
Systems of Pavement Design and Analysis 
NAI C. YANG, Civil Engineer, The Port of New York Authority 

An analytical system is advanced for the design of new pavement 
based on the introduction of vehicle response as an important de
sign parameter; the integration of design theories governing 
"rigid" and "flexible" pavements; and the tolerance of surface 
deformation and stress intensity in the pavement as well as in the 
subgrade. The system completely defies traditional design prac
tice, but represents the collective work of theoreticians, practi
cal engineers, material specialists, construction inspectors and 
maintenance crews. An even more important factor is the con
tribution of the pavement user who accepts the level of vehicle 
response and the one who pays the cost of construction. 

•IN PRESENT engineering practice, pavement design methods tend to be divided into 
two groups:· the empirical or statistical approach, and the theoretical analysis approach . 
Both have their own merits and drawbacks, and many good theories have been developed 
for pavement design using one or the other. However, when design problems are en
countered for pavements of modern airports or superhighways, it will be found that 
present design practice is not adequate. First, the empirical and theoretical methods 
were, in most cases, developed independently. There is no correlation between them. 
Second, no pavement design theory includes the parameters of vehicle response, pave
ment roughness, maintenance, and riding criteria. Pavement theories developed in the 
early automobile age will not be adequate for today's jet aircraft and high-speedvehicle. 

During the pavement tests for the redevelopment program at Newark Airport, extra 
efforts have been undertaken by the staff of The Port of New York Authority to obtain 
pertinent information that would contribute to the general knowledge of pavement engi
neering. The basis for the pavement design system proposed is the conclusions drawn 
from those tests. The statistical correlations deducted and at least part of the design 
analysis proposed are valid only for the subgrade, construction materials, and traffic 
pattern of the New York airports. 

PURPOSE OF PAVEMENT CONSTRUCTION 

Before going into the discussion of system analysis, it is appropriate to state the 
purpose of constructing pavement: 

1. Safety: Pavements are built not only to support the vehicle load but also to per
form under various traffic conditions. A vehicle can be operated on a dirt road as well 
as on a paved surface. The difference of vehicle operation is reflected by its dynamic 
response, speed limit, and, above all, the safety and comfort of the operator. In ex
isting pavement design methods, strong emphasis has been given to the load-carrying 
capacity of the pavement, and practically no attention to the speed of the vehicle and its 
effect on the pavement performance . For instance, in airport construction there are 
three distinct areas where the pavement performs differently . For an identical pave
ment structure on uniform subgrade, the rutting at hard stand subject to static load is 
usually worse than the rutting of taxiways, and, in many cases, the performance of the 
runway portion of pavement is best. It can be seen that the load criteria of pavement 
design are not sufficient in modern pavement design. 
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2. Maintenance: Experience shows that traffic can back up for several miles when 
a portion of highway pavement is under minor repair. If a major airport, such as John 
F. Kennedy Airport in New York, is undergoing minor runway maintenance, it can tie 
up air traffic at airports up to several thousand miles distant. The cost and inconven
ience to a transportation system cannot be measured by the value of dollars. For the 
needs of today and tomorrow, the primary purpose of the pavement structure is not 
only to support the vehicle load but also to perform under various traffic conditions and 
survive within an anticipated service life. Therefore, the progressive deviation ofpave
ment performance shall be mandatorily included in the pavement design system. 

3. Economy: The ultimate goal of all engineering designs is the maximum utiliza
tion of material, equipment, and manpower, and to achieve the most economical solu
tion. However, by introducing the factors of maintenance and traffic pattern into pave
ment design, the definition of the most economical solution should be modified to include 
the requirements of traffic safety and the frequency of maintenance. It becomes the 
prerequisite of modern pavement design that the standards of safety and maintenance 
be clearly specified for the type of pavement to be designed. It may be a long time be
fore these standards can be established, but the system of pavement analysis proposed 
herein represents a first step in this direction. 

BASIC ENGINEERING CONSIDERATIONS 

There are several factors that will have a significant effect on the structural integrity 
of pavement construction. An understanding of these engineering considerations will 
lead to a sound judgment in the design concept. 

Variability 

A massive volume of road materials is always involved in the construction of pave
ments. The economical consideration will have a significant effect on the degree ofvar
iation for quality control and construction performance. For instance, the coefficient 
of variation, V, measuring the relative dispersion of events, is usually limited to 0. 10 
for the high-strength concrete. A premium has to be paid for the uniformity of mate
rial strength, and thus a high working stress can be utilized. For most road materials, 
the coefficient of variation ranges from 0. 15 to 0. 30. The quality of material is, there
fore, widely dispersed. The reliability of statistical values is low and, consequently, a 
higher factor of safety is mandatory. 

In the process of building a pavement, the variability of its performance is reflected 
by the variability of material, workmanship, environmental condition, and design con
cept. In the mathematical expression, the overall variability of the pavement perfor-
mance is 

( 2 2 2 )% V= V1 +V2 +Vg + ... (1) 

If any one of the variables exceeds 0. 30, such as the compaction of subgrade, the 
performance of a pavement as reflected by its surface deformation or stress intensity 
will deviate from the mean by a magnitude of ±10 percent on three out of four occasions. 
It can be seen that in the development of a pavement design system, a variation less than 
10 percent from the average condition should be considered a perfect result. Conse
quently, some refined theories may not be required. 

In Eq. 1, the variability of each contributing factor is considered to be equally im
portant on the pavement performance. In actual construction, some contributing fac
tors are more important than others. Therefore, a weighing factor should be applied 
to each contributing factor, such as 
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By introducing a number of contributing factors, the random condition of each individ
ual factor will be distributed by weight among all factors. This is similar to the standard 
error of sampling, crM, which decreases with increasing numbers of samples, N, such as 
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O'M = t · cr/(N - 1//a (3) 

in which tis the standard score computed for various degrees of certainty and cr is the 
standard deviation of a large sampling group. 

In our present airport pavement design practice, the basic procedure consists of (a) 
determining the classification of the subgrade soil and drainage condition, (b) selecting 
the gross weight of the design aircraft, and (c) using a design chart. Without consider
ing the merits or demerits of this procedure, the standard error according to Eq. 3 is 
O. 577 tcr. For modern pavement construction, a higher degree of reliability will be re
quired. When construction is completed, most pavements will carry a very heavy traf
fic volume, making it extremely difficult to repair the pavement during its service. 

],<'or the system of pavement analysis proposed herein, the following factors will be 
included: vehicle response; crossing velocity; longitudinal profile; traffic volume; tire 
inflation pressure and contact area; transverse rutting; normal stress in subgrade; 
elastic as well as transient deformation; horizontal shear; bending stress; differential 
settlement; temperature difference; strength of pavement material; modulus of sub
grade; crack propagation; and fatigue strength. If all design computations are as good 
as the use of a design chart or an empirical subgrade classification, the standard error 
of the new design approach according to Eq. 3 is 0. 242 tcr, a great improvement over 
the present design procedure. 

In any of the design theories, the determination of parameters requires a great deal 
of sound judgment. As any judgment involves human variables, the deviation from re
ality will affect the reliability of pavement design. Attempts should be made to corre
late the test results with a set of theories that would be used in the final design. It is 
believed that, by usl.ng parameters directly derived from the test results, the design 
theories would be more meaningful in practical application. 

