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Foreword

Pavements have been important engineering structures throughout
the history of modern man. Adequate roads made the Roman
Empire great in its day, while the lack of good pavement in others
made effective travel difficult and retarded development.

Within the last 20 years there has been a growing awareness
among highway engineers of the need for more reliable methods
for the design of pavement structures. This awareness has been
reflected in a growing research program, including the AASHO
Road Test, and has brought into sharper focus the true breadth of
the problem. We have been aware for a number of years of the
many complex pieces that act together in the pavement. Because
of limitations in funding and the diversity of support in pavement
research, our efforts have been fractionated into many diverse
parts. Thishasbeen true not just in pavement design andresearch
but in many other areas of civil engineering.

Within the past five years there has been a growing awareness
of the need for an integrated approach in attacking complex civil
engineering problems. This has resulted in the application of
systems engineering techniques. The term '"'systems engineering"
means many things to many people. Basically, however, it in-
volves a unified systematic approach to a problem, recognizing
the complex interrelations and feedback between the parts. I also
brings out the important need to establish some type of criterion
for judging the acceptability of the system.

As you can see by its title, "Design and Performance of Pave-
ment Systems,' the work in this RECORDrecognizes the pavement
as a system to some extent. Two of the papers, by Hutchinson
and Haas and by Yang, discuss the system as a whole and make an
attempt to put it into perspective. The other papers deal with
specific important pieces of the system and by their very nature
illustrate the breadth and complexity of the problems facing us.

The publication under the same cover of a variety of papers
concerning pavement, ranging from prestressed concrete research
to work with emulsified asphalt bases, is a desirable way toremind
us of the complexity of the problem. I hope that this trend will
continue. As you read the articles herein, keep in mind the rela-
tionship of that particular work to the total problem. All of us can
then strive to relate our developments for more immediate appli-
cation directly to the pavement system.

—W. R. Hudson
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A Systems Analysis of the Highway Pavement

Design Process

B. G. HUTCHINSON, Associate Professor of Civil Engineering,
University of Waterloo, and
R. C. G. HAAS, Assistant Professor of Engineering, Carleton University, Ottawa

sINVESTMENTS in highway and street systems represent a considerable portion of our
national productive effort. A state of imperfect technology coupled with the high ex-
penditures involved has generated a continually increasing amount of research into vari-
ous aspects of the road transport activity. A significant amount of this effort has been
directed toward developing a fundamental understanding of the behavior of highway
pavements and the use of this information in their design.

The pavement design problem has been recognized as a major area of research by
the U.S. Bureau of Public Roads in formulating its National Program of Research and
Development in Highway Transportation (1). This program sets forth three broad prob-
lem areas of the highest priority to highway transportation. It attempts to recognize
the technological and administrative aspects of each problem area by stating that the
basis for support of individual projects will include importance, possible benefits, prob-
ability of success, usefulness, and uniqueness.

The actual application of these criteria to such areas as highway pavement research
has a very subjective basis. It appears to place a major emphasis on the technological
aspects of the problem without attempting to evaluate the economic implications or the
probable payoff from investments of research resources in the technological subprob-
lems identified. In addition, the problem statements are oriented toward the existing
philosophy of pavement design, which fails to recognize explicitly the progressive na-
ture of pavement deterioration or the age at which failure occurs. This prevents the
optimization of capital investments and maintenance costs with respect to pavement
types and component material alternatives.

This paper attempts to recognize in an explicit manner both the technological and
economic attributes of pavements that are pertinent to their design. It demonstrates
that a true rationalization of the highway pavement design process is best achieved
through a comprehensive application of systems engineering principles. The principal
objectives of the paper are (a) to provide a systems analysis of the highway pavement
design process and to define each of the elements of this process; (b) to suggest meth-
ods for organizing existing information on each of these elements, to explore the de-
ficiencies of available information, and to suggest methods for the systematic collection
of information, its storage, retrieval, and analysis; and (c¢) to provide some prelimi-
nary discussion relating to a sensitivity analysis of the pavement design process, which
will provide an ordering of the probable payoff that is likely to accrue from information
generated on the various subproblems.

The paper is essentially divided into two major sections. In the first section, exist-
ing design procedures are reviewed and the current philosophy of pavement design and
the deficiencies of these methods are discussed. A comprehensive systems analysis of
the highway pavement design process is described in the second section, along with some
of the requirements pertinent to a sensitivity analysis of the process.

Paper sponsored by Committee on Theory of Pavement Design and presented at the 47th Annual
Meeting.
1



EXISTING DESIGN PROCEDURES

The principal objective of a highway pavement is to provide for the safe and efficient
passage of highway vehicles acrdss natural land forms under all climatic conditions.
This objective may be accomplished by a large number of different types of pavement.
The principal task of the engineer charged with pavement design is to select the pave-
ment strategy that is the most economical to construct and maintain throughout the
specified design period and provides adequate levels of service.

