 

The dependence of these service life curves on temperature can best be demonstrate* 
by the variation in the K value in Pell's equation with temperature (K can be considered 
to be the service life at a strain level of 1 Ms). That is shown in Figure 8a where the 
logarithm of K has been plotted as a function of temperature. The trends obtained here 
once again agree with those obtained by Pell. 

In general, changes in the fatigue life of a bituminous mixture can be attributed to 
changes in the stiffness of the mixture. For example, under controlled strain condi-
tions, factors that tend to reduce the stiffness of the mixture generally increase the 
fatigue or service life; under controlled stress conditions, the reverse applies. For 
that reason, the value of the K parameter, which in this case is a direct measure of 
the service life, has been plotted as a function of the peak stiffness.. Figure 8b clearly 
shows that the difference between the gap-graded and asphaltic-concrete mixtures can-
not be attributed solely to the differences in their peak stiffness. That result agrees 
with the observations made by Epps (14) on the differences between the California con-
tinuously graded and British BS-594 gap-graded mixtures. 

However, it has been shown (1) that the bulk modulus measured by means of the 
ultrasonic concrete tester is primarily dependent on the voids in the mixture and the 
temperature of the mixture, characteristics that also apply to the service or fatigue 
life. For that reason, the value of the K parameter at different temperatures is shown 
in Figure 8c as a function of the bulk moduli of the 2 mixtures. In such a test, the 
marked difference between the 2 mixtures is eliminated, and an almost unique relation 
results. That relation has not been shown to be valid for other mixtures, but the im-
portant implication of this finding is that the potential exists for being able to determine 
the fatigue coefficient K simply by making a measurement of the bulk modulus. The 
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Figure 5. Definitions of service life. 
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Figure 7. Service life strain for experimental pavement surface. 
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nondestructive determination of the bulk modulus can be made with the ultrasonic con-
crete tester, a commercially available instrument, in a matter of minutes on speci-
mens obtained by using one of the compaction machines, such as the Marshall or 
gyratory compactor. 

MEASUREMENT AND PREDICTION OF DEFLECTIONS 
AND STRAINS IN ASPHALT PAVEMENTS 

Advanced methods of pavement design are currently being studied and developed 
throughout the world. In those procedures, attempts are made to account for the char-
acteristic effects of fatigue in the bituminous layers at the top of the pavement structure 
in order to eliminate that type of distress. Also, it is necessary to establish the ap-
plicability of existing techniques for predicting deflection, stress, and strain within 
the pavement structure and to correlate them with the actual loading and environmental 
conditions experienced in practice. 

A detailed study was undertaken of a heavily trafficked experimental asphalt pave-
ment in which both linear-elastic and non- linear- elastic finite-element analytical tech-
niques were applied (19). The analytical procedures used were examined on the basis 
of a comparison between the measured and predicted behavior of the pavement layers; 
where siificant differences were encountered, the material properties of the pavement 
layers were reassessed more realistically and incorporated in the analytical procedures. 

That study was concerned, in particular, with the characterization of the properties 
of individual layers of the pavement. They included 2 types of bituminous surfaces, a 
granular crushed-rock base, a weakly lime-stabilized layer, and a selected subgrade 
material. In situ pavement test techniques, such as the CBR and wave-propagation 
methods, were combined with information obtained from the laboratory investigations 
to establish the most realistic elastic moduli for each pavement component. In the case 
of the granular crushed rock, the necessity for taking the stress nonlinearity of the 
modulus into account was clearly demonstrated. 

Effects of surface type, temperature, and thickness on the maximum tensile strain 
at the surface-base interface were investigated both practically and theoretically on 
different sections of the experimental pavement. Finally, predictions were made of 
the most probable values of maximum tensile strain in the different surfaces over the 
wide range of environmental, traffic, and structural conditions likely to exist at the 
experimental pavement. 

DESCRIPTION OF THE EXPERIMENTAL ASPHALT PAVEMENT 

Experimental sections of the asphalt pavement were constructed late in 1968 on 
Special Road 12/2, a heavily trafficked route in the Highveld climatic area of Trans-
vaal, South Africa, and were opened to traffic in July 1969. 

Five sections with gap-graded surfaces and 5 sections with continuously graded 
asphaltic-concrete surfaces, each approximately 50 meters long and 25, 38, 50, 78, 
and 100 mm thick, were constructed on the pavement structure as shown in Figure 9 
The selected subgrade layer, which varied in thickness from 1.5 to 2.0 meters, formed 
an embankment on either side of the bridge that was located within the experimental 
length. The in situ subgrade was a moist clay approximately 1.2 to 2.1 meters thick 
and provided a resilient material. 

Strain meters, of the type developed by the Great Britain Transport and Road Re-
search Laboratory but slightly modified (22), were installed in 6 of the 10 experimental 
sections. Three strain meters to measure horizontal longitudinal strains were installed 
at each site at the surface-base interface on a longitudinal line in the outer wheelpath 
of the westbound traffic lane. Thermocouples to measure temperatures were also in-
stalled at the surface-base interface close to the strain meters. For both sections 
with 100-mm thick surfaces, additional thermocouples were placed at the midpoint, 
i.e., 50 mm below the top of the surface (Fig. 9). 

At one site (the section with a 100-mm gap-graded surface), 4 reference rods in-
corporating linear variable differential transformers were installed to determine van- 
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ation of elastic deflection with depth under moving traffic loads. The lower end of each 
rod was located at 4 different depths below.the top of the surface. The deflection value 
measured was the difference in position between the top of the surface and the end of 
each rod. Only the elastic (short-term) component of the deflection was taken into 
account. 

ENVIRONMENTAL AND TRAFFIC CONDITIONS 
AT THE EXPERIMENTAL PAVEMENT 

Thermal Environment 

The part played by diurnal and annual variations in the temperature of the bitumi-
nous surface should be recognized as being of paramount importance in identifying the 
most critical conditions for the initiation and propagation of cracks. However, defining 
the most critical conditions does not give a complete answer, and the use of those con-
ditions alone, which exist for only a portion of the design life, will probably result in 
the overdesign of the surface. Establishing the extent to which that is likely to occur 
is essential and can best be done by investigating the damage that occurs within specific 
temperature regimes during the life of a pavement. Initially, however, that requires 
either the recording of the temperature within the pavement surface or the prediction 
of the likely temperature distributions from weather data recorded in the vicinity of 
the pavement. 

Williamson (23) has reviewed a number of aspects of the accuracy of 4 basic ap-
proaches to the problem of temperature prediction in pavements: The Barber (24) solu-
tion, which is a formal mathematical equation governing one-dimensional transient-
heat conduction in a semi-infinite medium; the finite-element approach as reported by 
Wilson (25); a finite-difference solution to the heat flow equation, which involves re-
cording data at preselected intervals, developed by Schenck (); and a regression 
analysis method developed by Southgate and Deen (n). 

The Wilson and the Southgate and Deen methods showed no advantages over those 
of Barber and Schenck, and the Schenck method appeared to be the most useful for ac-
curacy of prediction, especially at the lower temperatures. The Barber method is one 
of the most useful temperature-prediction methods but becomes inaccurate at low 
temperatures. 

Kasianchuk () investigated the influence of the variation in the constituents of 
bituminous mixtures within the ranges derived from the summary of available data 
presented by Finn () and concluded that the use of typical values would prove accept-
able for design purposes. That is particularly valid when consideration is given to the 
greater influence likely to result from the meteorological variables of solar radiation 
and wind velocity. 

Climatological Data for the Experimental Pavement 

In the previous section, the importance of obtaining the climatological variables at 
the location of the experimental facility was indicated. Attempts to obtain realistic 
data led to the formulation of 2 approaches: (a) the assessment of the average condi-
tions during a number of years, primarily obtained from the general survey as reported 
by Schultz (29), and (b) the reduction in the available data for the period after completion 
of the pavement, that is, after the beginning of 1969. 

Information on the actual values of the climatological data in the vicinity of the ex-
perimental pavement has been accumulated from December 1968 to December 1970 from 
data supplied by the Weather Bureau at Pretoria. That information is given in another 
report (1) and includes the minimum air temperatures and the wind velocities taken at 
Jan Smuts International Airport. Mean values and standard deviations of those variables 
were computed on a monthly basis. 

Excellent comparisons between the information averages during a number of years 
and the information in the 1969-1970 period were obtained and implied that the average 
data predicted for a given year could be used with reasonable confidence to predict 
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average trends. However, details of particular events, which may be of importance, 
will be lost in this process. For example, a cold spell may induce acceleration of the 
fatigue process in thin surfacings. In that case, actual data may be of more impor-
tance, or alternatively the use of the concepts for the prediction of the duration and 
intensity of particular spells may prove of greater value in those predictions. 

Traffic Measurements and Predictions 

The existing experimental pavement was completed in December 1968 and officially 
opened to traffic in June 1969. Some traffic did, however, use the facility prior to 
June 1969. Up to the present time, 2 types of traffic analyses have been made on the 
pavement: traffic counts on a fairly routine basis from April 27, 1970, and axle weight 
distributions, which were measured by means of a portable axle weight analyzer as 
described by Freeme (3). Three sets of weekly measurements were made with the 
axle weight analyzer during August 1970, February 1971, and March 1971. 

Variations in the traffic counts in 1 direction were assumed to be linear during the 
period from December 1968 for approximately 1,000 days, after which a more normal 
annual growth rate of some 6 to 8 percent could be expected. The variations in the 
higher axle groups are shown in Figures 10 and 11. Generally, similar distributions 
are reflected for the 3 sampling periods, and a mean distribution was accepted as being 
representative of the traffic distribution. 

PREDICTION OF FATIGUE LIFE OF ASPHALT PAVEMENTS 

The fatigue prediction procedures available at the present time are predominantly 
applicable to the prediction of the initiation of fatigue in thick bituminous layers (ap-
proximately thicker than 100 mm). The procedures have been modified so that they 
can be applied in the design of thin (less than 50 mm) and intermediate surfaces. The 
applicability of those methods was assessed by the use of the information reported in 
earlier chapters to estimate the progressive development of fatigue in the different 
surface thicknesses of the experimental pavement. 

Discussion on the Fatigue Prediction Procedures 

A primary objective of the procedures for the prediction of fatigue in bituminous 
layers should be to assess the contribution that is made by each variable to the fatigue 
subsystem and that culminates in improved design techniques. Unfortunately, im-
provements in a particular aspect often result in more complex data acquisition pro-
grams. For example, the information required by the Shell 1963 design method (31) 
can be obtained fairly easily by most engineers and the design procedure completed in 
a matter of hours. The computer program employed in the University of California 
procedure (13), however, requires data that may take months to accumulate. A com-
promise between utility and possible improvement in design accuracy is the procedure 
advanced by Brown and Pell (). 