Subgrade Reaction 

Among all of the design parameters, the subgrade reaction is the most important 
governing factor, but it is also the most ambiguous subject in the present design meth
od. There is nothing wrong in the use of CBR or K-values if the limitations of statis
tical correlations and the assumption of idealized material are precisely outlined in the 
pavement design. Oversimplifications in the design procedure and unwarranted exten
sions of its application will innocently result in a serious discrepancy in the pavement 
design. Attempts have been made to understand the stress-strain relation of the sub
grade by use of parameters such as Poisson's ratio and Young's modulus. However, 
the first problem encountered in the analysis is the definition of modulus of deforma
tion. There may be five definitions (Fig. 1), and the tangent modulus at a defined work
ing stress level seems rather appropriate. If Boussinesq' s theory is used in the de
termination of the E-value, the size of test bearing plate will be included in the compu
tation. 

There are many factors influencing the modulus of deformation. For a sandy subgrade, 
the loading history or the original consolidation pressure is not the primary governing 
factor. However, if the sand is confined, such as in the placement of a blanket of stone 
screenings, the modulus of deformation of th4~ sand subgrade will increase considerably. 
The increase in load-deformation modulus due to the surcharge is rather deceptive if 
the basic mechanics of the subgrade deformation is carefully reviewed. In a confined 
condition, the deformation of the subgrade consists of the true nature of the sand under 
unconfined conditions and the counteraction of the confining pressure. Therefore, the 
deformation of a confined sand is always much smaller than the deformation in the un
C.Onfined condition. if the bearing test of the sand subgrade is conducted under a con
fined condition, the measured load-deformation coefficient, such as the CBR, K, or E
v.alue, will be considerably higher than the actual soil property in its unconfined condi
~10n_. An unconservative parameter is therefore innocently introduced into thepavement 

es1gn. Attempts have been made to integrate the Boussinesq and Mindlin pattern of 
~tress (3 ). A correction factor for the confining condition has been demonstrated (Fig. 2 ). 

be valfruty of the concept should be verified by future field observations. However, it 



Figure 1. Definition of modulus of deformation. 
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i~ a method attempting to correct the inaccuracies in our present concept of deforma
tion modulus. 

1fhe increase of deformation modulus due to traffic coverages is also a very interest
in~ subject. The subgrade does reach ahigher degree of compaction under the influence 
et t raffic coverages andsodoes its coefficientofvariation. FortheE-value at the Newark 
test, the coefficient of variation of the original subgrade is 0. 12 to 0. 15, while it is 0. 25 
t0 o. 30 after 3000 to 5000 traffic coverages. The change of coefficient of variation from 
o. 15 to O. 3 represents a 100 percent increase in standard error. For instance, if in one 
out of siX tests on the original subgrade, the E-value will be lower than 85 percent of the 
mean, the score for the same percentage of mean value will be one out of three tests on 
subgrade subject to the traffic coverages. The increase of deformation modulus due to 
t:raffic coverages deserves consideration on its application in pavement design. However, 
without additional exploration on this subject, the reliance on the increase of the E-value 
$hould be reserved. 

Mechanical Compaction 

Various equipment, including -vibratory or pneumatic-tired compactors, is available 
for improving the density of subgrade. Each piece of compaction equipment has its lim
itation, beyond which the density of the subgrade is practically independent of the effort 
of mechanical compaction. Since all compaction equipment, practically speaking, is de
veloped for highway construction, the equipment is more critical for airport construction. 
For the largest pneumatic-tired compactor available to the construction industry, the 
maximum tire pressure can be as high as 150 psi and the imprint area is about 8 inches 
in diameter. For a modern aircraft, the tire pressure is 240 psi and the imprint area 
is about 19 inch~s in diameter. Additional compaction due to actual aircraft load is ob
vious and, consequently, so is the rutting of the pavement surface. 

There are two methods to improve the bearing capacity of the subgrade beyond the 
limit of mechanical compaction. First, the density of the subgrade can be improved by 
the application of a surcharge load uniformly distributed over the pavement area. In 
practice, the cost of surcharge, up to 60 to 100 psi, will rule out the feasibility for such 
a method. The second method of improvement is essentially a procedure to change the 
physical properties of the subgrade. If the subgrade is basically deficient in cohesive 
bond, as in sandy soils, the subgrade can be stabilized, without considering their rela
tive performance and economic aspects, by introducing fines such as clay slurry or fly
ash to improve the me_chanical bond of the subgrade or by introducing portland cement, 
asphalt, lime, lime-flyash, and other chemical components to improve the physical prop
erties of the subgrade. As modern vehicles become heavier and heavier, the need to 
improve the shearing strength in Uie base course is imminent. The use of a stabilized 
base course may offer some answers. 

Stress-Strain Pattern of Pavement Components 

In aggregate-based pavements, the stress distribution is in good agreement with the 
theoretical Boussinesq pattern (Fig. 3), and the total deflection of the pavement surface 
under a single application of a moving load is largely contributed by the transient defor
mation of the subgrade (Fig. 4). The stress distribution and elastic deformation can be 
related to the rule governing the stress-strain relationship in an elastic mass. Because 
the subgrade and aggregate. base are not perfect elastic mediums, the strain, even under 
a transient load, is not completely recoverable. Thus, the rutting along the wheelpath 
is observed in every type of test section consisting of conventional aggregate base. 

The local deflection, having a sharp curvature of bending, causes not only a higher 
stress level, but also a reverse stress level, thereby accelerating the fatigue failure of 
the surface layer. If the modern concept of pavement design emphasizes the smoothness 
of the pavement surface; it seems impossible to use a conventional aggregate base while 
trying to achieve a pavement without deep rutting. Disregarding construction cost, the 
pavement rutting will not be eliminated by simply increasing the thickness of aggregate 
base. The heavy aggregate base will improve that part of the rutting caused by subgrade 
deformation but will not eliminate the rutting produced in the aggregate base itself. 
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The stress pattern in a stabilized base course, such as soil-cement or lime-cement 
flyash, is about half of that given by the Boussinesq theory. It is believed that the stiff
ness of the stabilized base has a significant effect in distributing the surface load over 
a much wider area. If the pavements are of identical thickness on identical subgrade, 
there seems no significant difference in total surface deflection between the stabilized 
or aggregate-based pavement (see actual measurements in Fig. 4). The total surface 
deflection is largely contributed by the deformation of the subgrade. However, the 
longer, smooth, deflection configuration of the stabilized base will produce a more dur
able and better performing pavement. 

The presence of horizontal stress and its stress propagation for a great distance has 
revealed an important factor in the pavement study. While there is no conclusive ob
servation, the indications are that: 

1. On a resilient base material such as aggregate and asphalt stabilized base, the 
normal stress in the top course is relatively low. However, the lateral displacement 
of the resilient base creates sharp curvature 9f surface deformation in the top course. 
Surface cracks are encountered both transversely and longitudinally along the wheelpath. 

2. On the lime-cement-flyash and soil-cement stabilized base, the normal stress in 
the top course is relatively high. The local concentration of wheel load will cause the 
consolidation of the asphalt top course. However, the wide stress distribution in the 
stabilized base will result in a long, flat deflection dish, and the bending stress is 
therefore distributed. 

3. Outside the direct loading area, the normal stress in the top course changesfrom 
compression to tension as the phase of stress propagation changes. The reversal of 
stress level will greatly reduce the fatigue life of the pavement surface. It should be 
noted that a "hook" shape of cracked pattern has been observed in several airport 
pavements. 

4. The wave propagation in the subgrade is in the range of 300 to 1500 fps. For 
modern aircraft, the speed at touchdown and takeoff is about 240 fps. Resonant vibra
tion may be significant if the subgrade is in the lower range of wave propagation. It 
can be seen that the dynamic aspect of pavement response should be considered in the 
system analysis. 