The existing design procedures for highway pavements are all oriented toward a
specific pavement technology. Separate design procedures exist for conventional flex-
ible pavements, pavements incorporating stabilized base courses, rigid pavements,
and so on. Their formal dévelopment is limited to an analysis of certain technological
features of each principal pavement type. A common design framework does not exist
that permits the systematic evaluation of a variety of design alternatives and that allows
the designer to proceed to the selection of the most economical pavement strategy.

A Classification of Procedures

Figure 1 providesa concise summary of the evolution of design methods for flexible
pavements and indicates in a general way the principal features and limitations of these
methods. Figure 2 provides a similar summary of the evolution of design methods for
rigid pavements and emphasizes some of the advancements in technology that have char-
acterized all approaches.

The general approach to pavement design from the turn of the century to the Second
World War consisted essentially of using standard pavement sections and evaluating
their actual field performance in terms of "satisfactory" and 'unsatisfactory." How-
ever, higher vehicle speeds, greater loads, and increased traffic volumes indicated to
a number of highway agencies the need for some form of objective structural design
method. This need was reinforced during the war when higher quality airfield pave-
ments were required to accommodate the heavier wheel loads and traffic volumes gen-
erated by the war. In addition, greater emphasis was placed on the development of
specifications for controlling the quality of paving materials.

In the 1950's the theoretical approaches to pavement structural design began to be
consolidated and their relation to the in-service behavior of pavements explored. The
late 1950's and early 1960's produced the first comprehensive efforts at evaluating the
validity of pavement design procedures through the systematic observation of the per-
formance of full-scale pavements.

The AASHO Road Test (2), which was completed in the early 1960's, was intended
to have a significant impact on current design methods. Unfortunately, the accelerated
nature of this experiment and the dominant influence of traffic masked the effects of the
climatic environment on pavement performance.

The Special Committee on Pavement Design and Evaluation of the Canadian Good
Roads Association initiated probably the most comprehensive and systematic field study
of pavement behavior yet undertaken, about 10 years ago. The principal findings of
this Committee are well described in the literature (3, 4, 5). The investigation has
provided the first systematic information on failure age and its relation to pavement
structural design, traffic loadings and climatic conditions.

Deficiencies of Current Procedures

The principal limitations of current pavement design techniques that prevent a com-
plete rationalization of the design process include the following:

1. The primary mechanisms of pavement failure and the processes of secondary
deterioration are imperfectly understood;

2. The implications of new and significantly different pavement materials can only
be evaluated after several years of field performance data are available;

3. The transfer of pavement performance data from one geographic locality to
another is at present a very subjective operation;



METHODS FEATURES LIMITATIONS
A METHODS BASED ON "JUDGEMENT" Attempt to prevent failure. (1)No provisions in method for econo-
Examples; Most Can. & U.S. Urban Centers; Simple ard quick in application. mic comparlsons of pavement type
Ont. Dept. of Hwys. Negligible design costs, alternatives (A,B,C,D,E,F,G).
B METHODS BASED ON SIMPLE STRENGTH TESTS Attempt to prevent failure. (2)veak, S:bj“;i"e aiiallen vl
Examples: CBR or Modified CBR Method; Simple equip. & proced. for ?;gg gnn Ee;)ormance evaluation
U.S. Corps of Eng., Wyoming meas. subgrade and base pro- AEERATAER LS
1 perties. Empirical correl. (3)Failure to recognize effect of
: with pavement thickness. layers (4,B,C).
T
C METHODS BASED ON SOIL' FORMULA Attempt to prevent failure. (4)‘:““?“‘““"’1‘“1 effe“tsb‘?‘cc‘t".’“te‘j
Examples: Group Index Methods; Can. Fed. Simple soil classif. tests to mZ:n1: ?R g g ;eEyFiu Jective
D.P.W., U.S. F.A.A. Method, assign mean expected strength € PR SRS
! values to subgrade. Empirical (5)Failure to account for effect of
| link with pavement thickness. repeated loads on pavement de-
s - terioration (A,B,C,D,F).
D METHODS BASED ON TRIAXTAL TEST Attempt to prevent failure. Q. 9 3 3
Examples: Kansas Method, Texas Method, Test values can be used in {b)Variations in, conatruction quality
Calif, Method, stability analysis of pavement not adequately accounted for
| components and subgrade. (4,8,C,D,E,F).
1
e (7)Failure to recognize progressive
E METHODS BASED ON PLATE BEARING TEST Attempt to prevent failure by nature of pvt. deterioration by
Examples: U.S. Navy Method, Can. D.O.T. limiting deflec. Full-scale considering only failure or non-
Method. : testing of subgrade and pvt. failure condition (A,B,C,D,E,F).
I structure eaction Lo load. (B)No distinction between static
F HOD D _ON STRUCT 0 Attempt to control or avoid grn')“““‘g nature of loads (4,8,
LAYERED SYSTEMS failure mechanisms. Objective g 8 A
Examples: Burmister's Hethﬁdi Shell analysis to predict stresses () Inadequats r?cognltlon of seasona
: 5 i strength variation of subgrades
3-Layer Method. ] and strains at any point in (4,5,C,D,F)
l pavement or subgrade. BEATRT L
T {(l0)Simulation of in-service material
G METHODS BASED ON STATISTICAL EVALUATION | Attempt to measure performance behaviour not adequately
OF PAVEMENT PERFORMANCE I v, age relations and to control evaluated in laboratory testing
Examples: Design Eqn. From AASHO Test, : failure age by limiting deflec- (A,B,C,D,F).
CGRA Design Guide. I tions. Full-scale testing and
I evaluation
1900 1910 1920 1930 1940 1950 1960 1967
Figure 1. Classification of the approaches to flexible pavement design.
METHODS Features Limitations