Identification of the Most Critical Conditions for Fatigue 

In the design methods advanced by the Shell Petroleum Company (31) and Nottingham 
University (a), certain critical criteria are given that should not be exceeded in the 
pavement structure. Procedures of that type are used in current design techniques 
such as those of bituminous mixtures where minimum stability and a range of flow 
values number among the criteria specified to achieve adequate in-service stability. 
Because temperature is one of the most critical environmental variables in determin-
ing the behavior of bituminous mixtures, the laboratory measurement of those stability 
values is made at a temperature at which the mixture is most vulnerable (usually 60 C 
for warm and 45 C for cold climatic areas). 

However, in the specification of the criteria for the prevention of failures due to 
fatigue, confusion exists in the description of the most critical temperature conditions. 
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Some clarification may be obtained by considering the results from the structural 
analysis procedures in combination with the fatigue testing results. Two cases will 
be considered: asphalt pavement with a thin bituminous surface and pavement with a 
thick bituminous layer such as a combination of base and surface layers. Attempts 
will be made to define the criteria and the conditions under which those can be used 
in the prediction of fatigue failures. 

Pavement With Thin Bituminous Surface 

In asphalt pavement structures with thin surfaces (approximately less than 50 mm 
thick), conditions exist such that 

Ideally, the variation in maximum tensile strain at the surface-base interface 
is independent of the surface temperature (or modulus) (it is assumed that although the 
influence of the variations in the base and lower layers changes the absolute magnitude 
of the strain it does not affect its dependence on temperature); and 

Controlled strain fatigue test results are applicable, and that implies that an 
increase in temperature will result in an increase in fatigue life. 

Those factors lead to the hypothesis that for those pavement structures with thin 
surfaces (that is, less than 50 mm) the most critical temperature conditions that will 
produce a minimum fatigue life occur at low temperatures. Hence, at that stage, for 
thin surfaces, it is recommended that the critical values of maximum tensile strain 
be specified at a low temperature. Further, as concluded by Pell, the indications are 
that at very low temperatures (less than 0 C) the fatigue life becomes independent of 
temperature, producing results comparable to those produced under controlled stress 
conditions. 

Hence, one may derive maximum permissible values of tensile strain, such as 
those obtained by Epps (j) and Pell (3), from the considerable data on controlled 
stress tests available in the literature by assuming the data to be equivalent to those 
that would be obtained under constant strain conditions at low temperatures. 

Variations in the constituents of the mixture will influence the maximum permissible 
tensile strains; for example, an increase in void content will reduce the magnitude of 
the permissible strains. At present, however, it is recommended that the values given 
in Table 1 be used, for they will lead to a conservative design for the prevention of 
fatigue distress provided the most appropriate mixture is chosen to obtain representa-
tive values for the design under consideration. 

Pavement With Thick Bituminous-Bound Layer 

In pavements having a thick bitumen-bound layer at the top of the construction (for 
example, a surface plus base), the conditions are such that 

The maximum tensile strain at the bottom of the bituminous layer must decrease 
with an increase in layer modulus or equivalently with a decrease in layer temperature; 
and 

The data resulting from controlled stress laboratory tests on fatigue are appli-
cable, and that implies that the maximum tensile strain for obtaining a particular 
fatigue life is virtually independent of temperature. 

If those 2 factors are combined, the fatigue life of thick bituminous-bound layers 
decreases with an increase in temperature— precisely the opposite trends to those 
shown by a pavement with a thin surface. 

Hence, from those considerations, the most critical conditions, as far as fatigue 
life in a thick bitumen-bound layer is concerned, will occur when the temperature of 
the bitumen-bound layer is at a maximum. 

The maximum allowable tensile strain values given in Table 1 for various mixtures 
still apply in the case of the thick bituminous layers. The main difference is in the 
application of those values. For thick bituminous layers, the minimum moduli of the 
bitumen layers should be used in the structural analysis; for a thin surface, the stiffness 
of the surface is not critical, and average values can be used in the structural analysis. 
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Pavement With Intermediate Surface 

For pavements that have intermediate bituminous layers, a more complex interrela-
tion exists in that both the maximum tensile strain at the bottom of the layer and the 
fatigue life are dependent on temperature. Further, the fatigue data from controlled 
stress or controlled strain laboratory tests are not strictly applicable but rather data 
from some combination of the 2 tests. That implies that, although the values given in 
Table 1 could be used, each individual pavement structure must be analyzed on an in-
dividual basis over a wide range of temperature to determine the most critical conditions. 

Use of Axle Weight Equivalency Factors in Fatigue Prediction 

It is doubtful whether equivalency factors, such as those obtained from the AASHO 
Road Test (n), can be applied in the conversion of a spectrum of axle loads to an 
equivalent axle load of single value and that information can be used to predict the 
fatigue behavior of bituminous surfaces. That procedure, which is employed in both 
the Shell and University of Nottingham design methods, results in the high axle loads 
being primarily responsible for the fatigue damage to the bituminous layer. For ex-
ample, for a pavement with a structural number of 4 and a serviceability index of 2.0, 
that would result in 1 axle load of 82-kN being equivalent to 5,000 axle loads of 4.5-kN 
(if). The assumption here is that heavier axle loads produce larger tensile strains in 
the bituminous layer than lighter axle loads. That increase, magnified by the radical de-
pendence of the fatigue life on the level of tensile strain, could conceivably produce values 
that would justify the equivalency conversion. However, if the maximum tensile strain de-
creases with an increase of axle load under particular circumstances, then clearly er-
roneous values of the fatigue life will be predicted. 

Grant () indicated that this situation could occur when the tensile strains under 
thin surfaces are considered. A theoretical analysis of 3 pavement structures was 
investigated by the use of a linear-elastic multilayer computer program. Two of those 
pavements had surfaces 25 mm thick, representative of typical South African pavement 
structures, and the third had a 100-mm surface, representative of the type used by the 
Shell Company in the development of its 1963 design charts. 

For the systems with 25-mm thick surfaces, the radial strain located directly under 
the wheel load decreased with an increase in wheel load, becoming compressive at high 
loads. For the system with the 100-mm surface, an increase in tensile radial strain 
with increasing wheel load was observed. 

The maximum tensile strain in the thin surface is primarily dependent on the tire-
contact pressure; higher tire-contact pressures result in a marked increase in the 
tensile strain. Because the heavier loads (trucks) generally have higher tire pressures 
(and higher tire-contact pressures) than lighter We loads (cars), the marked decrease 
in tensile strain associated with the heavier axles is to some extent compensated. 

On pavements having thick bituminous layers, however, the net effect of wheel load 
and tire contact pressure is that the maximum tensile radial strain increases signifi-
cantly with an increase of wheel load for the experimental pavement indicating that 
probably axle weight equivalency factors can be applied to account for the effects of 
fatigue initiation in thick bituminous layers. 

Based on those observations relative to the difference in dependence of thin and 
thick bituminous layers to wheel loads and tire contact pressures, it is postulated that 
in the prediction of fatigue life using procedures similar to those of the University of 
Nottingham it is essential to distinguish between pavements with different surface 
thicknesses. 

For pavements with thick bituminous layers (greater than 150 mm), equivalency 
factors, such as the AASHO equivalency factors, can be used to reduce the axle load 
distributions to an equivalent value; 

For pavements with thin surfaces (less than 50 mm), it is more correct to use 
in the elementary fatigue- prediction procedures the actual number of axles, irrespec-
tive of wheel load, to account for the effects of repetitions of load; and 

In all cases, it is more accurate to determine the actual influences of wheel load 
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and tire contact pressure by using authenticated structural analysis procedures to 
account for the effect of repetitions of load by making use of a cumulative damage 
hypothesis. 

PREDICTION OF FATIGUE INITIATION AND CRACK- PROPAGATION 
LIFE IN THE EXPERIMENTAL PAVEMENT 

A computer program was developed to validate the observations made in the pre-
vious section and to predict the onset and rate of development of fatigue in the surfaces 
of the experimental pavement. 

National Institute for Road Research Fatigue Prediction Program 

The computer program developed is presented in more detail in another report (J. 
It combines the most important research findings and was originally based on the com-
puter program reported by Kasianchuk (a). However, some significant improvements 
have been made to the original program. 

The program computes not only the onset of fatigue (crack initiation) but also 
the rate of deterioration in the stiffness of the surface in both the crack-initiation and 
crack- propagation zones. 

The program can take account of the decrease in stiffness of the surface due to 
the repeated application of load, a fact that is extremely important in the prediction 
and measurement of the life of surfaces less than 100 mm thick. 

It uses information on traffic obtained from the portable axle weight analyzer 
system developed at the National Institute for Road Research (MRR). 

Results of either controlled stress or controlled strain fatigue tests can be used. 
Although in the original program developed by Kasianchuk only monthly averages 

of the traffic and environmental data could be used, the NIRR program is able to use 
monthly, weekly, or daily averages. That permits the investigation of the significance 
of factors such as cold or warm weather and the determination of diurnal variations and, 
if necessary, permits them to be taken into account. If those variations are found to be 
of importance, then the average frequency of occurrence of those events can be included 
in the computer program. 

The program also provides information on and the opportunity to study contribu-
tions to the Miner criterion {n/1N(x)1}. That allows the investigation of the contribu-
tion of the individual wheel-load groups in any month or year and the contribution of all 
the axles in each individual month. 

Stiffness or traffic-weighted mean stiffness of the surface computed from the 
climatological data can be used for actual data measured during a specified period (such 
as data obtained during the 1969 to 1970 period for the experimental pavement), or 
average values can be used for as many years as desired. 

Fatigue Results of Experimental Pavement 

Fatigue Initiation 

Prediction of the fatigue initiation (that is, the time taken to initiate a crack at the 
surface-base interface) is made by using the linear summation of cycles ratio (Miner 
criterion). The sum of the cycle ratio was taken during consecutive months, and 2 
fatigue initiation values were computed: the sum when the 90 percent confidence level 
reaches unity and the sum when the mean value reaches unity. The results of those 
predictions are given in Table 2. 

The gap-graded surface sections will have significantly greater fatigue-initiation 
lives than the equivalently thick asphaltic-concrete surfaces. Half the number of years 
are required to initiate a crack in the 50-mm gap-graded surface than in both the 25-
mm and 100-mm surfaces (approximately 8 years as compared to 16 years). The 50-
mm asphaltic-concrete surface has the shortest fatigue initiation life and should show 
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signs of failure early in 1972. The 25-mm surface should only begin to fail in 1973, 
and the 100-mm surface is not expected to reach that stage until between 1977 and 1979. 