Failure Mechanism 

The failure mechanism of pavement structure has been suggested by some academic 
researchers. However, from the viewpoint of a professional engineer, if the failure 
mechanism is thoroughly investigated, there is no indication that the design of a smooth 
pavement structure is always possible. The variability of testings, materials, con
struction, and even the method of interpretation will affect the correlation between the 
failure mechanism and the design of good serviceable pavement. 

In the pavement test at Newark Airport, three types of failure mechanism have been 
observed: 

1. The lean concrete base was placed with very low marginal safety, according to 
the formula developed by Meyerhof. When fatigue of the lean concrete was developed 
at 3,800 load coverages, the pavement was broken along the wheelpath. It is a typical 
bending failure and the equilibrium condition at failure was in the transition mode be
tween the plastic state of equilibrium by Losberg-Meyerhof and the noncrack elastic 
condition by Westergaard. Prior to the pavement failure, the magnitude of rutting was 
very small. The rigid or stabilized base significantly contributes to reducing the lon
gitudinal roughness and also the transverse rutting along the wheelpath. 

2. The failure of the aggregate base is closely related to the stress level developed 
at the approaching of a wheel load. The aggregate base is more vulnerable in a hori
zontal direction than in vertical bearing. The aggregate base tends, therefore, to move 
laterally. Consequently, ruttings are encountered along the wheelpath. The progres
sive increase in rutting will result in the progressive increase in surface roughness, 
which, in turn, will increase the dynamic impact of the test vehicle. In this close cycle, 
pavement failure is greatly accelerated. 
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3. The failure of open-graded, large-size, asphalt-coated stone is very similar to 
the failure mechanism of an aggregate base. The excessive horizontal movement is 
largely responsible for the failure. Open-graded, large-size stone may have a superior 
resilience in supporting the light vehicle load. However, for a heavy aircraft load, the 
intensity of tire pressure and the size of footprint tend to increase the consolidation of 
the top course. An open void in the pavement may cause the rutting of the pavement 
surface. 

Maintenance of Pavement Performance 

When a smooth performance is the primary concern in pavement design, the stress
strain condition of the pavement components, including the supporting subgrade, should 
be constantly in the elastic state of equilibrium. Pavement tests at Newark Airport have 
demonstrated that any temptation to reduce the strength of the pavement, which in turn 
tends to increase the stress in the subgrade, is actually a false economy. The weakened 
pavement will not withstand a prolonged service load. 

When the pavement structure is in the elastic state of equilibrium, the magnitude of 
permanent surface deformation will increase proportionately with an increasing number 
of load applications (Fig. 5). The upper boundary of the elastic state of equilibrium is 
represented by the yield condition where the permanent deformation increases rapidly 
and the pavement performance deteriorates excessively. In order to design a high
quality pavement, limiting its permanent surface deformation for St- period of extended 
service life, the elastic theory should be employed in the design analysis. The strength 
of the pavement should al ways be stronger than the strength required by the yield condition. 
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SYSTEM OF PAVEMENT ANALYSIS 

An analytical system is proposed for 
the design of new pavement based upon 
the foregoing discussions. The flow 
chart for this system is shown in Figure 6. 

The basic concept involves: {a) the in
troduction of vehicle response as an im
portant design parameter; (b) the integra
tion of design governing "rigid" and "flex
ible" pavements; {c) the tolerance of sur
face deformation and stress intensity; and 
{d) the adoption of a modulus of deforma
tion in defining stress-strain relation of 
the subgrade. 

The system defies traditional design 
practice. All parameters used in the 
system analysis are either carefully eval
uated by theoretical analysis or deducted 
from the pavement test. In the analysis 
of the test results, more emphasis is 
placed on the actual observed data than on 
the interpretation. The random nature of 
the test results suggests that the probabil
ity approach would be the best method to 
use to define the test model. If the param
eters in an actual model are somewhat dif
ferent from those in the test model, its 
correlation function is not applicable to 
the actual design analysis. Since this 
limitation exists when using probability 
analysis, all correlation functions devel-

Fi gure 5. Ruttingofpovementofvariousthicknesses. oped for one pavement design should not 
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be used for any other pavement design unless the new pavement conditions are in full 
agreement with the original ones. 

CONCEPT OF LIMITING DYNAMIC RESPONSE OF VEHICLE 
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The first item in the analytical system is the determination of the response level of 
the vehicle while it is riding on the pavement surface. The most appropriate parameter 
for this measurement is the normal acceleration encountered at the center of gravity of 
the vehicle and the longitudinal riding profile of the pavement surface. From the view
point of dynamic response of a vehicle, there are three levels of forced vibration. 
First, the vehicle rolls on a smooth pavement surface. The vibration of a vehicle is 
the source of excitation and the pavement structure is responding. The second level 
of forced vibration is the excitation due to pavement roughness, as an input, and the 
vehicle is responding as an output. The dynamic increment in the vehicle causes the 
third level of forced vibration, that is, the pavement structure is responding again. 

For a single degree of freedom system, the forced vibration with a harmonic excita
tion F is given by 

x F·H (4) 
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where H is known as the magnification factor or the response function at resonance. 
For a wide range of aircraft and highway vehicles, its natural frequency varies between 
1. 5 and 5. 0 cps. The natural frequency of the suitable subgrade may range from 20 to 
100 cps. The magnification factor, H, is therefore in the range of 0. 002 to 0. 02 when 
the system is not damped. Thus the maximum dynamic response, mentionedasthefirst 
level of forced vibration, is approximately equivalent to 2 percent of the static load of a 
vehicle. 

For a vehicle riding on a rough pavement surface, the excitation is of a multi-fre
quency random vibration. The phase of the forcing function has little effect on the final 
outcome. The main concern is the average properties of random functions. The clas
sical concept of the theory of probability deals with the study of random events. Math
ematically, the variance of random function is expressed by the squares of the deviation 
from the mean value, such as 

T 
X2 = 4 f x2 . dt (5) 

0 

For a simple harmonic force , F = Fo sin wt, its mean square value of any number of 
forcing cycles is 

(6) 

In applying this to a multi-frequency function F(t) the integration of its Fourier series is 

(7) 

where * is the conjugate of the complex number. Thus, the mean square value of the 
variance of a multi-frequency function is simply the sum of the mean square value of 
each frequency segment. Eq. 7 can be conveniently expressed by the distribution of 
the mean square value in each frequency interval, known as the power spectral density 
function cp (w). For a discrete function, the mathematical expression is 

(8) 

For a continuous spectrum, the limit is replaced by derivatives 

co 

F 2 = f cp (w) aw (9) 

0 

It can be seen in Eq. 9 that the area under the power spectral density curve is equal to 
the mean square value of the time function. 

For the multi-frequency excitation, the mean square response of the vehicle is equal 
to 

(10) 

Substituting Eqs. 7 and 9 and integrating with respect to w, Eq. 10 becomes 

-2 ()rrf x =cp w 4/3 (11) 

in which f is the frequency of the vehicle and f1 is the damping factor of that system. It 
can be seen that the mean square response of a vehicle, X, assumes a linear function 
with the power spectral density of pavement roughness. 

There are several methods to compute the power spectral density function. For a 
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time function, having sufficient length of record and of a normal (Gaussian) distribution, 
the more accurate computation can be made by the use of autocorrelation function and, 
then, the power spectral density. For a limited record including some local distur
bances, the power spectral density can be estimated by the folding frequency method, 
which yields a reasonable computation for the short wave vibrations (1, 4, 5, 6). For
tunately, they are in the practical range of pavement construction. - - - -

For the test pavement at Newark Airport, the power spectral density function of the 
longitudinal profile along the wheelpath has been condensed by the folding frequency 
method (Fig. 7). Within the significant range of wavelength, the power spectral density 
function is 

(12) 

For a discrete wavelength, the relation between the surface deviation Aand the straight
edge (wavelength) L is expressed by 
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The combination of Eqs. 12 and 13 yields the relation 

106. 5t. = 1 
1 

L/2 

-

\ 

' ) 

r-~ .. 