METHODS BASED ON "JUDGMENT"

Group A methods are characterized
by akttempts to prevent failure and
are simple in application. Group B
methods attempt to control or avoid
failure mechanisms and generally
incorporate fatigue criteria.

[
METHODS BASED ON STRUCTURAL
ANALYSIS OFISTIRESSES AND
DEFLECTTIONS

|

Group C methods attempt to measure
performance-age relationships and
to produce predictive models of
these.

Some of the most marked features

of all groups have recently
consisted of advances in design and
construction technology that include

1
METHODS BASED ON STATISTICAL

the following:

l.Machines with automatic controls.

(1)No provisions in method for
economic comparisons of pavement
type altérnatives (A,B,C).

(2)Weak, subjective link between
design and performance eval. {A,B)

(3)variations in construction
quality not adequately accounted
for (A,B).

(4)Failure to recognize progressive
nature of pavement deterioration

by considering only failure or
non-failure condition (A,B).

(5)Environmental effects accounted

EVALUATION OF PAVEMENT | 2,Central-mixing plants. for in only a very subjective
PERFORMANCE } 3.Slip form pavers. manner (A,B).
: 4,Mechanical placing of reinforcement
1 5.Dowel placing machines, (6)No provisions in method for
: 6.New joint forming techniques. economic comparisons of alternative
1 7.New curing compounds. joint designs (A,B,C).
i
1900 1920 1940 1960 1967

Figure 2. Classification of the approaches to

rigid pavement design.




4. Pavement construction procedures
ARAMETERS and the natural heterogeneity of paving ma-
terials produce wide variations in the ''qual-
ity" of the finished pavement, and current
Moo e I | rems design procedures are unable to account for
l covemors s probable variations in this quality;
‘ 5. Laboratory methods of evaluating
pavement material components in a manner
that accurately simulates in-service time-
temperature-age-stress-strain behavior are
in a primitive state of development;

6. The optimization of initial capital and
7 actuas maintenance costs between alternative pave-

PERFORMANCE ment types is impossible because of the lack

of systematic information on performance;

7. The implications of changes in legal
axle loads cannot be evaluated insofar as
optimizing pavement investments in relation
to the most efficient vehicle weights are concerned; and

8. Cost data for the various types of paving materials are not readily available for
economic analyses of alternate pavement designs.

Figure 3. Structure of existing design
procedures.

This listing indicates in a general manner a number of the factors retarding the de-
velopment of a truly rational pavement design process. The literature contains many
references to "rational' pavement design methods where the author implies that this
involves accurate predictions of stresses and strains in various parts of the layered
system through the use of structural analysis techniques. This paper uses the word
"rational" in its broadest sense and implies that any rational method must consider
not only the technological behavior of a pavement but also its economic characteristics.

Figures 1 and 2 summarize some of the principal limitations of current design pro-
cedures. While the models of pavement behavior underlying the various methods of
design differ in detail, the basic philosophy underlying these methods is essentially the
same and may be conveyed in the form shown in Figure 3. This diagram attempts to
show that the constant interaction between the actual behavior of highway pavements
and the models formulated to explain observed field behavior has stimulated the gradual
evolution of design procedures.

Implicit in these current models of pavement behavior is the assumption that they are
perfectly reliable predictors of actual pavement behavior, or at least some critical
stress or strain condition within a pavement. The design criteria, which may be ex-
pressed either implictly or explictly as limiting deflections, stresses, and soon, areas-
sumed to be absolutely indicative of failure conditions. In other words, the use of these
design criteria implies either satisfactory or unsatisfactory pavement performance.

Pavement failure results from a progressive deterioration in pavement serviceability,
which begins at the time a pavement is placed in service. The attributes of highway
pavements of ultimate interest to the pavement design engineer are their probable fail-
ure ages and the cost streams necessary to achieve these service lives. With existing
pavement design procedures, the relationship of the design criteria to probable service
lives of pavements is based on subjective considerations rather than systematically col-
lected evidence on field performance. In other words, in terms of Figure 3 the rela-
tionships between steps 4, 5, and 6 have not been formally established. The design
criteria for highway pavements must not be viewed as ends in themselves but simply as
a means to the prediction of failure age.