Those predictions of fatigue life were made in 1971 (13, and some confirmation of 
their validity was obtained in 1972 in that fatigue cracking was observed visually in the 
50-mm asphaltic- concrete surface but in none of the other surfaces. 

The predictions given above were obtained by using controlled strain, fatigue-test 
data, and that mode of loading is probably only applicable to a surface that is less than 
50 mm thick. Although controlled stress results are also not applicable to 100-mm 
surfaces either, they do provide a lower limit for the fatigue predictions of that sur-
face thickness. Comparison of using fatigue data on controlled stress and on controlled 
strain for the 100-mm asphaltic-concrete surfaces showed that the period for fatigue 
initiation is reduced from approximately 10.5 to 8 years. However, the 100-mm 
asphaltic-concrete surface still has the best fatigue life when compared to the 50-mm 
and the 25-mm surfaces even under those conditions. 

Stiffness Reduction and Crack Propagation 

It was shown that the stiffness of the bituminous mixture decreases with an increase 
in number of applications of load. The results have been expressed as a percentage of 
the original stiffness because that eliminates the effects of temperature that occur as 
a result of the monthly variations in surface temperature. 

The percentage reduction in the surface stiffness as a result of the application of 
the mixed axle-load spectrum under the conditions at the experimental pavement is 
shown in Figure 12 for the gap-graded surface and Figure 13 for the asphaltic-concrete 
surface. Both figures show that an initial rapid reduction in stiffness is obtained in the 
first year, and thereafter the decrease in surface stiffness is small until the crack is 
initiated at the surface-base interface. After that stage, the stiffness of the surface 
decreases approximately linearly with the number of years. 

It should be possible to follow the progress of fatigue by observing the percentage 
reduction in surface stiffness. Continual records of the surface stiffness, at say yearly 
intervals, should show the following trends. 

Apart from the first year, if the percentage reduction in surface stiffness is 
minimal, the surface will still be in the crack- initiation zone and performing from the 
flexural point of view as expected. [Traffic compaction, however, may increase the 
bulk density of the surface, thereby increasing the stiffness during the first year (36).] 

Should there be a more rapid linear reduction in surface stiffness, that will in-
dicate that cracks have been initiated. A linear extrapolation will indicate whether the 
original stiffness of the surface has decreased to the particular percentage of the 
original that constitutes failure (for example, 50 percent of the maximum stiffness). 

Both Figures 12 and 13 clearly show that, if a crack is initiated rapidly in a partic-
ular surface, propagation of the crack will be rapid. Conversely, if it takes a rela-
tively long time to initiate the crack, the time for the propagation of the crack will be 
long. Those results assume that no deterioration in the other pavement layers, such 
as the base, occurs during that period. 

COMPARISON OF SHELL, UNIVERSITY OF NOTTINGHAM, 
AND MRR FATIGUE PREDICTION PROCEDURES 

A comparison was made of the results obtained by using the NIRR method and the 
results obtained by using simpler methods such as the Shell (3) and University of 
Nottingham () design procedures. 

Comparison With Shell Procedure 

The Shell method can only be used for thick bituminous-bound layers over a granular 
base and a subgrade with a known CBR value. In the case of the experimental pavement, 
the lime- stabilized layer (with a CBR of approximately 40) constituted a problem because 



Table 1. Maximum permissible 
Maximum Allowable Tensile Strains (is) 

tensile strains in surface layers 
for various mixtures. California 

Dormon California 	Graded 	California BS-594 BS-594 
Applications and Metcalf Dense 	to Meet 	Medium tested by Tested by 
of Load Criteria (37) Graded' 	Extremes' 	Graded' Epps (18) Pell (36) 

lO - 877 	868 	1,029 951 534 
10' - 408 	395 	 488 481 365 
10° 230 190 	179 	 231 243 250 
10°  145 88 	81 	 109 123 171 
io 92 41 	 37 	 52 62 117 
108  58 19 	17 	 25 32 80 

'Values of more than approximately 105 repetitions of load are extrapolated from the data of Epps QJ; a linear relation is 
assumed between the logarithm of the strain and the logarithm of the fatigue life. 

Table 2. Prediction of mean and shortest possible Table 3. Prediction of fatigue initiation period by 
fatigue initiation period by various methods. University of Nottingham method and total traffic 

count. 

Asphaltic-Concrete 
Gap-Graded Surface Surface 

Shortest Shortest 
Surface Possible Mean Possible Mean 
Thickness Period Period Period Period 
(mm) (years) (years) (years) (years) 

100 12.4 15.5 9.1 11.0 
50 6.5 	- 8.3 3.1 3.6 
25 12.7 16.1 4.2 5.0 

Asphaltic- 
Gap-Graded Concrete 

Thickness Surface Surface 
Method 	(mm) (years) (years) 

Nottingham 	100 >40 >40 
50 19 2.3 
25 >40 7.0 

Total traffic 	100' 
50 16 4.6 
25 31 4.0 

'Not applicable. 

Figure 12. Reduction in gapraded surface stiffness with number of years. 
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Figure 13. Reduction in asphaltic-concrete surface stiffness with number of years. 
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the maximum CBR specified in the Shell design charts is 17. However, that value for 
the CBR of the subgrade was used to predict the fatigue life of both 100-mm gap-graded 
and asphaltic-concrete sections to be approximately 3 years. The fatigue life of the 
50-mm sections was predicted to be less than 1 year. Because those results do not 
take into account the significant difference between the 2 surface mixtures, they do not 
compare very favorably with the results given in Table 2. 

Comparison With University of Nottingham Procedure 

In the University of Nottingham method, the fatigue results for the specific mixtures 
at 20 C were used. That temperature was considered the most critical for the thin sur-
faces, for it is the lowest mean monthly temperature for the experimental pavement. 

The traffic factor was taken into account by computing the equivalent number of legal 
wheel loads (dual-wheel configuration). The maximum tensile strain at the surface-
base interface of the pavement was obtained at stiffnesses of 2,800 MN/m2  for the gap-
graded surfaces and 6,000 MN/m2  for the asphaltic-concrete surfaces. 

The initiation of fatigue was then predicted as being likely to occur after the number 
of years given in Table 3. Those values should be compared with the mean fatigue ini-
tiation period given in Table 2. The data demonstrate that this simplified method does 
not produce results that agree quantitatively with the more precise NTRR method. It is 
clear that the 50-mm surfaces are the most critical; the asphaltic-concrete surface 
reflects an extremely low fatigue initiation period. The interpretation to be placed on 
the surfaces with fatigue initiation periods greater than 40 years is that fatigue is un-
likely to constitute a significant problem in those pavements. 

A primary recommendation given in this paper is that for pavements having thin 
surfaces it is more correct to use in elementary fatigue prediction procedures the 
actual number of axles irrespective of wheel load to account for the repetitions of 
wheel load. It was also demonstrated that cars and light, single wheel-load axle groups 
are the predominant contributors to the linear summation of cycle ratios, and for that 
reason the 13.6-kN wheel-load group was chosen as being representative of all the 
wheel loads. The fatigue predictions taking these factors into account are also given 
in Table 3 and show superior predictions in absolute magnitude as is illustrated by 
comparison with results from the NIRR method given in Table 2. The results demon-
strate that from a design point of view methods such as those used in the University of 
Nottingham design procedure can be used to obtain an approximate and possibly a rea-
sonable fatigue prediction result. 

PRACTICAL SIGNIFICANCE OF THE FATIGUE RESULTS 

Several concepts of considerable practical significance have resulted from the con-
sideration of the factors that contribute to the fatigue failure of bituminous surfaces. 
Procedures involving those concepts have been combined in a computer program that 
permits the prediction not only of the initiation of fatigue but also of the deterioration 
in surface stiffness in both the crack- initiation and crack-propagation zones. Data 
necessary for the prediction of the fatigue behavior of the different sections of an ex-
perimental pavement were accumulated throughout the experimental work on which this 
paper is based, and the results obtained support and confirm the concepts resulting 
from the general considerations of the properties of the material and the structural 
behavior of the pavement. The most important practical results of this work are dis-
cussed below. 

Surface Type and Stiffness 

The use of gap-graded mixtures of low stiffness in place of continuously graded 
asphaltic-concrete mixtures for surfaces less than 50-mm thick can result in a sig-
nificant improvement in the fatigue life of the surface and its resistance to the propa-
gation of cracks. An improvement by a factor of 2 was predicted in the fatigue-
initiation and crack-propagation zones of the gap-graded surface sections of the 
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experimental pavement, including the surfacing that is 100 mm thick. Whereas the 
predictions indicated that fatigue is unlikely to be a cause of failure of the pavement 
where the gap-graded mixtures are used, fatigue will constitute a problem where 
asphaltic-concrete surfaces are used. That last observation is supported by actual 
field observations of cracking due to fatigue in the 50-mm asphaltic-concrete sections 
after only 2.5 years of service. 

The 2 most important reasons for the improved fatigue behavior and resistance to 
cracking of the gap-graded mixtures are that the stiffness, or more pertinently the 
bulk modulus, of the mixture is significantly lower than that of the asphaltic-concrete 
mixture and that the voids in the mixture are uniformly distributed, small, and not 
easily discernible. 

Reduction in the stiffness of the mixture can be achieved in a number of ways. The 
most important of those from the practical point of view appears to be in the use of 
high penetration-grade (low viscosity) binders and the selection of open or gap-graded 
aggregate gradings. (The bitumen penetration grade selected should not be so high 
that the mixture deforms excessively under traffic loads.) A further method of re-
ducing the stiffness of the mixture is by reducing the filler content (according to a 
private discussion in 1971 with staff of the Natal Roads Department, Peteirmaritzburg, 
South Africa). 	 - 

Most Critical Surface Thickness 

When the 50-mm thick surfaces are supported by granular crushed-rock bases, 
they are the most susceptible to early failure and rapid crack propagation. The results 
of the predictions on the experimental pavement indicated that the fatigue initiation 
period of the 50-mm surfaces is approximately half that of the 25-mm and 100-mm 
surfaces irrespective of surface type. 

A practical result of that finding is that in the design of pavements with unbound 
bases care should be taken either to keep the surfacing as thin as possible or, if 
necessary from the point of view of reducing flexure, to incorporate a substantial 
thickness of bituminous-bound material so that this layer is capable of supporting the 
bulk of the load. 