(13) 

(14) 

The dynamic increment of vehicle response is measured by the output of strain gages 
and an accelerometer mounted on the vehicle. The continuous time function is processed 
by sampling the envelope of the peak dynamic response at 0. 1-second intervals. Within 
the similar significant range of response frequency, the mean square response of the 
vehicle is (referring to Eq. 11 and Fig. 8) · 

(15) 
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in which f and v are the natural frequency and velocity of the vehicle respectively. The 
average dynamic increment is, therefore, 

(16) 

The transfer function, according to the principle of random vibration, is equal to the 
ratio between the input and output power of the system, and is given by 

(17) 

or in the form of straightedge criteria, 

(18) 

In his study of NASA's roughness test, Houbolt suggested that the normal tolerance 
of mean dynamic increment is 0. 12 g and that the upper limit of pavement roughness is 
likely to be the beginning of the development of a center of gravity peak response of 
0. 30 g. A similar range of dynamic response has been reported by other researchers. 
Leonard, of the British Road Research Laboratory, reported that the acceptable level 
of vehicle vibration is 0. 1 g for normal traffic conditions. In the Newark pavement de
sign, the dynamic increment is assumed to be 0. 12 g and 0. 30 g for pavements in the 
concentrated\and infrequent traffic areas respectively. This is the best judgment pos
sible, based on the present state of knowledge. There is .a need for administrative 
agencies such as the FAA and BPR to coordinate the needs of airport users and road 
users and to conduct a more comprehensive research program. 

In limiting the dynamic response of a vehicle, the roughness configuration of the 
pavement ·surface anticipated at the end of the service life shall meet the following 
straightedge criteria: 

(19) 

The significant range of velocity of aircraft operation is shown in the following table: 

Operational Velocity, Effocl of Signll.lcant K-Value in Eq. 19 

Condition fps Wing-Lift Wavelength, 
ll DI = 0. 12 g Dl=0.3g 

Ground movement 10-15 0 . 00 3-7 0. 0100 0 . 025 
Taxiing 50-120 0 . 05 14-35 0 . 0036 0. 009 
Takeoff 170-240 0. 50 50-70 o, 0028 0. 007 

The service life of a pavement is measured by its structural integrity to withstand 
the traffic coverage and environmental changes. Insofar as traffic coverage is con
cerned, it is a parameter used in evaluating the fatigue strength and the progressive 
change of surface configuration. 

At Kennedy International Airport, the average daily operation is 1, 400 aircraft move
ments, of which 750 movements are jet traffic. In considering the number of runways 
and taxiways, the full-load aircraft operation is likely to be less than 120 movements 



38 

per day per runway. The probability of stress repetition in the pavement, defined as 
traffic or load coverages, would be less than 5, 000 coverages per year; 100, 000 such 
coverages should be anticipated during the useful life of the pavement. For new pave
ment at Newark Airport, the growth of air traffic as well as the weight of future air
planes should be considered in the evaluation of traffic coverage. It is assumed that 
the traffic growth is about 7 percent per year and new airplanes will weigh 700, 000 
pounds. The anticipated traffic coverage is estimated to be 1, 000, 000 coverages in the 
concentrated traffic area, 100, 000 coverages in the normal traffic area, and 10, 000 
coverages in the infrequent traffic area. 

Similar traffic evaluation can be applied to other types of pavement design. The num
ber of traffic coverages, N, will be used in the evaluation of deflection tolerance. 

CONCEPT OF LIMITING PAVEMENT DEFLECTION 

A~~ording to the previous section, it is possible to evaluate the tolerance of longi
tudinal permanent deformation, A, and the number of traffic coverages, N, duringthe 
anticipated service life of a pavement. At the Newark test, a statistical relation ex
ists between the longitudinal and transverse permanent deformation of the pavement 
surface at a common number of traffic coverages (Fig. 9): 

DN = 10 (6. - . 0012VL) for stabilized base 

for aggregate base 

A 

o ~~~----~~~~'--~~---o~~~_...~~-41"1._.... 

0 S 10 IS 20 2 5 

Pern?onenf !r111>Yerse ~lion, o/,,;r, (x /0 -3 f'I./ m) 

0 0 5 JO IS 20 25 

Perrnan(!'n t Tran.sv~r.SC!' Oef'ort77t:dion, D/r'Z, (• 10·3 Fl./r'Tt.) 

Figure 9. Transfer equations between longitudinal and transverse deformation. 

(20a) 

(20b) 
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Figure 10. Surface deformation of various test sections. 

During the test, another statistical relation is also deducted between the number of 
traffic coverages and the progressive change of transverse permanent deformation, 
such as (Fig. 10) 

(21) 

in which DN is the total transverse permanent deformation a t the Nth traffic coverages, 
D1 is a constant and Do is the rate of progress.ive transverse permanent deformation, 
expressed in feet per log cycle of traffic coverages. Equation 21 is very similar to the 
principle of evaluating the fatigue strength of materials. 

The observed Do-value is then correlated with the theoretical deformation by the 
Boussinesq equations. A statistical relation is determined, such as (Fig. 11) 

W = . 16 Wo + . 43 Do z 

W = . 06 Wo + . 43 Do z 

for stabilized base 

for aggregate base 

(22a) 

(22b) 

in which Wo i s the deflection on the surface and W z is the deflection of the subgrade at 
a depth z below the surface. In the Newark test, it was observed that 90 to 95 percent 
of elastic deformation of the pavement was registered in the subgrade (Fig. 4). For 
the practical pur pose of pavement design, the We value is assumed to be the deflection 
tolerance of the pavement surface . Equation 22a or 22b is a very important step in that 
it permits the use of an elastic theory in evaluating recoverable pavement deformation 
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Figure 11. Transfer function - rutting and Boussinesq 
deformation. 

for a specified dynamic response 
and the anticipated traffic cov
erages. 

CONCEPT OF LIMITING 
STRESS LEVEL 

There are two kinds of stress 
tolerance in pavement design. 
For the performance of the pave
ment surface, the limitation of 
stress level is applied to the 
subgrade below the pavement 
structure, where large perma
nent deformation occurs (Fig. 4). 
If the subgrade is subject to an 
excessive normal stress, the 
direct effect on the pavement's 
performance is excessive rut
ting (transverse permanent de
formation) along the wheelpath. 
In the Newark test, the measured 
maximum normal stress, cr, in 
the subgrade has been correlated 
with the rate of change of trans
verse deformation Do and the 
theoretical surface deformation 
Wo by the Boussinesq equation. 
The statistical relation is plot
ted in Figure 12 and is given by 

<J = 5.0 + 49.4 Do/Wo (23) z 

By using the deformation crite
ria developed above, the normal 
stress level in the subgrade 
should be limited to 8 psi for 
pavements under concentrated 
traffic and 11 psi for pavements 
under normal traffic loads. 

For the integrity of the pavement structure to support the wheel loads, the stress 
tolerance in the pavement elements shall be divided into three groups: (a) normal stress, 
(b) horizontal stress, and (c) flexural bending stress. The normal stress and horizontal 
stress refer to the stress distribution in the elastic mass, subjected to vertical and hor
izontal forces. In the lime-cement-flyash stabilized base material, the distribution of 
normal stress <1z is about half the intensity given by Boussinesq's formula (Fig. 13). 
Consequently, the normal stress in the subgrade is reduced by the same proportion: 

in which cr~ and <Jz are the actual and theoretical normal stress respectively. 
In the N'-"wark test, significant horizontal stress was encountered in the pavement. 