The current approaches based on the statistical analysis of the performance of actual
pavements have measured failure ages directly and related these measurements to struc-
tural design, traffic loads, and climatic conditions. The major deficiency of these ap-
proaches is that it is difficult to generalize the results and use them for new pavement
types for which little performance data are available. Their principal contributionarises
from the information they give on the expected lives of pavement types that are currently



used. In this sense they do provide the pavement design engineer with the type of in-
formation required to optimize the capital and maintenance costs of pavements.

A HIGHWAY PAVEMENT DESIGN PROCESS

The need for a comprehensive formulation of a highway pavement design process that
provides for the integration of both the technological and economic attributes of highway
pavements has been discussed previously. An appropriate way of structuring any engi-
neering design process is to organize it into six major phases: problem definition, so-
lution generation, solution analysis, solution evaluation and optimization, implementa-
tion, and performance measurement.

The systems analysis of the highway pavement design process described in this sec-
tion is subdivided into these six major phases.

Problem Definition

The problem definition phase can be further broken down into six major components,
which are (a) objectives, (b) inputs, (¢) outputs, (d) constraints, (e) cost function, and
(f) decision criterion.

Objectives—The principal objectives to be fulfilled by a highway pavement are of an
economic and social nature and may be expressed as follows:

1. To provide a pavement of adequate serviceability throughout its design life,

2. To provide pavements capable of permitting operating speeds and wheel loads of
vehicles at levels that maximize the economic and social benefits to society of highway
transportation, and

3. To minimize the total expenditures consumed by the provision of pavements.

In general, higher overall pavement serviceability qualities can be provided through-
out a highway system by the expenditure of larger sums of money on pavements. Higher
wheel loads and higher operating speeds can be permitted only through the expenditure
of such larger sums of money. These three objectives therefore tend to be contradic-
tory and ideally a procedure is required which will permit improvements in objectives
1 and 2 to be "traded-off" against increased expenditures.

At present it is impossible to approach such a trade-off in any rational manner.
Minimum acceptable standards must be established for pavement serviceability, wheel
loads, and operating speeds. These standards are based on the highway authority's
interpretation of what proportion of their resources the public is willing to allocate to
the achieving of such attributes in a highway system, relative to the resources they are
willing to devote to other objectives such as education, recreation facilities, and so on.
The pavement designer must then attempt to minimize the expenditures consumed by
the provision of pavements within the constraints established by these standards.

The pavement design process, however, must be structured in a manner that allows
the implications of changes in these standards to be explored. For example, in the fu-
ture the pavement design engineer will no doubt be called on to predict the cost impli-
cations of providing pavements with minimum pavement serviceability levels that are
capable of handling operating speeds of 100 mph instead of the current 60-70 mph. He
will also be required to predict the cost implications of increases in legal axle loads.

Pavement Performance—Unlike many other types of engineering systems, highway
pavements undergo significant physical deterioration during relatively short life spans.
The progressive nature of such deterioration and the age at which pavement failure oc-
curs are of paramount importance to the pavement design engineer. The fundamental
operating characteristic of a highway pavement is its pavement serviceability-age his-
tory. A hypothetical pavement serviceability-age history for a flexible pavement is
shown in Figure 4.

This history is defined in terms of three basic variables: the pavement service-
ability (S), the pavement serviceability level at which pavement failure occurs (S*), and
the ages (A) at which S* occurs. The history shown implies that one or more resur-




facings of the pavement occur during
its life. The design life over which
the economic characteristics of pave-
ments will be compared is designated
by the symbol L.

When a vehicle travels along a high-
way pavement, motions are generated
in the body of the vehicle that are a
function of the suspension character-
istics of the vehicle, the speed of the
vehicle, and the roughness of the high-
way pavement. The motion and vibra-

Age in Service (4) tion of the vehicle induce a response
s - N in the human occupants such as dis-
pavemnent corviceability & <
Sp = pavement serviceability ot time of construction comf.ort a'nd fa'tlgue and in some cases
S™ = failure level of pavement serviceability phySIO]'Oglcal damage'

Figure 5 (a) illustrates the compo-

nents of this problem in terms of pave-
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A, = age at Ist resurfacing

Az = age of 2nd resurfacing
A3 = age of failure of 2nd resurfacing ment roughness (r), vehicular char-
L = design life over which pavement strategies are compared acteristics (V), speed of the vehicle
(p), vibration of the vehicle (m), and
Figure 4. Generalized serviceability profile human response to this motion (h).
of highway pavements, Figure 5 (b) attempts to recognize the

complexity of this problem and sug-

gests by means of the matrix that the
vehicular vibration generated by each combination of roughness r; and vehicular class
v; will induce a set of human responses { hy;} for a fixed vehicular speed.

The problem facing the highway engineer is essentially one of averaging these human
response measures to arrive at a single index that characterizes the extent to which a
particular pavement section is serving the traveling public. This index, which must
possess atleastan interval scale status, has been called pavement serviceability and
is shown in Figure 5 (b) as S;. Terms used in Figures 4 and 5 are defined as follows
in the sense in which they are used in this paper:

Pavement Roughness (r): the distortion of the pavement surface from the geometry of
the designed pavement surface; this distortion may result from deficiencies inthe orig-
inal construction and permanent distortions induced by vehicular wheel loads and cli-
matic conditions.