That finding is dependent on the type of base material and in particular on the ratio 
of the surface stiffness to the base modulus. When the surface stiffness is high in 
comparison with the base modulus (i.e., in the range of 10:1 to 4:1), the most critical 
surface thickness is of the order of 50 mm. However, if the base modulus is increased, 
for example, by adding stabilizing agents to the unbound base, then the most critical 
surface thickness also increases. 

Most Critical Temperature Conditions 

The temperature at which the most rapid rates of fatigue failure and crack propaga-
tion occur depends on the thickness of the surface. For thin surfaces (less than 50 mm 
thick), the most critical temperature conditions occur when the surface mixture is 
cold; but, in thick bituminous-bound layers (approximately greater than 150 mm), the 
most critical conditions occur when the temperature is high. 

Effects of Wheel Load and Tire Pressure 

In surfaces that are less than 100 mm thick, it has been clearly demonstrated both 
theoretically and in the field that the tire contact pressure has a far greater effect on 
the fatigue life of the surfaces than the wheel loads of the vehicles. in the light of the 
discussion above and other more detailed results of this study, the authors suggest that 
the following procedures be employed for dealing with the effects of mixed traffic when 
fatigue life of bituminous surfaces is predicted by design procedures such as the Uni-
versity of Nottingham method. 

1. For pavements with thick surfaces (greater than 100 mm), use equivalency 
factors such as those obtained from the AASHO Road Test. 
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For pavements with thin surfaces (less than 50 mm), use the actual number of 
axles, irrespective of load. 

For pavements with surfaces between 50 and 100 mm, use the average daily 
truck traffic count, for itis probably the best measure of the number of applications 
of load. 

Cognizance should be taken of the fact that under fairly thick surfaces (100 mm or 
greater) single wheels with high wheel loads appear to cause the greatest degree of 
fatigue damage per application. Steps should be taken to minimize the number of ve-
hicles of that type on pavements that are similar to the experimental pavement because 
those vehicles cause more damage than, for example, overloaded axles with dual-wheel 
configurations. 

Fatigue Prediction Procedures 

The NTRR fatigue prediction procedure in combination with the University of Cali-
fornia method is recommended for use in predicting the fatigue behavior of bituminous 
layers of all practical thicknesses because it accounts for the complex effect of material 
properties, structural characteristics, and also traffic and environmental conditions. 
A more elementary procedure such as the University of Nottingham method can also be 
used to obtain an approximate prediction of fatigue, a result that may be acceptable in 
practice. The Shell procedure, however, is not recommended for accounting for the 
effects of fatigue in surfaces less than 100 mm thick. 

Fatigue Initiation and Crack Propagation 

It has been found that the NIRR fatigue prediction procedure gives important practical 
indications of how thin surfaces will behave. If a particular pavement has a short 
fatigue life, the stiffness of the surface will deteriorate very rapidly in the crack-
propagation zone. On the other hand, if the fatigue initiation period is long, the surface 
stiffness will deteriorate slowly. 

The implication is that, if cracks are observed in a pavement surface soon after 
construction, remedial action should be equally prompt; but, if they appear a long time 
after construction, immediate action is probably unnecessary. The results on the ex-
perimental pavement indicated that equal time periods are required to initiate fatigue 
and to reduce the surface stiffness to approximately 50 percent of its original value. 
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Yang H. Huang, University of Kentucky 

The authors are to be complimented for an excellent paper presenting a wealth of 
information useful for the practical design of thin bituminous surfaces. Two of their 
conclusions that the fatigue of thin surfaces should be predicted on the basis of the actual 
number of axles, irrespective of axle loads, and that fatigue may be minimized by keep-
ing the surface as thin as possible are quite interesting and appear to be reasonable. 
However, there are situations under which those conclusions may not be valid. The 
purpose of this discussion is to present numerical data from 2-layer elastic theory and 
point out the limitations of those 2 conclusions. 

It is not clear to the writer what kind of wheel loads, i.e., single, multiple, or a 
combination of both, the authors used in fatigue prediction. If single wheel loads were 
employed, did they consider only the principal tensile strain directly beneath the center 
of the circular loaded area or, more important, the maximum principal tensile strain, 
which, in thin pavements, generally occurs at some distance from the center? Based 
on their statement that for 25-mm surfaces the radial strain directly beneath the wheel 
load decreases with an increase in wheel load, becoming compressive at high loads, it 
is quite probable that they did not consider the most critical tensile strain in the pre-
diction of fatigue. Although the radial strain.directly beneath the wheel load may be-
come compressive in a thin surface under a heavy load with a large contact area, con-
siderable tensile strain may be developed at some other points, which should certainly 
be used in the prediction of fatigue. 

Figure 14, based on the conventional 2-layer elastic theory, shows the relation 
between the thickness of bituminous surface h1  and the principal tensile strain e at 
various distance r from the center of a circular loaded area when both layers are as-
sumed incompressible with a Poisson's ratio of 0.5. The strain, thickness, and radial 
distance are expressed as dimensionless ratios E1  e/q, h1/a, and r/a respectively, 
where E1  = modulus of elasticity of bituminous surfacing, q = uniformly applied con-
tact pressure, and a = tire contact radius. The modulus ratio E1/E2  = 5 applies to a 
thin bituminous surface on an unbound base, and the modulus ratio E1/E2  = 1 applies 
to a thin bituminous surface on a stabilized base. For thick surfaces, the maximum 
tensile strain occurs directly beneath the center of the load, or r = 0; for thin 
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Figure 14. Effect of thickness and radial distance on 
principal tensile strain. 
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Figure 15. Effect of thickness and modulus ratio on critical 
tensile strain. 

DIAL 

50 

- 
10.0 

7.0 

5.0 

4.0 

3.0 

2.0 

LO 

0.7 

0.5 
0.11 

0.3 

II 

or 
a 
a 

a 

0.1 	0.2 	0.11 	0.7 1.0 0.1 	0.2 	0,11 	0.7 1.0 
DIlesiatfa ThIOGESS. h / a 	DISSIaoISS iHioiEa: h / a 

Table 4. Wheel configurations and tire pressures for various wheel-load 
categories. 

Axle Mean Mean Coefficient Axles With Axles With 
Wheel Wheel Tire of Single Dual 
Load Load Pressure Variation Axles Wheels Wheels 
(kip) (kN) (bar) (percent) Tested (percent) (percent) 

0 to 4 4.54 1.88 10.5 6 100 0 
4 to 8 13.6 5.06 4.2 23 95.7 4.3 
8 to 12 22.7 5.53 13.2 177 96.0 4.0 
12 to 16 31.7 5.56 14.1 227 25.1 74.9 
16 to 20 40.9 5.68 13.5 369 4.0 96.0 
20 to 24 49.9 5.86 10.5 90 1.0 99.0 
24 to 28 59.0 6.23 8.6 11 0 100 
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surfaces, it occurs at some distance from the center. In view of the fact that heavier 
wheel loads are generally associated with greater contact radii and larger contact 
pressures, the authors' contention that the magnitude of wheel load is immaterial in 
predicting the fatigue of thin surfaces is valid only when the principal tensile strain at 
r = 0 is used as a fatigue criterion, because the rapid decrease in tensile strain with 
the increase in contact radius will compensate the increase in tensile strain due to the 
increase in contact pressure. Because the critical tensile strain does not occur at 
r = 0, the effect of contact radius may not be large enough to compensate for the effect 
of contact pressure. For a modulus ratio of 1, as shown in Figure 14, the critical 
tensile strain occurs at r = a and increases with increasing contact radius. In that 
case, the magnitude of wheel loads will have tremendous effect on the critical tensile 
strain and, therefore, should not be ignored in the prediction of fatigue. 

Figure 15 shows the effect of thickness and modulus ratio on the critical tensile 
strain under both single and dual tires. Those curves substantiate the authors' finding 
that the 50-mm surface is more susceptible to fatigue than either the 25-mm or the 
100-mm surface. For a given modulus ratio, there is a critical thickness at which 
the principal tensile strain is maximum. The critical thickness for a typical modulus 
ratio of 5 is about 0.4a for a single tire and 0.5a for dual tires. Because the contact. 
radius for a conventional 9,000-lb wheel load with a tire pressure of 75 psi is about 
150 mm for a single tire and 110 mm for dual tires, it can be easily explained why a 
thickness of 50 mm is more fatigue susceptible than that of 25 or 100 mm. The figure 
also shows that below the critical thickness the maximum tensile strain decreases with 
the decrease in thickness, thus confirming the authors' finding that fatigue may be 
minimized by keeping the surface as thin as possible. However, that statement is not 
true when E1/E2  = 1, or when stabilizing agents are added to the unbound base. In that 
case, the critical tensile strain increases with the decrease in thickness, and the 
thinner the pavement is, the more it is susceptible to fatigue. 

This discussion indicates that the authors' conclusions are qualitatively correct. 
However, they do not hold when a thin bituminous surface is constructed on a strong 
base with a modulus ratio approaching one. 

1 
The authors would like to thank Huang for his interest in our paper, and we will 

attempt to answer the questions put by him. 

In the prediction of fatigue life, the kind of wheel loads used were taken from a 
survey of the types of vehicles that were likely to use the facility. The wheel config-
urations and tire pressures were measured in 1968 for specific wheel-load categories. 
The data obtained in those measurements are given in Table 4. 

The variation in maximum tensile strain with radial distance from the load 
centerline was recognized as being of primary importance and was taken into account 
in the computations. Greater details of the tests made on the experimental pavements 
and the related computations have been presented in a separate publication by the 
authors (19). 

With respect to the limitation on our proposals in that they do not hold when a 
thin bituminous surface is constructed over a strong base with the modulus ratio ap-
proaching one, it is considered that in practice this will not constitute a severe limita-
tion because fatigue of the bituminous layer is unlikely to be a critical factor in a pave-
ment of that type. For example, Pell and Brown (37) have indicated that the dynamic 
modulus of elasticity of cement-bound material such as lean concrete is about 6,900 to 
34,500 MN/m2. Under those conditions and taking E1/E2  = 1, h1/a = 0.1, and q = 5.5 
bar for both single and dual wheels, the critical tensile strain ranges from 31 x 10-6  
to 6 x 10_ 6  strain. Tensile strains of that order of magnitude will lead to very 
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long fatigue lives of the thin bituminous surface irrespective of whether or not the 
strain increases with load. 