The influence of the test load was picked up by the pressure gages at a distance as far 
as 40 feet away. The effect of the horizontal stress on the performance of the pave
ment should be fully evaluated in the future study. 

The rolling or braking resistance of a moving vehicle is governed by several fac
tors: (a) surface smoothness of the pavement, (b) deformation of pavement under load, 
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(c) flexibility of tire sidewall, (d) speed of vehicle, and (e) wheel bearing friction. The
oretically, the rolling resistance acts as a horizontal shearing force on the pavement 
surface. The relationship between the normal stress inside an elastic mass and the 
horizontal shearing force, Q, on the boundary surface of the elastic mass is expressed 
by ~) 

( ) 3 Qx . z2 
( ) O'z x, z y = o = 24 

.2 TT (x2 + z2)% 

The maximum value of O'z is encountered at x = z/2 and is equal to 

- .136Q 
O'z = --~ 

z2 
(25) 

in which O'z is the normal stress at depth z and x is the horizontal distance in the direc
tion of vehicle movement, between the point of load application and the point of stress 
measurement. 

The allowable behding stress in the pavement elements can be evaluated by its fa
tigue strength, as given by 

aN = O'b (1 - . 092 log N) (26) 

in which O'N is the fatigue limit at N cycles of repetitive loading and O'b is the flexural 
strength under static loading. A factor of safety, ranging from 1. 25 to 2. 0, shall be 
required in the pavement design ~). 

Design Theory - Elastic Mass 

The application of the Boussinesq theory in estimating the stress-strain of an elas
tic mass has been reviewed by many researchers (2). The equations are in simple al
gebraic form and are convenient for application by the engineer. For the stress dis
tribution, the equation is of the form 

in which a is radius of load area, p is the intensity of loading, and O'z is the normal 
stress at a depth z below the surface of elastic mass. 

(27) 

The deformation Wz, from a depth z below the surface and along the vertical axis 
under the center of the surface load, can be obtained by integrating 

forµ, = 0 (28) 

When O'z and Wz represent the tolerance of deformation and stress of the subgrade re
spectively, referring to Eqs. 22a, 22b, and 23, the depth z becomes the thickness of 
pavement for satisfying that level of tolerance. The design computation involves only 
the solution of cubic equations. 

In actual design, the solution for the real root of the cubic equation can be deter
mined with the use of design charts. For the solution of Eq. 27, the design chart is 
similar to the curve for Boussinesq stress distribution as shown in Figure 3. The de
sign chart is represented by two dimensionless parameters, z/a and O'z/p. For the 
solution of Eq. 28, a similar chart can be plotted for the parameters z/a and WzE/p. 
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,..,.. 

Figure 14. Design curves for Equation W =! (a3 + z:3 tla [2 -~ - z 1 ] • 
a3 + z:3 (a3 + z'l ) fa 

However, it is more convenient in practical design to use three parameters, such as 
a, z, and WzE/p. The graphical solution of Eq. 28 is shown in Figure 14. 

Design Theory - Elastic Plate 

The classical Westergaard theory was developed on the assumption that the pave
ment is treated as an elastic plate, supported by a uniform elastic medium. The ma 
imum tensile stress at the bottom of the pavement is expressed by 

er = p · 3 (l + µ.) [ ln ~ + 0. 616] 
h2 2 ?T A. a 

(29) 

in which 

and K is the constant modulus of the subgrade , a is the radius of tire contact area, and 
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Pis the single wheel load. In the development of Westergaard's formula, the modulus 
of subgrade was assumed to be a constant over the entire pavement area and depth. 
Such a simplification is not consistent with the actual foundation behavior. The situa
tion is made worse by the use of an arbitrary procedure that suggests the use of load
ing tests utilizing a 30-inch diameter steel plate. The original definition of the mod
ulus of subgrade is expressed b~ the unit wheel load per unit length of deformation, 
i.e., K = p/W. By using Eq. 28, the relation between Westergaard's K-value and the 
elastic modulus of subgrade can be expressed by 

E K ; - - -- for z = 0 (30) 
2a (1 - u.2 ) 

Substituting this relation into the parameter of relative rigidity, Eq. 29 can be rewritten 
as 

(
a )

2 
( 3 h 1 Ee ) er = 1. 5 (1 + µ) p h "4 ln a+ "4 ln Es + 0. 168 (31) 

For a thick plate, a< 1. 724 h, the a-value in Eq. 31 should be replaced by a value equal 

to b = (1. 6 a2 + h2 )% - 0. 675 h. The Es and Ee value represent the elastic modulus of 
the subgrade and the pavement material respectively. 

For the multi-wheel gear configuration, the effect of a cluster of wheels can be ex
pressed by an equivalent single wheel load. Pickett and Ray used the stress distribution 
concept and developed a number of influence charts for deflections and moments of pave -
ment slabs. It involved a tedious counting of total influence areas. When the surface 
defledion of an elastic mass is considered as the critetion in determining the effect of 
a multi-wheel gear, the influence factor of each wheel is given by 

Influence Factor = * m -% [E (m) - (1 - m) K (m)J (32) 

in which m = (a/x)2 and E (m) and K (m) are elliptic integrals for the modulus m. The 
results of Eq. 32 have been computed and are shown in the following table; 

Distance From Influence Factor Distance From Influence Factor Reference Point Reference Point 

2,0<l 0. 2587 3. Oa 0 . 1691 
2. ) o. 2456 3. 2 0 . 1583 
2.2. 0 . 2337 3, 4 0 . 1488 
2 . 3 0. 2229 3. 6 0 . 1404 
2 . ~ o. 2132 3. 8 0 , 1328 
2. 5 0. 2043 4.0 0 . 1262 
2. 6 0. 1961 4, 5 0 . 1119 
2 . 7 0. 1886 5. 0 0 . 1005 
2.8 0. 1816 6 , 0 0 . 0841 
2 . 9 0. 1751 7 , 0 o. 0718 

10.0 0 . 5000 

The equivalent single wheel load is basically a statical deflection conversion. While 
the vehicle is riding on a pavement surface, the dynamic response of the vehicle will 
produce additional load on the pavement, known as the dynamic increment, DI. In the 
Newark test, pressure gages were installed to monitor the change of tire pressure due 
to the change of dynamic increment. Throughout the entire test, the pressure gages 
registered no deviation of the inflation pressure while there is a definite record of dy
namic increment of the vehicle. The increase of dynamic load is, therefore, carried 
by the direc t bearing of tire wall, and the tire contact area, rr a2

, remains as a con
stant. In incorporating the dynamic increment, DI, in the computation of pavement 
stress, Eq. 31 can be rewritten as 
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2 

a = 1. 5 (1 + µ) (1 +DI) p ( li) ( { ln ~ + { ln ~~ + 0. 168) (3la) 

If the pavement is constructed on a land fill over a soft ground, regional subsidence 
should be anticipated. The application of surcharge load will definitely improve the sit
uation and reduce the magnitude of total as well as differential settlement during the 
service life of the pavement. In designing the new pavement, the contour of differential 
settlement can be assumed to be a sine wave. The deflection coordinate is 

1 2 rr x 
y = "2 A cos r:;-

The bending moment in the pavement is 

d2y 
M =EI· 

dx2 

The maximum bending moment at the bottom of settlement dish, x = 0, is 

Mo = 2 TT
2 EI · A 

L2 

(33) 

(34) 

(35) 

The .:\value is the total differential settlement in a wavelength of L. As differential set
tlement takes place over a long period, the E-value in Eq. 35 represents the creeping 
modulus of elasticity, which may be only one-third of the modulus of elasticity under 
short-term loadings. The bending stress in the pavement becomes a straightforward 
computation if the composite section modulus of the pavement structure is determined. 