Pavement Serviceability (S): the average magni-
tude of human response to motion generated in
highway vehicles by pavement roughness at a
specified vehicular speed.

Failure Serviceability (S*): the level of pave- N
ment serviceability at which pavements are no %

longer considered to provide an adequate surface 5 B__
for the passage of vehicles at desired speeds.

Pavement Performance: the pavement service- (o] PAVEMENT-VEHICLE-DRIVER SYSTEM
ability-age history of a pavement.

human response h

vehicle vibration m

vehicle class v

vehicle speed p

The current procedure most commonly used b

for estimating pavement serviceability is that
developed at the AASHO Road Test (2) in SO I " | Fmerow |
whicha present serviceability rating is estimated
subjectively. The validity of this procedure in

v| vo Yj

estimating pavement serviceability depends on A ) S
the subjective estimating abilities of the pave-

ment raters and their facility to recognize each (b) COMPONENTS OF PAVEMENT SERVICEABILITY

of the components classified in the matrix of Figure 5. Components of pavement

Figure 5 (b). serviceability.



Hutchinson (6) has pointed out that if pavement serviceability measures are to be
manipulated statistically, as they have been in the analysis of the AASHO Road Test
data and in the CGRA studies (3), then they must achieve at least an interval scale
status of measurement. In addition, if these measurements are to be used over longer
periods of time and transmitted between various highway jurisdictions, then it would
seem appropriate that the unit of measurement be stable and reliable.

It might be argued that a knowledge of the complete pavement serviceability-age his-
tory is not required and that only the failure ages need to be known. However, unless
the total histories are known, it is impossible to evaluate such things as the cost impli-
cations of increasing the minimum acceptable level of pavement serviceability S*. Also,
if a valid link is to be established between theoretical models of pavement behavior,
cumulative damage theories, and pavement serviceability, then it is essential to have
a precise knowledge of the pavement serviceability-age history. One further require-
ment of the pavement serviceability measure indicated by this discussion is that S*
must be established independently of S.

The principles of subjective rating scale construction described by Hutchinson (6)
indicate that the subjective units used by a pavement rater to express present service-
ability ratings are highly dependent upon the spectrum of pavement serviceabilities to
which the pavement rater has been exposed. In other words, the rating units actually
used by a rater in a jurisdiction with a relatively narrow range of pavement service-
abilities will be quite different from the unit established by a rater in a jurisdiction
with a wide range of actual pavement serviceabilities.

In addition, the fact that the level at which a pavement is no longer considered to
serve the traveling public satisfactorily was observed to be equal to a present service-
ability rating of 2.5 (7) cannot be considered a fundamental characteristic of highway
pavements. This observation could have been predicted from a knowledge of the char-
acteristics of subjective rating scales without conducting any field experiments. It is
well known that raters tend to gauge their feelings by scaling up and scaling down from
some mean condition represented by the verbal cue average.

It must be re-emphasized that present subjective rating procedures used to estimate
pavement serviceability do not provide measurements in a form that can be validly used
for statistical manipulation or to explore the implications of changes in the level of S at
which S* is considered to occur. S* is not independently established with present pro-
cedures. If significant advances are to be made in the measurement of pavement ser-
viceability then S must be estimated from objective measures of human response.
Hutchinson (25) has reported a preliminary attempt to measure human response to ve-
hicular motion by a tracking test. At the present time the level of S at which S* is con-
sidered to occur must be established arbitrarily just in the same way that other high-
way standards are established.

Input Factors—The specification of the inputs to a highway pavement involves the
identification of all those factors external to pavements that contribute to decrements
in pavement serviceability. While many factors such as wheel loads, climatic factors,
subgrade characteristics, and so on are known to influence pavement behavior, it is
difficult to specify these factors in any quantitative manner. This difficulty arises
from the existing lack of knowledge on the fundamental mechanisms of pavement dete-
rioration. The manner in which these input factors are specified must be conditioned
by the way in which this information is to be used. There is no justification for attempt-
ing to predict the loading spectrum to which a highway pavement might be subjected un-
less it is possible to use this information.

A primary factor that contributes to the deterioration of pavements in Canada and
the Northern United States is the distortion of the pavement surface induced by frost
action. The CGRA pavement evaluation studies (_) have indicated that flexible pave-
ments that are structurally adequate with respect to traffic loads and located on light
clay subgrades will deteriorate to an unacceptable level of pavement serviceability in
about 15 years simply from the influence of climatic factors.

Differential frost heaving of a subgrade soil is influenced by a large number of fac-
tors, among which are the rate and degree of soil freezing, groundwater conditions,
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. . . examined the seasonal strength characteristics
Figure 6. Environmental classification.  of some 24 pavement sections in Alberta that

were observed over a period of five years. They

concluded that 'seasonal strength variation in
flexible pavements is a widely fluctuating value which cannot as yet be related directly
to pavement strength characteristics or to generalized climatic statistics. It would
appear that these variations and fluctuations are greatly influenced by micro-climatic
features which would require intensive evaluation and detailed analysis for control
purposes."