Reference 

37. Pell, P. S., and Brown, S. F. The Characteristics of Materials for the Design 
of Flexible Pavement Structures. Proc., 3rd Tnt. Conf. on Struct. Des. of Asphalt 
Pavements, London, 1972, p 335. 
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FAILURE CRITERIA DEVELOPED FROM AASHO ROAD TEST DATA 

R. Ian Kingham* 

ABSTRACT 

Theoretical models of pavement deformation behavior such as elastic-layered theory can 
only be used for design purposes when failure criteria are specified. Although such models can 
be used to predict stress and strain states, they in no way indicate whether the material in 
the pavement can withstand the predicted deformations. For elastic-layered theory, limiting 
values of strain or stress need to be defined before the theory can be used to assist practic-
ing engineers in the design of asphalt pavements. 

There is general agreement in the literature that horizontal tensile stress or strain at 
the bottom of a thick asphalt layer is the controlling criterion for design to prevent repeti-
tive load cracking. Although such strains were not measured at the bottom of the asphalt layer 
at the AASHO Road Test, they can be inferred from a knowledge of the material characteristics 
and the measured deflections. Repetitive load cracking was observed to be the predominant 
mechanism of initial failure at the Road Test. Since the bituminous base sections provided a 
complete range of performance, from failures to survivors of over 1 million load repetitions it 
was possible to describe the strain history of these test sections in terms of performance. 

The bituminous base sections fell into three performance classifications, depending upon 
whether they failed the first spring of testing, survived the testing period with a low ser-
viceability rating or survived the testing without any change in serviceability. The horizon-
tal tensile strain, horizontal tensile stress and vertical strain on top of the subgrade data 
were computed for each test section in each performance classification. Asphalt moduli for a 
wide spectrum of deflection measurements were input into the stress and strain computations. 
Moduli values were determined from dynamic loading in compression. Subgrade moduli were in-
ferred from the deflection measurements. 

The results of the elastic-layered computations showed that there were indeed large 
differences in horizontal tensile strain, horizontal tensile stress and vertical strain in the 
subgrade, depending upon the performance classification. Secondly, the level of strain or 
stress for each performance classification was a function of the asphalt base stiffness at 
the asphalt layer bottom. From the horizontal strain results it was apparent that asphalt 
pavements can tolerate higher strains at lower stiffnesses. 

The horizontal tensile strain and stress relationships with asphalt stiffness were con-
verted into "load repetition to failure' relationships by relating two performance classifica-
tions to the number of load repetitions to failure. A log-log relationship was assumed. The 
resulting family of fatigue-like' curves for a range of. asphalt stiffnesses has been used by 
Witczak and is the subject of another paper to this conference. 

INTRODUCTION 

The development of failure criteria 
described in this paper was undertaken to 
complete one structural model required in a 
pavement management system.' A pavement 
management system has four major subsystems 
which in turn may be further subdivided. 
These major subsystems are design, construc-
tion, maintenance and the processing of 
information. The information subsystem is 
concerned with all aspects of pavement man-
agement and provides the source of feedback 
into the other subsystems. 

The design subsystem is concerned with 
the material selection and thickness design  

of pavements and their interrelationship 
with the many other factors affecting road 
performance. To describe the pavement 
design subsystem, it may be further divided 
into subsystems that relate to mechanisms of 
failure. Haas, Kasianchuk and Terrel, in a 
paper to this conference,2  have outlined the 
research needs required to develop the 
fatigue, rutting and thermal fracture sub-
systems. Fatigue and rutting are acknowl-
edged to be load associated, whereas thermal 
fracture is more closely associated with 
cold temperatures and secondly to load. 
This paper is concerned with developiog 
failure criteria for use in the fatigue sub-
system. Major emphasis is given to Full-
Depth asphalt pavements and thick asphalt 
bases. 
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A major part of the fatigue subsystem 
shown in Figure 1 is the fatigue analysis 
which requires the development of a struc-
tural model. Miner's hypothesis provides 
such a model which can be used to predict 
failure or to design pavements for a given 
life. This hypothesis requires the compu-
tation of stress or strain from a behavior 
model and a knowledge of the load 
applications to failure for each level of 
stress or strain. The stress and strain 
computations for a given pavement can now be 
easily computed using one of the several 
available computer solutions to the elastic 
layered system. The Chevron Asphalt pro-
gram3  was used by this author. Finn and 
Hicks4  have shown that the measured deflec-
tion and strains are reasonably close to 
those computed by the elastic layered sys-
tem. The author has made other studies him-
self with data obtained from test roads in 
Brampton, Ontario and in Colorado to verify 
that deflections, vertical strains and 
radial strains can be reasonably computed 
from elastic layered theory. 

For the determination of load repeti-
tions to failure as a function of pavement 
deformation, Dormon and Metcalf5  have 
rationalized that the horizontal stresses 
and strains at the bottom of the asphalt 
layer and the vertical strain in the sub-
grade are critically related to pavement 
performance. Deacon and Monismith6  and 
Pe117  have used a flexural test of asphalt 
mixtures in the laboratory to determine 
relationships between radial strain and load 
repetitions to failure. They have shown to 
this author that the scatter obtained from 
the laboratory test can be considerable and  

that a large number of tests are required to 
determine the relationship for a specific 
asphalt mixture. In another paper to this 
conference,8  this author describes the prob-
lem of establishing a family of laboratory 
fatigue curves that consider the asphalt 
mixture stiffness. Another approach to de-
termining the repetitions to failure as a 
function of stress or strain is to infer 
values from full-scale field tests. Although 
the AASHO Road Teste  did not produce measured 
values of strain as a function of load repe-
titions to failure, it does provide a sub-
stantial number of thick asphalt base 
sections from which stress or strain criteria 
can be inferred. 

Limitations of using AASHO Road Test 
data for the purpose of deriving failure 
stresses and strains were recognized at the 
outset. There was no check on the computed 
strains and stresses using measurement data. 
Secondly, failure at the AASHO Road Test was 
described by an unsatisfactory level of 
present serviceability index. Present ser-
viceability index was not developed to rep-
resent the effects of any one particular mode 
of failure. However, from the author's 
observations while employed at the AASHO Road 
Test, failure initiated with cracking in the 
wheel path. Rutting and shear failure were 
only evidenced in advanced stages of failure 
after the cracking had occurred. It is be-
lieved that stress and strain failure 
criteria as developed from the AASHO Road 
Test data represent very closely failure 
stresses and strains for a fatigue mechanism 
of failure. Such curves, however, are not 
true fatigue curves and hence in this paper 
will be referred to as load repetition curves. 

HYPOTHESIS 

To obtain an understanding of perform-
ance and deformation behavior of the bitum-
inous base sections, a detailed study was 
made of performance and deflection measure-
ments. For each test section, present 
serviceability index and deflection were 
plotted for each measurement date to show 
annual trends. Figure 2 presents a typical 
example. It was readily apparent that the 
peak deflections for the bituminous base 
sections were to be found in the sunmar dur-
ing periods when temperatures were at their 
maximum. This trend was in contrast to the 
granular base, where deflection measurements 
peaked in the spring. However, for both the 
granular base and bituminous base designs, 
failures took place predominantly in the 
spring. Almost no cracking occurred during 
the summer peak deflection periods. Some 
rutting, however, was measured during the 
suner and was considered tolerable by the 
Road Test staff in thicknesses adequate to 
resist cracking. It was hypothesized that 
critical strains must be a function of the 
asphalt layer stiffness 'since cracking did 
not occur during the Summer. 
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complex modulus values as a func-
tion of temperature and rate of 
loading for the asphalt concrete 
surfacing (determined by 
Coffman) 10 

complex modulus values for the 
asphalt concrete base as a function 
of temperature and rate of loading 
(determined in The Asphalt 
Institute laboratory) 11 

deflection data for all periods of 
the year. 

pavement temperature data measured 
for the top four inches of asphalt 
concrete at hourly intervals during 
the entire testing period. 

For complex modulus determinations a 
frequency loading of one cycle per second was 
chosen for use with deflection measurements. 
Coffman'°  describes the rationale for picking 
this loading frequency. Temperature data for 
modulus determinations were obtained from the 
AASRO Road Test data system 3300 for the time 
of deflection measurement. Deflection times 
were estimated from the operation schedule 
and the temperatures recorded with the de-
flection data system. Where temperatures 
were required at depths greater than four 
inches, the Southgate'2  approach was used to 
estimate these temperatures. The following 
equations were used to determine stiffness 
for the asphalt concrete surface and base: 

Surface: 

log B = 6.56495 - .01178(T) 995  Eq. 1 
(Coffman 
data'°) 

Base: 

log B = 6.32456 - .000012(T)251  Eq. 2 
(Kallas11 ) 

where B = modulus at 1 cpa 
T 	temperature F. 

No test data were available to estimate 
the subgrade and subbase modulus values 
directly. Even if such,  values had been 
available it would have been difficult to 
estimate the condition of the base and sub-
grade for each of the 315 deflection measur-
ments analyzed. Therefore, subgrade and 
subbase modulus values were estimated from 
the pavement deflection measurement using 
Kirk's13  simple formula for deflection. De-
flection data were selected to represent all 
Seasons of the year and all loads, as shown 
by Figures 3 and 4. These represent approx-
imately 501/ of all deflections taken on the 
bituminous base sections. A modular ratio 
of subbase to subgrade of 2:1 was assumed 
from the work of Dormon.14  Once the modulus 
values for the asphalt granular subbase and 
subgrade were known, it was possible with an 
assumed Poisson's ratio to compute the 

The AASRO Road Test included bituminous 
base sections under three weights of loading 
-- 12,000, 22,400 and 30,000 lb. axle loads. 
For each load there appeared two or three 
trends with time as shown in Figure 2. For 
all loads one test section failed during the 
first spring of testing, having carried 
approximately 121,000 load repetitions 
throughout the previous fall and winter. 
These are described as "failures." For the 
two heavier loads, one test section exhibit-
ed significant present serviceability index 
decreases during the springs of each test 
year and was classified a "borderline' per-
former. Again, for all three loads one test 
section displayed no changes in pre8ent ser-
viceability index or cracking. These 
sections were classified "thinnest survivOrs?' 
It was hypothesized that since performance 
characteristics depicted by these curves 
were so completely different that the radial 
stresses and strains and the vertical strains 
in the subgrade would be different. 

ANALYSIS 

The input data available for stress and 
strain computations were as follows: 



WINTER 

SPRING 

SUMNER 

FALL 

have been required to reduce the serviceabil-
ity index to 2.5. Test sections carrying the 
30,000 lb. single axle load failed at an 
average of 644,200 load repetitions. A log-
arithmic average between the 22,400 and 
30,000 single axle load results would fall 
close to the total number of load repetitions 
imposed on the test sections, 1.12 million. 
Therefore, this class was identified with 
1.12 million load repetitions. Load repeti-
tions to failure for the thinnest surviving 
test sections could not be determined. 