The volumetric change of pavement material has a significant effect on the struc
tural integrity of the pavement. The change of temperature with depth will result in the 
warping of the pavement with resulting bending stresses in the pavement components. 
The radius of curvature, R, of the warping is a function of the coefficient of volumetric 
change, E, and the thermal gradient, At/Az, and 

The bending moment, M, in the pavement layer is given by 

At 
M =EI E. -Az 

(36) 

The observed At/Az value is approximately 1. 5 F per inch and the E-value is in the 
range of x 10 -a in./in./deg F. 

Spectrum Indicator - Yield Theory 

Two distinctive families of deformation curves were observed during the pavement 
test at Newark Airport (Fig. 15 ). The deformation condition of a pavement thickness of 
21 inches can be closely related to the equilibrium condition where center cracks are 
developed by Meyerhof's yield theory (13, 14). The deformation of a pavement thickness 
of 27 inches represents the yield condition when corner cracks, i.e., the first stress 
crack, might have been encountered in the pavement. The equilibrium of test pavements 
can be divided into three distinctive states: (a) the plastic state of equilibrium for pave
ments thinner than 21-inches; (b) the elastic state of equilibrium for pavements heavier 
than 27 inches; and (c) the transition state for those between 21 and 27 inches. 
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Figure 15. Pavement design by working stress concept. 

When a smooth performance is the primary concern in pavement design, the stress
strain condition of the pavement components, including the supporting subgrade, should 
be constantly in the elastic state of equilibrium. To insure such a requirement, the 
corner crack condition of Meyerhof's yield theory can be used as a spectrum indicator 
to detect the state of equilibrium that a pavement will remain in at the passing of a 
wheel load. Moreover, the design theories governing "rigid pavements" and "flexible 
pavements" can be tied in together with the yield theory as an indicator. 

Other Considerations 

Other considerations include the factors governed by maintenance and construction 
practices, the availability of .material, and the construction cost. These factors have 
a decisive influence on the final formulation of any pavement structure, and should be 
carefully evaluated at the early stages of pavement design and analysis. 
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Engineering Judgment 

There is no substitute for good engineering judgment. In considering the variability 
of testings, construction, material, and other factors, there is no theory that can stand 
by itself. However, a thorough understanding of theories and the interaction of many 
parameters involved with the pavement design will result in a better, sounder, and more 
flexible engineering judgment. 

Engineering judgment, as shown in Figure 6, represents the collective work of good 
theoreticians, practical engineers, material specialists, construction inspectors, and 
experienced maintenan.ce crews. The most important section in the flow chart is the 
contribution of the pavement user who accepts the level of vehicle vibration and the one 
who pays the cost of construction. A sound engineering judgment can be established 
only by balancing the requirements of all contributors. 

REFERENCES 

1. Reports on Pavement Design and Tests - Redevelopment Program, Newark Airport. 
The Port of New York Authority, June 1967. 

2. ,ivesic, Aleksandar S. Theoretical Analysis of Structural Behavior of Road Test 
Flexible Pavement. NCHRP Report No. 10, 1964. 

3. Mindlin, R, D. Force at a Point in the Interior of a Semi-Infinite Solid. Physics, 
Vol. 7, May 1936. 

4. Houbolt, J. C. Runway Roughness Studies in the Aeronautic Field. Trans. ASCE, 
Vol. 127, p. 427-447, 1962. 

5. Morris , G. J. Response of a Turbojet and a Piston-Engine Transport Airplane 
to Runway Roughness . NASA TN-D-3161, National Aeronautics and Space Ad
ministration, December 1965. 

6. Blackman, R. B., and Tukey, J. W. The Measurement of Power Spectra From 
the Point of View of Communications Engineer. Dover. 

7. Harr, M. E. Influence of Vehicle Speed on Pavement Deflections. HRB Proc., 
Vol. 41, p. 77-82, 1962. 

8. Harr, M. E. Foundation of Theoretical Soil Mechanics. McGraw-Hill Book Co., 
1966. 

9. Ahlberg, H. L., and Barenberg, E. J . Pozzolanic Pavements. Bull. 473, Engi
neering Experiment Station, Univ. of Illinois. 

10. Hetenyi, M. Beams on Elastic Foundation. Univ. of Michigan Press, 1961, pp. 
100-108. 

11. Westergaard, H. M. Stresses in Concrete Pavements Computed by Theoretical 
Analysis. Public Roads, Vol. 7, No. 2, 1926. 

12. Timoshenko, S. P., and Goodier, J. N. Theory of Elasticity. McGraw-Hill Book 
Co. , 1959, p. 367. 

13. Meyerhof, G. G. Load-Carrying Capacity of Concrete Pavements. Jour. Soil 
Mech. and Found. Div., ASCE, Vol. 88, SM3, June 1962, pp. 89-116. 

14. Losberg, A. On Load-Carrying Capacity of Concrete Pavement. Discussion, 
Proc. ASCE, Vol. 89, No. SM2, March 1963, pp. 129-136. 

15. Development of CBR Flexible Pavement Design Method for Airfields - A Sympos
ium. Trans; ASCE, Vol. 115, 1950, Paper No. 2406, pp. 453-589. 



48 

Appendix 

EXAMPLE OF PAVEMENT DESIGN 

Part I- Load Distribution Concept 

Ground Load and Landing Impact 

Type of Airplane - Boeing 747 
Main Gear Wheel Configuration - Twin-tandem 44 by 58 in. 
Main Gear Coordinates - Four Trucks (6. 25, 10. 83 ft) (18. 04, 0. 46 ft), symmetrical 
Size of Tires - 46 by 16 in. at normal inflation pressure (200 psi) 
Ground Load: Taxiing Speed- 30-70 knots 

Take-off Speed - 130-150 knots 
Take-off Length - 5000-7000 ft at sea level, 90 F 

1. Maximum Ramp Weight - 683, 000 lb 
2. Main Gear Load - 166, 000 lb 
3. Ground Turning (approx.)- 262, 000 lb/gear 
4. Rolling Friction (approx. ) - 0. 07 g (horiz. ) 
5. Brake Stop (approx. ) - 0. 3 g (horiz. ) 
6. Maximum Brake Force (approx. ) - 0. 8 g (horiz. ) 
Landing Impact: Approaching Speed - 130-150 knots 

Landing Speed - 100-120 knots 
Landing Length - 4500-5500 ft 

7. Static Landing Load - 124, 000 lb/gear 
8. Normal Landing (approx. )- 62, 000 lb/gear 
9. Hard Landing (approx.)- 300, 000 lb/gear 

10. Ultimate Gear Load- 500, 000 lb/gear 
11. Ultimate Brake Force - 400, 000 lb (vert. ) and 200, 000 lb (horiz.) 

Equivalent Single Wheel 
1/: 

Tire Contact Radius a =( 4 ~
6;0~0x0 Tl') 

2 = 8. 13 in. 