Similar comments could also be made about other factors, such as the specification
of probable traffic loads. It is only realistic for the pavement design engineer to clas-
sify the environmental factors in a relatively coarse manner. It would be meaningless
at this stage to attempt to predict precisely the probable distributions of axle loads,
climatic conditions, the properties of component materials, and so on, since the pave-
ment design engineer cannot use this information. A similar approach is followed in
structural design procedures in which general zones of earthquake intensity, snow
loadings, wind loadings, and so on are established. A more detailed discussion of the
factors influencing pavement performance is given in a subsequent portion of this paper.

A number of environmental classes have been established for the analysis of some
Ontario pavement performance data, which are described later in this paper. These
classes were based on a consideration of the following environmental factors: sub-
grade soil classification, freezing index, precipitation, drainage, and traffic conditions.
The particular subclasses identified within each of the factors are shown in Figure 6.

Pavement Output—The pertinent output characteristics of a highway pavement have
already been conveyed in Figure 4. Ultimately, the pavement design engineer is con-
cerned only with two variables—the ages A at which S* occurs. With this knowledge
and information on the cost stream required to produce the predicted pavement ser-
viceability-age history, the designer is in a position to compute the cost character-
istics of each of the alternatives.

Different pavement designs commonly involve expenditures of resources at various
points in time as well as having different failure ages. In order to provide a common
basis for the comparison of the economic properties of designs, a standard time base,
or design life L, must be selected.

Constraints—The design constraints may be defined as thosé factors that limit the
extent of feasible pavement designs. One constraint on the behavior of pavements has
already been established—the minimum acceptable level of pavement serviceability, S*.

A second constraint is the magnitude of the interest rate used for the calculation of
the annual costs. While many public authorities do not presently execute formal eco-
nomic analyses of highway investments, the importance of such aids to public enter-
prise decision-making has been recognized and they are becoming used more widely.
A question of fundamental importance in their use is the magnitude of the interest rate
to be used in the calculations.

Many analysts have argued that no interest should be used in the evaluation of in-
vestments financed from current revenues and that interest rates should only be used
in the evaluation of investments financed from borrowed capital. However, it is now
generally accepted that a representative market interest rate should be included in all
economic evaluations whether current revenues or borrowed capital are involved.




The financial resources of public authorities are currently allocated by means of a
budgetary constraint imposed by the body politic. The prevalent opinion seems to be
that, because of the large role assumed by the so-called intangibles associated with
public operations, this allocation can only be achieved subjectively.

There are a number of well-known deficiencies in this type of approach and Alder
(9) argues that the overall choice of the quantity of resources to allocate to highway
transportation can be made only as a reflection of the sum of numerous individual proj-
ects that are judged to be sound. Kuhn (10) further points out that, for these individual
economic evaluations to be meaningful, an interest rate representative of the current
market rate must be included whether the financing is supplied from current revenues
or borrowed capital. He points out that the interest rate is the only mechanism that
provides a basis for the allocation of resources between the public and private sectors
of the economy.

The third constraint that should be imposed on the pavement design process is also
an economic constraint and is a maximum limit on the expected annual cost of the op-
timal pavement strategy. This maximum limit must be established from a considera-
tion of the economic characteristics of the overall highway project, of which the pave-
ment structure is only one element.

Cost Function—The cost function is simply a device that relates the output character-
istics of pavements (i.e., failure age and capital costs) to the primary design objec-
tive, which has been established as the minimization of costs. The following cost func-
tion has been suggested by Baldock (11):

AC = CRFy, [c + E; (PWFp) + Ez(PWFAr)

5 ( % %) (E; or E») PWFAr] + M (1)
in which
AC = annual cost of a 2-lane mile of pavement and shoulders,
CRFy, = capital recovery factor for a design life of L years and a specified in-
terest rate,
C = (initial capital cost of pavement and shoulders per mile,
A = failure age of the initial pavement (years),
A, = f{failure age of first resurfacing measured from the original time of con-
struction (years),
PWF = present worth factor for A or Ay years and the specified interest rate,
E: = firstresurfacing cost per mile,
E: = second resurfacing cost per mile,
y = number of years from time of last resurfacing to the end of design life
period, i.e., (L - A or A,),
x = estimated life of last resurfacing (years), and
M = average annual maintenance cost per mile,

In order to predict the expected annual cost
for each of the pavement strategies under con-
sideration the design engineer must establish

L >l§§gggggy0ﬂ (a) capital costs, (b) failure age of the initial
pavement, (c) failure ages of the resurfacings,

(d) costs of the resurfacings, (e) interest rate,

— and (f) maintenance costs.

I ] | [ consteants | Decision Criterion—Since the objectives and

the cost function are one-dimensional, the de-

cision criterion is straightforward and may be

DECISION
CRITERION

PAVEMENT
OBJECTIVES

e B e concisely stated: select that pavement strategy
E with the minimum expected annual cost indollars.