HORIZONTAL TENSILE STRAIN (Radial Strain) 
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strains, stresses and deflections using the 
Chevron elastic layer computer program. A 
single plate loading configuration was 
assumed to represent the dual wheel config-
uration. Hence the maximum horizontal 
tensile strains and stresses are radial 
strains and stresses. Poisson's ratios of 
0.45 and 0.4 were assumed for asphalt con-
crete temperatures greater than and lees 
than 70°F. A check on the computations was 
made by comparing computed deflections to 
those measured. The computed values were in 
all cases within .00211 of those measured. 

In order for the computed stresses and 
strains to be applied to a repeated load 
analysis, the performance classifications 
had to be identified with numbers of load 
repetitions. Pavements failing the first 
spring, 'failures," carried a total of 
121,000 load repetitions on the average. Of 
these Only 57,000 were applied with no frost 
in the subgrade. For the borderline' test 
sections, repetitions to failure were harder 
to define. Test sections carrying the 
22,400 lb. axle load did not reach the term-
inal present serviceability index of 1.5 by 
the end of the test. Extrapolating the ser-
viceability index trend it was estimated 
that 2.03 million load repetitions would 

The radial strain on the bottom of the 
asphalt concrete determined at the time of 
each deflection measurement was plotted 
against the modulus of the asphalt concrete. 
Since the modulus was not a con8tant with 
depth the modulus for the bottom of the base 
layer was used. Figures 5 and 6 show the 
strain as a function of modulus on log-log 
scales. The top curve of Figure 5 shows the 
data by performance classification. The re-
maining curve in Figure 5 and those in 
Figure 6 show the data breakdown by load for 
each performance classification. Several 
conclusions can be drawn from these curves. 
First, the data for the three performance 
classifications are indeed completely sepa-
rate as hypothesized. Therefore, it seems 
reasonable that these curves are indeed a 
family of curves which can be identified with 
two levels of load repetitions. Secondly, 
they do suggest that an asphalt concrete 
pavement can withstand greater strains when 
its stiffness is lowered. 

The data plotted in Figures 5 and 6 
excluded all data points for periods when 
measurable depths of frost were recorded in 
the subgrade. Figure 7 shows the computed 
curves from Figures 5 and 6 together with 
the "frozen" data. The data plot signifi-
cantly below the curves suggesting that 
these points are in reality on other curves 
representing a much larger number of load 
repetitions. 
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The plot of radial strain versus, stiff-
ness modulus can be resolved into a plot of 
load repetition curves showing radial strain 
as a function of load applications to fail-
ure. The regression analyses for two sets of 
curves are shown in Figure 8. To construct 
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Fl9. B LOAD REPETITION FAILURE CURVES WITH AND WITHOUT 

DATA FROM FROZEN PERIODS. 

the curves it was necessary to assume that 
the relationships were linear in the log-log 
transformation. The solid lines represent 
the result from analyzing all deflection 
data (for frozen and unfrozen subgrades). 
Test sections classified as 'failures" were 
identified as having 121,000 load repetitions 
to failure. The dashed lines are those de-
termined with all strain data and loadrepe-
titions associated with the frozen periods 
deleted. 'Failures for this analysis were 
assocldcec w.. 57  
For both solid and dashed lines 1.12 x 108  
load repetitions to failure were identified 
with the borderline performance test sec-
tions. Equations describing the two sets of 
curves are given below. 

For all data: 

log e = 1.2458 - .67296 log E 

- .0065461 log Nf 

- .034001 log E log Nf 

For deletion of 
data associated 
with frozen subgrades: 

log e = -1.34114 - .28646 log E 

+ .403893 log Nf  

- .094801 log E log Nf 

The solid lines are nearly parallel and 
have similar Slopes to laboratory fatigue 
curves,15  whereas the dashed lines are 
slightly flatter than laboratory fatigue 
curves. The selection of design curves from 
this analysis is a matter of judgment. 
Witczak,18  in his paper to this conference,  

chose the solid curves because of their near-
ly parallel nature and the support from lab-
oratory data for the slopes. As an aid to 
selection for design, the data scatter repre-
sented by the root mean square error is given 
in Table 1. 

Table 1 

HORIZONTAL TENSILE STRAIN FAILURE CRITERIA 
FOR LOG STRAIN = INTERCEPT + SLOPE (LOG E) 

Performance 
Iflassification 

Regression Results 
Intercept. 	Slope 	RMSE 

All Data 

Failures 1.2124 - .84575 .11600 
Borderlines 1.20623 - .87864 .10862 
Survivors .653619 - .81508 .12914 

Frozen Subgrade 
Data Deleted 

.57972 - .73732 .13007 Failures 
Borderlines 1.1021 -.85993 .11058 
Survivors .53188 - .79308 .12894 

In translating the strain - stiffness 
curves to strain - load repetition curves, it' 
is assumed that if one were to test at a 
given stiffness level then a unique number of 
load repetitions would occur for a given 
strain. It is possible that a data bias 
exists because of the single environment1 
locality of the AASHO Road Test. To check on 
the possibility of such a data bias an analy-
sis was made to develop the load repetition 
curves using Miner's hypothesis and the 

1 ,'4 ,h,,I1on of load aoolications as a 
function of temperature. Details of this 
analysis are given in the Appendix. The re-
sult was very'minor changes in the load rep-
etition curves as shown in Figure 9, which 
were judged to be insignificant. 
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An application of the load repetition 
curves to a 5" Full-Depth asphalt pavement 
carrying an 18-kip axle load for subgrade 
modulus values of 6000 and 15,000 psi is 
given in Figure 10. The plotted points are 
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strains determined in an elastic layered 
analysis. These strains when plotted on the 
load repetition curves show that the higher 
asphalt layer stiffnesses are more damaging 
than the lover asphalt stiffnesses which is 
in agreement with the philosophy of some 
highway department engineers. 
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HORIZONTAL TENSILE STRESS (Radial Stress) 

In the same manner that strain was 
plotted against stiffness of the asphalt 
layer, radial stress was also plotted. At 
first glance the data enneero tr. h .....9. 

more scattered than those for radial strain. 
Further examination indicated that the sub-
grade modulus had a large effect on the data 
scatter. When subgrade modulus was recog-
nized the expected curve of increasing stress 
with increasing stiffness was found, as shown 
in Figure 11. Also load differences appeared 
to explain some of the scatter. These plots 
show that a failure stress needs to be qual-
ified by the subgrade modulus it pertains to. 
Failure stresses increase with decreasing 
subgrade modulus.. Hence this design criter-
ion is not entirely independent of other 
structural considerations, as was the radial 
strain. 

Radial strain as a function of load rep-
etitions to failure for various levels of 
asphalt and subgrade modulus values are given 
in Figure 12. Regression analysisresults 
for the plotted curves in Figures 11 and 12 
are given in Table 2. At the time of writing 
these criteria have not been applied to air-
field or highway design. 

VERTICAL STRAINS 

Vertical strains were analyzed in the 
same manner as for radial strains and 
stresses. The changes in vertical strain 
with asphalt concrete modulus were consider-
able. Since rutting was not an observed 
failure mechanism except in instances where 
cracking occurred initially, the values of 
vertical strain at various levels of load 
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Table 2 

HORIZONTAL TENSILE STRESS FAILURE CRITERIA 
REGRESSION ANALYSIS RESULTS* 

Regression 
Results 

Data For 

Performance Classification 

Frozen 
Subgrsde Failures Borderline 
Deleted (57,000 reps) (1.12 x 106  reps) 

Ao -1878.94 590.67 

Al  422.91 -37.81 

A2  412.74 -203.70 

As -87.53 23.86 

R2  .885 .874 

RMSE 25.1 psi 10.4 psi 

*Stress = An  + A1  log Eb + A2  log E5  

+ A.3  (log E)(log Es) 

where 

b = base 
S = subgrade  

repetition were only of interest to compare 
with other criteria. Table 3 presents the 
vertical strain results from regression 
analyses associated with each performance 
classification. Design criteria published 
by Dormon and Metcalf5  are compared. The 
only valid comparisons are those where pave-
ments survived a significant number of load 
repetitions when pavement modulus values 
were at 200,000 psi or lower. This excludes 
the failure classification since these test 
sections failed before the first sumeer of 
test traffic. From the valid compari-
son it is obvious that vertical strains in 
the subgrade exceeded those reconinended for 
design by Dormon and Metcalf. Since little 
or no rutting was measured in the subgrade 
soil it is the Opinion of this author that 
the Dormon and Edwards vertical strain cri-
teria are conservative. 

An interesting conclusion can be drawn 
from the subgrade vertical strain and the 
associated measured rut depths given in 
Table 3. As a function of load the rut in-
creased from the lightest to the heaviest 
load for the thinnest surviving pavements. 
Vertical strains in the subgrade, however, 
decreased with increases in rut depth. Each 
survivor test section had 1.12 x 106  load 
repetitions applied to it. Hence the magni-
tude of vertical strain in the top of the 
subgrade does not explain the surface 
rutting observed. Other studies conducted 
at the Road Test9  indicate that less than lOi 
of the surface rut reflected into the sub-
grade. Since increasing base thickness 

Table 3 

SUMMARY OF VERTICAL STRAIN ANALYSIS 

Shell AASHO Computed 
Verti- Strain Values** 

Classification 
No. of Load 
Repetitions 
to Failure 

Axle 
Losd 
Kips 

Regression Eguations+ 
cal 
Strain 
Cri- 
tend' 

Ave. 

Ave. 
-2 

RMSE 

Measured 
Rut 

Depth 
(Inches) 

Slope 	Intercept 	R2 	MSE 

FAILURES 
(57,400 

12 
22.4 

-1.07818 
-1.14834 

3.04914 
3.61938 

.899784 

.625782 
.10417 
.125764 

1120 2400 
3700 

543.6 
721.4 

load 
repetitions) 30.0 -1.15021 3.61388 .825974 .117772 3700 760.7 

BORDERLINE 
(1.12 x 106  

22.4 
30.0 

-.808804 
-.796925 

1.20951 
1.24201 

.927274 

.926375 
.0711949 
.0674619 

630 830 
1040 

243.3 
315.8 

load 
repetitions) 

SURVIVORS 
(unknown 

12 
22.4 

- .730062 
- .615682 

.735 
- .0561679 

.56954 

.905311 
.17563 
.0463689 

Unknown 730 
480 

105.8 
178.8 

.25 

.38 
load 
repetitions) 30.0 - .690541 .377486 .92566 .057345Z 520 173.2 .50 

Model log e 	+ a1  log E 
+*values computed. for a pavement modulus value of 200,000 psi 
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above the minimum required to prevent crack-
ing did not reduce the rutting, it is 
apparent that limiting the subgrade vertical 
strain would not prevent rutting for the Road 
Test asphalt base pavements. Hence it is 
concluded that limiting the subgrade vertical 
strain in design may prevent rutting in the 
subgrade but it will not insure the preven-
tion of rutting at the pavement surface. 