Distance From Reference Point Influence Factor of a Single Tire 

x/a = 0. 000 
5. 41 
7. 13 
8.95 

18.4 
23. 1 
39.0 

1. 000 
. 094 
. 070 
. 056 

4 x . . 027 
4 x . 021 
4 x . 013 

1. 464 Surface deflec
tion of a single 
wheel 

Equivalent Single Wheel Tire Pressure = 200 x 1. 464 = 293 psi 

Modulus of Deformation of Subgrade, E 5 

Tangent Modulus at a stress range of 40 to 60 psi 
Mean Value of 33 Beari;ng Plate Tests = 7, 000 psi 
Standard Deviation = 1, 300 psi 
Assumed Design Value = 5, 700 psi 
Reliability of Design Value: 

15 percent of random tests will have an E-value < 5, 700 psi 



Limit of Dynamic Response of Airplane 

Maximum Limit during the service life of the pavement: 
Mean Response = 0. 12 g in normal operational area 
Mean Response = 0. 30 gin infrequent traffic area 

Traffic Coverages during the service life: 
Anticipated Traffic Volume 7, 000, 000 Movements/ Air port 

3, 000, 000 Movements/Terminal 
4, 000, 000 Movements/Runway 

Full Load Aircraft 3, 000, 000 Movements/Airport 

Deformation Parameter Eq. 28 for x = 0 

W = 2 pa = 2 x 293 x 8. 13 _ 0 835 . 
0 Es 5. 700 - · m. 

Significant Width of Transverse Deflection Dish 

L = 2. 3a + 2. Oa + 2. 3a = 53. 7 in. = 4. 5 ft 
This L-value will be used in Eq. 19 to establish the transfer function between the 
longitudinal and transverse deflection. 

Limiting Normal Stress in Subgrade 

Area 

Gate position 
Concentrated traffic area 
Normal traffic area 
Infrequent traffic area 

Max. Stress 
in LCF Base 

(psi) 

6 
8 

11 
20 

Max. Stress 
in Subgrade 

(psi) 

12 
16 
22 
40 

0 . 14 
0 . 22 
0. 34 
0 . 70 

Thickness of Pavcmunt-Llmllh1g Normal Slrcss in LCF Base (See Flg. 3) 

Area "z (psi) cr/P z/a 

Gate position 6 0 . 0205 4. 0 
Concentrated traffic area 8 0. 0273 3. 7 
Normal traffic area 11 0. 0375 3. 30 
Infrequent traffic area 20 0 . 068 2. 85 

Thickness of Pavement-Limiting Normal Stress in Subgrade-Aggregate Base 

Area "z (psi) "z/ p 

Gate position 6 0 . 0205 
Concentrated traffic area 8 0 . 0273 
Normal traffic area 11 0.0375 
Infrequent traffic area 20 0. 068 

Surface Shear 

Brake Stop: Q = 0. 3 x ff x 293 x 8. 13' = 18, 300 lb 
Normal Stress at a depth of 30 in.: 

"z = -0. 136 x 18. 300/900 = -2. 8 psi 

z/ a 

8. 6 
7. 4 
6. 4 
4. 7 

Part II - Working Stress Concept 

Symbols: 

h = thickness of pavement, in. 
a = radius of tire contact area = 8. 13 in. 

Es = tangent modulus of subgrade = 5. 700 psi 
f c = compressive strength of pavement components 
crb = flexural strength of bottom layer of pavement 
Ee = modulus of elas ticity of subbase = 450, 000 psi 
Ee = creeping modulus of elasticity = 150, 000 psi 

Do 
(in.) 

0. 117 
0. 184 
0. 284 
0 . 584 

z (in.) 

32. 5 
30.1 
26. 9 
23. 2 

z (in.) 

70 
60 
52 
38 

n = ratio of modulus of elasticity between the top and bottom fibers of 
pavement material 

49 
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Bendi11g Stress Due to Differential Settlement 

Observed maximum differential settlement: 4 in. in 200 ft 
Maximum bending moment : M = 21T2 EI fl/L3 

Plas tic equilib rium of pavement: MR = Ob nh2 / 2 (n + 1) 
Bending stress, plastic state: Ob = 2 (n + 1) M/nh2 

Ob = . 52 h (for n = 2) 

Bending Stress Due to Thermal Differential 

Maximum bending stress: M = EI · E • At/ Az 
Thermal gradient, seasonal variation: At/ Az = 1. 5 F /in. 

maximum daily variation: At/ Az = 0. 5 F/in. 
Coefficient of volumetric change : E = 5. 8 x 10-6 in . /in. /deg F 

Ob=.33h (forn=2) 

Bending Stress Due to Wheel Load - Elastic Plate 

. 1 - 2 [ 3 h 1 Ee J Bending moment: M = 4 (1 + µ) (1 + DI) pa .4 In b + 4 In Es + • 168 

Poisson's ratio: /J = 0. 15 
Dynamic increment: DI = 0. 12 g 
Elastic equilibrium of pavement: MR = ab nh2 /3 (n + 1) 
Bending stress, elastic state : Ob = 3 (n + 1) M/nh2 

Ob= 21, 000 X [ ln ~ + 1. 682]/h2 

Bending Stress Due to Wheel Load - Yield Line Method 

Bending moment at yield s tate: M = (1 - 2 · X a) P/4. 6 
1A 3A 

X a = (6E~s ) 1 • ( -fi) 4 = . 524 x 4. 82/ho. 75 

(for n = 2) 

Ob = 3 (n + 1) M/nh2 = 67. 000 (1 - 5. 04/h0
" 

75 )/h2 (for n = 2 and 22 in. < h < 43 in. ) 

Fatigue Stress Due to Traffic Coverages 

Normal wol'king stress : aN = ab (1 - . 092 log N) 
Equivalent bending stress: 

Ob = 2. 25 ON for 106 traffic coverages 
Ob = 1. 85 aN for 105 traffic coverages 
ab = 1. 58 aN for 104 traffic coverages 
Ob = 1. 38 ON for 103 traffic coverages 
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Summar;r: of Pavement Desis:!!-LCF Base 

R/W Runways G Gate Position 
T/W Taxiways c Concentrated Traffic Area 

TA Terminal Aprons N Normal Traffic Area 
AP Aircraft Parking I Infrequent Trame Area 

Factor Symbol R/W-C R/W-N T/W-C T/W-N TA-G TA-N AP-I 

Traffic. coverages 10' 10' 10• 10' 10' 10• 10' 
Limit oi dynamic 

response DI 0.12 g 0. 30 g 0. 12 g 0. 30 g 0. 12 g 0.12 g 0.12 g 
Longitudinal permanent 

detormation k 0. 0026 0.0070 0. 0036 0. 0090 0. 010 0.010 0. 010 
A=k./L A 0. 0059 ft 0. 0147 ft 0. 0076 ft 0. 0161 ft 0. 021 ft 0. 021 ft o. 021 ft 
Trans. permanent de-

formation 0.034 ft 0. 122 It 0 . 051 fl 0. 164 ft 0.185 It 0.185 ft 0.185-ft 
IlN = 10 (A -0 . 0012 .fI. Dt; 0. 412 in . 1. 46 in. 0. 61 In . 1. 96 in. 2. 22 in. 2. 22 In . 2. 22 in. 
Progressive trans. per-

manent deformation 
D0 = (Ilt;-0. 01)/log N Do 0. 080 in. 0. 362 in. 
Limiting stress in LCF 

~ 0. 390 in. 0. 368 in. 0. 552 in. 0. 736 in. 

base "z 8 psi 11 psi 8 psi 11 psi 6 psi 11 psi 20 psi 
D0 = (2C!z-5)W0 /49.4 Do 0. 184 in. ~ 0. 184 In. O. 284 in. ~ ~ O. 584 in. 
Limiting elastic defor-

ma ti on o. 1335 0. 1335 0. 1335 0. 1335 0. 1335 0. 1335 0. 1335 
W, = 0. 16 W0 + 0. 43 D0 0. 0345 0. 1220 0. 0430 0. 1220 0. 0500 0.1220 0. 2510 

O. 168 in. 0. 256 In. o.lffin. 0. 256 In. o.min. 0. 256 In. 0. 385 in. 
Paramolor of W E/p 
Wz E8/ p (1 + Di) 2. 92 3. 83 3. 06 3. 63 3. 19 4. 44 6. 52 
Thickness of pavement-

limiting deformation, 
Fig. 14 " 33. 4 in. 25. 1 in. 31. 8 In . 25. 1 In. 30.4 In. 21. 2 In . 13. 6 in. 