Figure 7 summarizes the problem definition

Figure 7. Components of the problem phase by illustrating the interrelationships be-

definition phase. tween the six components described.



10

Solution Generation

There are a large number of potential solutions to a specific pavement design prob-
lem. These range from pavement strategies that have been used a large number of
times and whose probable performance characteristics are well known, through to rel-
atively new types of pavements for which very little performance information is avail-
able. The designs may consist of various types of portland cement concrete, asphaltic
concrete surface courses supported by a variety of granular base courses and stabilized
base courses, composite pavements, and so on.

Two general classes of potential solutions are established in this investigation, (a)
standard pavement strategy, and (b) new pavement strategy. These two classes have
been identified primarily as an aid to the analytical phase of the design process. Stan-
dard pavement strategy may be defined as a design type for specified environmental
service conditions whose failure age distribution is known from accumulated relative
frequency data on its performance. New pavement strategy may be defined as a pave-
ment design type for which no prior experience or for which only limited evidence is
available for specified environmental service conditions.

It is beyond the scope of this paper to list the possible pavement strategies that
might be used as solutions to a pavement design problem. It is sufficient to state that
at this stage of the pavement design process the pavement designer is faced with an
array of possible solutions and he must select one of these strategies. The designer
can assemble capital and maintenance costs fairly easily, but the problem is to predict
the expected failure age in order to compute the expected annual cost of each strategy.

Solution Analysis

A method of approach for analyzing the two broad classes of highway pavements that
are currently used is developed in this section. In addition, an approach to new pave-
ment strategies is also described.

Flexible Pavements—It has been established previously that the principal technolog-
ical problem is to predict the serviceability-age history for any pavement design alter-
native being considered. Typically, the conventional flexible pavement used by most
authorities consists of a three-layer system with an asphaltic concrete surface course,
a granular-~type base course, and a subbase course of lower quality granular material.
The principal objective of this phase of the design process is to generate sufficient in-
formation to allow the pavement designer to make a choice between overall pavement
types. The selection of the most economical detailed design option within this overall
pavement type is executed in the evaluation and optimization phase.

It has also been established that current flexible pavement design procedures do not
permit serviceability-age histories to be predicted. However, the CGRA pavement
evaluation studies do permit the serviceability-age histories to be predicted for stan-

dard pavement strategies. A number of re-
gression models have been established for the
A-21-25" thickness Canada-wide data but dlfflculty has been ex-
B-i5-18" perienced in arriving at a general model.
Hutchinson (12) has examined the Ontario pave-
ment performance data in an attempt to ex-
amine its usefulness for direct application to
pavement design.

Available Ontario performance data have
been sorted into common environmental classes
of the type discussed previously and trends be-
tween present performance rating and the age
in service has been plotted in the form shown
in Figure 8. Pavement designs have been
separated only in terms of total pavement
Figure 8. Pavement performance trends thickness.

(pavements subjected to similar environ- Lines were fitted to those serviceability-
mental conditions). age histories for which sufficient data were

AGE IN SERVICE
A-PPR=8:09-0'17AGE r2=0-86
B-PPR=830-02BAGE r2=0-84
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particular environmental class.

available. In all other instances the serviceability-age trends were hand-fitted to the
data subject to the constraint that the maximum value of the present performance rating
at age 0 is equal to 8.5. This initial value is suggested by the field rating studies con-
ducted by highway departments across Canada on many newly constructed pavement sec~
tions. The mean failure age in years has been scaled from the performance trend lines
of this type at a present performance rating equal to 4. 5 and used to prepare diagrams
of the type shown in Figure 9. It must be emphasized that the thicknesses shown in

TABLE 1
ANNUAL COST COMPUTATIONS

TOTAL FAILURE PWF % INIT IAL]' RESURFACING ANNUAL
THICKNESS AGE CAPITAL COST COST COST
9 10 0.5584 47,520 19,738 4,580

9.5 12 0.4970 49,456 20,534 4,560

11 14 0.4423 55,264 21,364 4,866
13.5 16 0.3937 65,944 22,228 5,492

1 -2 x 12" lanes plus 2 x 10' shoulders
2 - thickness 1%" and price compounded @ 2% per annum to account for

price increase plus 15% engineering and supervision costs

Assumptions

L = 25 years; i = 5% X = 15 years
_ n - " =

Hl = 3", H2 = 6" and H3 variable

Costs

asphaltic concrete surface course 3" thickness = $1.50/sq.yd.
granular base course 6" thickness = $0.95/sq.yd.

subbase course = $0.15/sq.yd./inch thickness
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generated from model developed
for Ontario granular subgrodes with

Figure 9are total pavement thicknesses and con-
sist of various combinations of surface course,

100} 1000 A.A.D.T. base course, and subbase course thicknesses.
F The information conveyed in Figure 9 can
o now be used to established a first estimate of
5 i the most appropriate total pavement thickness.
a Equation 1 can be used along with the type of
E 005} information shown in Figure 9 to compute an
z annual cost curve as a function of failure age
Ed (or total pavement thickness). A typical set of

computations is given in Table 1 and the infor-
mation is summarized in Figure 10. This an-
nual cost-failure age curve indicates that a
total pavement thickness of about 10 inches
would be the optimal design thickness for mini-
mum annual cost and the expected life of the
initial pavement would be 12 years. This opti-
mality.exists only for the cost information con-
tained in Table 1 and the thickness-age relation
of Figure 9. Different capital costs, resurfac-
ing costs, thickness-age relation, etc., would of course change the optimal pavement
thickness.