SU9ARY AND CONCLUSIONS 

Horizontal tensile strains and 
stresses at the bottom of the asphalt base 
and vertical strains in the top of the sub-
grade were correlated to performance trends 
at the AASHO Road Test. From such a corre-
lation, levels of radial strain, radial 
stress and vertical strain in the subgrade 
could be identified with unique numbers of 
load repetitions. 

Stiffness of the asphalt concrete 
provided a strong influence on critical 
strains or stresses. By comparison with 
limiting horizontal tensile strain values 
published in the literature it is apparent 
that asphalt pavements can tolerate higher 
strains at lower stiffnesses. 

Horizontal tensile strains at fail-
ure for given numbers of load repetitions to 
failure were independent of load effects and 
hence appeared to be entirely a function of 
the asphalt mix properties. 

Horizontal tensile stresses at given 
load repetitions to failure were highly de-
pendent on subgrade stiffness and hence more 
difficult to use as design criteria than 
strain. 

Vertical strains in the top of the 
subgrade did not correlate to the measured 
rut depths. Therefore, limiting vertical 
strain in the subgrade may prevent deforma-
tion in the subgrade but it will not insure 
the prevention of rutting at the pavement 
surface. 

APPENDIX 

DERIVATION OF STRAIN-LOAD REPETITION CURVES 

It is possible to derive a family of 
strain-load repetition curves as a function 
of asphalt stiffness that considers the 
distribution of loads with stiffness exper-
ienced. at the AASHO Road Test. The result-
ing curves should be free of any environ-
mental bias that imposes itself by virtue of 
the data base being entirely from the AASHO 
Road Test. In Figure A-I, the curve for 
121,000 load repetitions is drawn from 
Figure 5 for the failed test sections. The 
curve designated 626,000 load repetitions 
represents the average life of borderline 
performance test sections from the 30-kip 
axle load test. For the third curve, the 

£ AT BOTTOM OF ASPHALT LAYER 

Fig. A-I STRAIN-C DATA FOR ANALYSIS INPUT. 

22.4 kip axle load test sections were as-
signed a value of 2.024 X 108  load test 
repetitions based on an extrapolation of 
their present serviceability index trends. 
By dividing the temperature range of 0°  to 
90°F into three equal parts and converting 
to stiffness of the asphalt concrete for 1 
cycle per second loading time, three values 
of strain are identified for each curve, or 
nine values in total. For each strain and 
stiffness pair there exists an actual number 
of load repetitions applied. These are 
known from the loading history and are given 
in Table A-i. 

The load repetition values were derived 
from the histograms given in Figures A-2 and 
A-3. These in turn were derived from 
monthly average pavement temperature - air 

70 	an 

MEAN TEMPERATURE AT BOTTOM OF ASPHALT BASE-SF 

FIg. A-2 FAILURES 
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Table A-i 

SUOt.RY OP ANALYSIS INPUT DATA 

Strain - Load Pavement Pavement Pavement 
Repetitions Ei E2  E3  Total 

Pairs 530,000 1,428,000 2,095,000 Load Repetitions 
in/in - No. psi psi psi 

eja 122.5 52.3 37.5 
nja 1,021,495 783,213 219,580 2,024,000 
eib 160.0 68.2 49.0 
nib 198,000 289,000 139,000 626 000 
ejc 237.5 100.1 76.6 
flic 26,199 52,222 52,616 121,037 

25 

0 

20 
z 
0 
I.- 

'5 

10 

U- 
0 
Cr 
cU 
cm 5 

z 

AXLE LOAD • 22.4 KIPS AXLE LOAD30 KIPS 

20 30 40 50 60 70 80 90 	20 30 40 50 60 70 80 90 

MEAN TEMPERATURE AT BOTTOM OF ASPHALT BASE -°F 

Fig. A-3 BORDERLINE SECTIONS. 

temperature relationships developed by 
Witczak ie 

Using Miner's hypothesis, repetitions 
to failure for each strain - stiffness pair 
was determined in the following manner: 

Let nij be the actual number of 
weighted repetitions occurring 
during an average temperature 
range (associated with 191  for 
the jth  failure curves 

i = 1, 2, 3 
j = a, b, C 

Let ejj be the maximum tensile strain 
at the bottom of the A.C. 
layer associated with the ith 

and jth  point on the failure curves 

la + 2a + "3a = Na = 2,024,000 
lb + 2b + n3b = Nb = 626,000 
nic + °2c + °3c = Nc  = 121,000 

Using Miner's hypothesis of damage ac-
cumulation and letting 

Nfla = allowable rep, to failure that 
ela will cause at E1 for Na 
curve 

Nflb = allowable rep, to failure that 
elb will cause at E1 for Nb 
curve 

Nflc = allowable rep. to failure that 
elc will cause at E1 for Nc  curve 

Nf2a = allowable rep. to failure that 
e2a will cause at E2  for Na  curve 

Nf2b allowable rep. to failure that 
e2b will cause at E2 for Nb  curve 
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Nf2c  = allowable rep, to failure that 
e2c will cause at E2 for Nc  curve 

Nf3a = allowable rep, to failure that 
e3a  will cause at E3  for Na  curve 

Nf3b = aflpwable rep, to failure that 
e3b will cause at £3  for Nb  curve 

Nf3c  = allowable rep. to failure that 
e3c will cause at E3 for Nc curve 

nla  n n 
+ —'i + —a= i 	(Equation i) 

Nfla  Nf2a Nf3a 

+ 	+ 	= 1 	(Equation 2) 
Nflb Nf2b Nf3b 

lc 2+ 	+ 	1 	(Equation 3) 
Nflc' Nf2c Nf3c 

Assuming that the true family of fatigue 
curves (Nf - e) are parallel, i.e., 

c2 = c3  'for various temperatures 
(stiffnessea E1, E2, E3) then the fol-
lowing are true 

Nfla = Kl(....L.)c 	Nflb = 
ela 	 elb 

Nflc = 

Nf2a = K2(.,_L)c Nf2b 
e2a 	 e2b 

Nf2c = K2 (. 1  ) 

Nf3a = 
	

(l)C Nf3b K3(_) 

Nf3c 
e3c 

C  
or 	Nfla 	(e.th) 	

•., Nfla  = Nflb felb c 

Nflb 
- = (ela.)c 

(Equation 4) 

Nfla ' Nfla= Nflc  (elc)c 

(Equation 5) 

Nf2a  = (e2b.)c 	Nf2a = Nf2b ,e2b\c ; (5)c.. 

(Equation 6) 

Nf2a  = (e2C)c '' 	Nf2a  = Nf2c (e2c'\C 
; (T;)  

(Equation 7) 

Nf3a . (.0)C .. Nf3a  = Nf3b 	3b' 
Nf3b (e3a)c 

(Equation 8) 

Nf3a  = (e3)c 	' Nf3a Nf3c  
g 

(Equation 9) 

The nine equations above allow the solu-
tion of the Nfij  values which are the desired 
load repetitions to failure. Analyses for 
chosen values of C from 4 to 6 revealed that 
sets of positive Nf jj  values could only be 
determined for values of C from 4.20 to. 4.23. 
Assuming a mid-value of 4.215 the solution is 
given in Table A-2. 

These data are the basis of the "correc-
ted curves" shown in Figure 9. As concluded 
in the main section of the paper there would 
appear to be little or no environmental bias 
in the development of the failure criteria. 

Table A-2 

S1NARY OF LOAD 'REPETITIONS 
TO FAILURE DETERMINED FROM ANALYSIS 

Stiffness, 
psi 

Load 
, 

Repetitions to Failure at 
Given Strain, 

,u in/in. 

2,095,000 131,022 122.2 694,482 	52.3 2,130,078 37.5 
1,428,000 122,908 160.0 651,475 	68.2 1,998,830 49.0 

530,000 104,858 237.5 555,801 	100.1 1,705,290 76.6 
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T. F. McMahon 
Office of Research, Federal Highway Administration 

At the Symposium on the Structural Design of Asphalt Concrete 
Pavements to Prevent Fatigue Failure, we were impressed with 
the advances that have been made in the understanding of pavement 
failure and in our ability to predict that failure with respect to the 
fatigue phenomenon. The other modes of failure, rutting and 
roughness, have also been covered to some extent by several of 
the authors, especially Havens and Deen. However, one of the 
big unanswered problems has to do with the interaction of those 
failure modes and its effect on pavement life. We are currently 
able, in a rough way, to predict fatigue performance and rutting 
performance, but as yet we are unable to combine the two with 
much certainty or to actually include the roughness effect as a 
performance modifier. 

Barksdale and Hicks listed the many factors inherent in the 
design of pavements: environment, traffic, material properties, 
construction variables, maintenance variables, and economics. 
Because of the many factors and the many variables associated 
with those factors, we at the Federal Highway Administration are 
striving toward a probabilistic or stochastic approach to design. 
Barksdale and Hicks also pointed out that the characterization of 
the materials, especially granular materials, is not a straight-
forward linear problem but that moduli and Poisson's ratios vary 
with the stress state. That is true; however, it is yet to be shown 
that this effect is important enough to warrant complicating the 
testing and analysis procedures to account for it. Stress was 
also placed on the effects of moisture and temperature on pave-
ment performance. Nearly everyone working on new methodology 
for flexible pavement design seems to be confident that the tem-
perature variations can be accounted for, but so far I have heard 
little if any assurance that moisture variations can be as easily 
handled. 

In their disôussion of layered systems analysis, Barksdale and 
Hicks presented a rather detailed outline of the history of what 
might be termed "The Struggle to Develop a Rational Design Method 
for Flexible Pavements." I first entered into that struggle in 1946 
as Don Burmistér's assistant at Columbia University—not that I 
played a great part, but I was exposed to it. Later at Purdue 
University I spent about 2 years measuring and analyzing stresses 
and strains in layered systems. As you can see, this struggle has 
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been going on for at least 25 years, and only now are we beginning to see what could 
be a "negotiated peace." 