Thickness of pavement-
limiting stress of LCF 
base z 30.1 in . 26. 9 in. ~ 26. 9 in. 32. 5 In . 26. 9 In. 23. 2 in. 

Thickness of pavement-
working stress concept 
(*yield condition) 30. 5 In. 23. 5 In.* 34.0 in. 26.7 in.• 34. 0 In. 27. 5 In . 25.4 in. 

Proposed thickness 32 in. 26 In. ~ 26 in. mo.- 28 in. ~ 

Summarx of Pavement DesiK!!-AS:i!e~te Base 

Factor Symbol R/W-C R/W-N T/W-C T/W-N TA-G TA-N AP-I 

Traffic coverages 10' 10' 10• 10' 10• 10' 10' 
Limit ol dynamic 

fil response 0. 12 g 0. 30 g 0. 12 g 0. 30 g 0.12 g 0.12 g 0.12 g 
Long. permanent 

deformation A 0. 0059 ft 0. 0147 It 0 . 0076 ft o. 0181 ft 0.021 ft 0. 021 It o. 021 ft 
Trans. permanent 

deformation o. 0307 ft 0. 0764 ft 0. 0395 ft 0.094 ft 0. 110 ft o. 110 ft 0. 110 ft 
~ = 5. 2 A 
Progreselve trans. per-

Dt; 0. 366 in. 0. 916 in. 0. 474 in. 1. 128 in. 1. 32 in. 1. 32 In. 1. 32 in. 

manent deformation 
Limiting stress in sub-

Do 0.0716 in. 0. 226 In . 0. 0773 In. 0. 223 in. 0. 219 in. 0. 326 In. 0. 437 in. 

grade Uz 6 psi 11 psi 8 psi 11 psi 6 psi 11 psi 20 psi 
Do • (a, -5) W0 / 49. 4 Do 0. 05 in. 0.10 in. 0. 05 in. 0.10 in. ~ 0.10 in. 0.25 In. 
Limiting elastic de-

formation 0.050 0.050 0.050 0.050 0.050 0.050 0.050 
w. = 0. 06 W 0 + 0. 43 D0 w, 0.022 0.043 0.022 0.043 0.007 0. 043 0.106 

0.072 in. 0. 093 in. 0. 072 In. 0. 093 in. Q.057 in. 0. 093 In. 0. 156 In. 
Parameter of WE/p 1. 25 1. 39 1. 25 1. 39 0. 99 1. 62 2. 75 in. 
Thickness of pavement 

limiting deformation, 
Fig. 14 ~ >50 in. >50 in. >50 In. >50 in. >50 in. >50 in. "35 In. 

Thickness of pavement 
limiting stress in sub-
grade 60 in. 52 In. 60 in. 52 In. 70 In . 52 In. 38 in. 



52 

Discussion 

G. Y. SEBASTYAN, Chief, Engineering Design Division, Airport Development, Con
struction Engineering, and Architectural Branch, Department of Transport, Canada -
The author of the paper is to be complimented for his valuable contribution to the art of 
flexible pavement design and for focusing attention on the use of system analysis in this 
field. Because the work of the Canadian Department of Transport in designing, con
structing, and maintaining Canadian airport facilities is directly related to Mr. Yang's 
study, we were extremely interested in the subject. Reviewing the paper in detail, we 
wish to make the following comments: 

1. The rutting problem extensively discussed by the author is not evidenced to any 
major degree on Canadian airports unless design or specification requirements were 
not met. There could be three reasons for such a performance difference: (a) the dif
ference in the quality of the surfacing and base materials used for airports under the 
jurisdiction of the New York Port Authority and the Canadian Department of Transport; 
{b) the difference in material and construction specification requirements and the com
pliance with these specifications for the density of the surfacing material, base, sub
base, and subgrade; and (c) the difference in aircraft loading density and intensity. 

2. Pavement structural design and the quality of the pavement components are in
divisibly related. Any change in one has to be compensated by malting an appropriate 
change in the other. It is our impression that the author did not take fully into account 
the effect of specification requirements as an integral part of design and the full en
forcement of these specifications on the airport pavement performance. 

3. The author assumed five possible definitions for modulus of deformation. There 
are many more alternative definitions as described in Ref. 16. In Ref. 16, a plea was 
also made for the standardization of the definition for modulus of deformation. 

4. Vibratory rollers are used with success on Canadian airport projects to compact 
granular materials similar to those encountered in the New York City area. 

5. Reference is made in the paper to the introduction of clay slurry into sand as a 
possible subgrade stabilization method. On the basis of our experience, we do not feel 
that this is a realistic or desirable approach. 

6. The following statement is made in the paper: "If the pavements are of identical 
thickness on identical subgrade, there seems no significant difference in total surface 
deflection between the stabilized or aggregate-based pavement." We feel that this 
statement certainly should be clarified. 

Reference 

16. Sebastyan, G. Y. Flexible Airport Design and Performance. Second Internat. 
Conf. on Structural Design of Asphalt Pavements, Ann Arbor, Mich., 1967. 

NAI C. YANG, Closure - The writer wishes to thank Mr. Sebastyanfor his interesting 
discussion of the paper. There are a few details raised in the discussion which warrant 
clarification. 

1. In The Port of New York area, no stabilized base has previously been used in 
airport pavement construction. The "bird bath" type of deformation is commonly ob
served on the surface of asphaltic pavement when heavy channelized traffic is encount
ered. In recent years, the aircraft loads and traffic volumes have increased so rap
idly that the effect of surface deformation (such as rutting of the pavement) has been a 
big concern of airport operation. 

2. The writer assumes that the paper deals only with the design and analysis of air
port pavements. The preparation and enforcement of construction specifications are 
beyond the scope of this paper. In stating the basic engineering considerations, a co
efficient of variation has been assigned for quality control and construction performance. 
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The design computation as given in the paper shows that the coefficient of variation is 
assumed to be 0. 2. The modulus of deformation of the subgrade and the compressive 
strength of the base material used in the design computation are equal to the mean val
ue minus one standard deviation. In actual job construction, full enforcement of speci
fication requirements has been constantly exercised. A coefficient of 0. 15 is normally 
observed. 

3. A joint plea seems appropriate for standardization of the definition for the mod
ulus of deformation of subgrade. 

4. The vibratory compactor has been widely used in pavement construction at the 
area airports. The normal density reading is in the range of 95 to 97 percent of the 
modified Proctor test. At the Newark pavement test, an air-on-the-run pneumatic
tired roller was used. The density reading increased to 102 to 107 percent. Conse
quently, this type of compactor was selected for the new pavement construction at 
Newark Airport. 

5. The use of clay slurry is another possible means for stabilizing the loose sand. 
No such practice has been exercised at the New York airports. 

6. With regard to the magnitude of surface deflection, reference is suggested to 
the observed data shown in Figure 4. A meaningful interpretation may be derived by 
completing the quotation: "The total surface deflection is largely contributed by the de
formation of the subgrade. However, the longer, smooth, deflection configuration of 
the stabilized base will produce a more durable and better performing pavement." 