Pell performed an excellent job of defining the technical terms and criteria used in 
the fatigue analysis of pavement performance. He also related the problems associated 
with fatigue testing and fatigue characterization of the pavement components. Accord-
ing to him, one of the major problems associated with the testing is that of duplication 
of in situ stress states in laboratory test procedures. Here again, we all agree that 
it is a problem, but we differ as to how much of a problem it is. The situation is still 
in such flux that I can continue to hope that the problem is negligible. I am convinced 
that if Majidzadeh continues to make progress in his work in fracture mechanics the 
problem will disappear. In fact, he states that in his work the prediction of fatigue 
life of pavements from laboratory tests is independent of the mode of loading or the 
specimen geometry. 

Pell also stated that the slope of the fatigue line (fatigue characteristic) appears to 
depend on the stiffness characteristics of the mix and the nature of the binder. He 
said further that the 2 factors that appear to be of primary importance are binder con-
tent and voids content with an existing optimum fatigue life dependent on the relations 
of binder, filler, and voids. For good fatigue performance of thick asphalt construction, 
a mix of maximum stiffness should be the objective, and the quantities of filler and 
binder should be such that a condition of maximum tensile stiffness associated with 
minimum voids is produced. 

Hudson provided a great deal of information concerning input variables, how they 
may or should be obtained, and how they may be used in the design system. One aspect 
of fatigue that has not been extensively discussed is that of thermal fatigue. Some ex-
cellent work in that area has been done in Texas. 

Deacon outlined a design process that is basically a trial-and-error procedure 
wherein (a) a trial structure is assumed; (b) the structure is analyzed by estimating 
the levels of the critical stresses and strains anticipated under in-service loading; 
(c) the structure is evaluated by comparing the estimated stresses and strains with 
tolerable levels derived from. failure criteria; and (d) modifications are made to the 
structure as necessary, and the process is repeated until a satisfactory design has 
evolved. He defined failure, as do most of the authors, but there is still much room 
for agreement among them. 

Finn reminded us that we must determine how much cracking is bad, what kinds of 
cracking are bad, and what happens to a pavement after cracking occurs. Those are 
all questions that need to be resolved in order for cracking predictions to be meaning-
ful. A certain amount of cracking is acceptable in terms of riding quality, but so far 
we are not sure what it means in terms of structural integrity. Finn discussed pos-
sible criteria for using cracking as a performance parameter and suggested that sub-
jective evaluations of the future utility of a given pavement together with objective 
measurements of the amount of cracking existing on the pavement be used to develop 
useful cracking criteria. 

Terrel gave excellent reviews of several of the important field and test track studies. 
He has done some fine work with his test track and has provided much data that have 
been used in comparison.with predicted results. He concluded by saying, "It would 
appear that prediction of fatigue failure in actual pavements is feasible. However, 
there appears to be a basic lack of knowledge in the actual behavior of pavements under 
varying loads and environments." 

Witczak presented an excellent example of the use of the latest available methodology 
in the development of an actual design procedure for airfield pavements. When a truly 
rational design method is established, we should be able to leave off the labels of air-
port or highway and say we have procedures for the design of any pavement for any 
purpose.  

At FHWA, we arerparticularly proud of the presentation by Havens and Deen. It is 
a good example of the work of the personnel of a state highway department research 
group. It typifies the attitude of many of the state departments toward research and 
their efforts to take advantage of every opportunity to improve their operations. Al-
though it cannot be labeled as truly rational, it is a major step forward. 
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Most of the presentations at the symposium were directly or indirectly associated 
with the FHWA research project on the rational design of flexible pavements. That 
project originated in 1965 and is currently carried as Project 5C, New Methodology 
for Flexible Pavement Design. Administrative funding of this project will end with 
fiscal year 1973 funding; however, in-house and HPR portions of the project will con-
tinue for several more years. 

Recently an administrative fund contract that was concerned with the subject of this 
symposium was completed. The results of that study will be reported by Smith and 
Nair in a paper to be published in the 1973 Highway Research Record series. The 
authors report the following conclusions. 

1. The predominant parameter variation causing uncertainty in fatigue life is that 
associated with construction control of air voids in the asphalt concrete. 

2. A more accurate definition of the fatigue failure criteria for asphalt concrete 
would be more beneficialthan improvement of the constitutive material characteriza-
tion beyond isotropic linear elasticity. 

3. The uncertainty associated with characterization of pavement materials by iso-
tropic linear elasticity can contribute significant uncertainty to the prediction of fa-
tigue life. However, that induced uncertainty in fatigue life is of less significance than 
the uncertainty induced by field control of air voids or fatigue criteria definition. 

Improved characterization of asphalt concrete would be most beneficial for full-
depth and thick asphalt concrete surface pavements. 

More accurate characterization of untreated granular base course material 
would also be advantageous, especially for pavements located in hot climates. 

An isotropic linear elastic characterization of subgrades is adequate if the char-
acterization is performed under levels representative of in-service subgrades. 

4. Consideration of variations in water content and densities of in situ base course 
and subgrade materials would be beneficial for pavements located in hot climates. 

. "it'± t 	A1nng techniques for considering temperature in the analysis, the 
ability to predict the temperature is sufficiently accurate. 

6. Thickness control of the asphalt concrete layer is now sufficiently accurate. 

It should be recognized that the adequacy of a material characterization is a dynamic 
phenomenon. As our ability to describe and control the effects of other parameters 
influencing the fatigue life of flexible pavements improves, characterizations that are 
now adequate may become inadequate. 

At a meeting at the University of Nottingham in September 1972, I announced that 
the FHWA would have a flexible pavement design system developed and ready for use 
by fiscal year 1975. Many of those attending that meeting intimated that this was an 
impossible goal. However, I still stick by that estimate even though Bill Kenis says 
it is his neck I am sticking out. 

Many of us in the FHWA Offices of Research and Development are essentially re-
search managers, although we do have a very active in-house program. Our superiors 
insist that we produce a useful product in the shortest time and at the least cost possible. 
It is my belief that the only way to produce a rational design method is to assemble all 
available knowledge into the most logical and feasible system and give it a trial. Such 
trials will soon point out whether we have a good system or whether our information is 
deficient and more research is needed. Therefore, we are progressing along those 
lines. 

Briefly, our plan is to assemble together in a modular system all of the subsystems 
we have or will have when our staff research and contract effort is completed. We will 
use much of the information presented at this symposium. The fatigue concept will be 
a modular subsystem with a fracture mechanics module as an alternative; elastic and 
viscoelastic stress analysis and strain computation modules will be included. We will 
then try those alternatives in actual designs and compare them in highway department 
designs, test tracks, and other accelerated test facilities. In fact, we have already 
started that program at Pennsylvania State University. The university, the Penn-
sylvania Department of Transportation, The Asphalt Institute, the Crushed Stone 
Association, and FHWA are cooperating in an evaluation of some of the existing 
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methodology. We are particularly interested in evaluating the M.I.T. viscoelastic 
methods for predicting rutting. The materials will be tested in the laboratory; pre-
dictions will be made of cracking, rutting, and roughness; in-service measurements 
will be taken; methods will be adjusted; and new predictions and new measurements 
will be made until methods are calibrated or discarded. 

Once we have developed a workable pavement design system, we can then determine 
whether many of the refinements about which we now worry are really essential or 
whether they are more or less window dressing for the purist. We will also be able 
to concentrate on what I think is an important problem—designing a positive environ-
ment for pavement that will allow us to predict more accurately the performance char-
acteristics of the designs. With those tools, a pavement design system, and a roadway 
system design guide, each agency will be able to predict and finance a well-planned, 
well-managed service life for each pavement constructed. 
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THE National Academy of Sciences is a private, honorary organization of more than 800 
scientists and engineers elected on the basis of outstanding contributions to knowledge. 
Established by a congressional act of incorporation signed by Abtaham Lincoln on March 
3, 1863, and supported by private and public funds, the Academy works to further 
science and its use for the general welfare by bringing together the most qualified indi-
viduals to deal with scientific and technological problems of broad significance. 

Under the terms of its congressional charter, the Academy is also called upon to act as 
an official—yet independent—adviser to the federal government in any matter of science 
and technology. This provision accounts for the close ties that have always existed be-
tween the Academy and the government, although the Academy is not a governmental 
agency and its activities are not1imited to those on behalf of the government. 

The National Academy of Engineering  was established on December 5, 1964. On that 
date the Council of the National Academy of Sciences, under the authority of its act of 
incorporation, adopted articles of organization bringing the National Academy of Engi-
neering into being, independent and autonomous in its organization and the election of 
its members, and closely coordinated with the National Academy of Sciences in its ad-
visory activities. The two Academies join in the furtherance of science and engineering 
and share the responsibility of advising the federal government, upon request, on any sub-
ject of science or technology. 

The National Research Council was organized as an agency of the National Academy 
of Sciences in 1916, at the request of President Wilson, to provide a broader participation 
by American scientists and engineers in the work of the Academy in service to science 
and the nation. Its members, who receive their appointments from the President of the 
National Academy of Sciences, are drawn from academic, industrial, and government 
organizations throughout the country. The National Research Council serves both 
Academies in the discharge of their responsibilities. Supported by private and public 
contributions, grants, and contracts and by voluntary contributions of time and effort by 
several thousand of the nation's leading scientists and engineers, the Academies and their 
Research Council thus work to serve the national interest, to foster the sound develop-
ment of science and engineering, and to promote their effective application for the bene-
fit of society. 

The Division of Engineering is one of the eight major divisions into which the National 
Research Council is organized for the conduct of its work. Its membership includes rep-
resentatives of the nation's leading technical societies as well as a number of members-at-
large. Its Chairman is appointed by the Council of the Academy of Sciences upon 
nomination by the Council of the Academy of Engineering. 

The Highway Research Board is an agency of the Division of Engineering. The 
Board was established November 11, 1920, under the auspices of the National Research 
Council as a cooperative organization of the highway technologists of America. The pur-
pose of the Board is to advance knowledge of the nature and performance of transporta-
tion systems through the stimulation of research and dissemination of information de-
rived therefrom. It is supported in this effort by the state highway departments, the U.S. 
Department of Transportation, and many other organizations interested in the develop-
ment of transportation. 



HIGHWAY RESEARCH BOARD 
NATIONAL ACADEMY OF SCIENtkS—NaTIONaL RESEARCH COUNCIL 

2101 Con,Iitstion ARenRe. 	Wohington, D. C. 20418 	- 

ADDRESS CORRECTION REQUESTED 	 . 	 . . 

NON.PROFIT ORG. 
U.S. POSTAGE 

P A I D 

-. 	 WASHINGTON. D.C. 
PERMIT NO. 42970 