The preliminary analyses of the CGRA pavement evaluation data have shown that the
surface deflections of flexible pavements are valid indicators of their relative strengths.
Figure 11 shows a relationship that has been generated from the preliminary perfor-
mance equations developed in this study. In addition, Meyerhof (13) has examined the
relationship between the total pavement thickness and deflection for the CGRA data and
the results of this study are shown in Figure 12.

Meyerhof suggests that, for normal flexible pavement thicknesses and from consid-
erations of elastic theory, the theoretical relationship between the surface deflection
and thickness may be expressed by

1 L

A
10 15 20 25 30

1 J

FAILURE AGE

Figure 11, Deflection-age trend.

D =C (2)
in which
d = surface deflection,
D = total pavement thickness, and
C = a constant for the standard CGRA Benkelman beam test,
and by
c - 0. ‘22 W
Eg n
in which
W = wheel load, .08
Eg = subgrade modulus of elasticity, and
n = the modular ratio of pavement to sub- z
grade. E
w »f =
The deflection-thickness curves for various val- 5 =
ues of C are shown in Figure 12 and Meyerhof : i
suggests the following average values: 2 s
=
Subgrade Type C s e
LS | gravel ond > C:O-G
Gravel 0. 30 sande” G=04
Sand 0. 35 i i L i i i i IC-O'Z
gLl 0.50 ° To!&l_ PAVZE(:AENT 73:1)1 s
Clay 0.60 CHNESS
Peat 1.5-2.5 Figure 12, Deflection-thickness trends.
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If relationships of the type shown in Figures 11 and 12 are available for a given en-
vironmental class, then they may be used along with cost data to arrive at an estimate
of the optimal pavement thickness in the same manner as the information contained in
Figure 9 was used.

The analytical framework described may be used to arrive at the optimal conven-
tional flexible pavement strategy using the type of information obtained in the Canadian
pavement evaluation studies.

The use of the surface deflection as an indicator of pavement strength is more sen-
sitive than thickness since it also expresses some of the quality characteristics of the
component materials. However, a large number of factors influence serviceability
trends in flexible pavements.

Rigid Pavements—Very little systematic performance information is available for
rigid pavements. The primary design variables that influence rigid pavement perfor-
mance are slab thickness, the nature of the reinforcement, the joint designs, subbase
properties, and subgrade properties.

Adequate performance data on rigid pavements with a variety of design variables are
not currently available in Canada and an explicit procedure for arriving at the optimal
rigid pavement design cannot be established. However, it would be a simple matter to
calculate the annual costs associated with each rigid pavement design variation from
capital cost estimates and failure-age predictions.

Factors Influencing Pavement Serviceability Changes—It has been established that
the ultimate rationalization of the highway pavement design process is dependent upon
a quantitative understanding of the rate of decrease in pavement serviceability with age
in service. The prediction of this rate of change of serviceability must be based on an
under standing of the factors causing the deterioration, their relative influence in a par-
ticular area or situation, and any interactions between these variables that influence
the degree and rate of deterioration.

Figures 13 and 14 summarize the factors known to influence the performance of flex-
ible and rigid pavements respectively. These flow charts do not attempt to indicate the
relative importance of the variables but simply to classify them. The degree to which
any of these factors, or combinations of factors, contribute to a loss in pavement ser-
viceability is influenced by the climatic environment, quality of construction, and traf-
fic at a particular location.

The diagrams show three main visible manifestations of pavement distress, which
are further subdivided into a number of possible varieties. Since these classes of dis-
tress, in many cases, do not remain in their original or primary state, some of the
possible consequences are shown. This secondary deterioration can often be much
more detrimental to performance and in many cases may conceal the initial cause. It
may also be responsible in certain cases for some confusion in field investigations of
pavement failure mechanisms. Some of the factors identified in Figures 13 and 14 need
to be further subdivided for a truly comprehensive picture of the pavement deteriora-
tion problem.

At the present time there is no generally accepted method for surveying pavement
condition and classifying the various types of distress, and their relative importance
in a particular area, as to the overall performance of a pavement. Research efforts
have often tended to concentrate on factors that may be analytically complex but whose
influence on pavement deterioration may be relatively minor.

The second step then, following the qualitative and comprehensive recognition of all
the factors influencing performance, is broadly one of measurement and the develop-
ment of techniques for the storage and retrieval of this information. The basic problem
is to develop appropriate measurement techniques and to decide which are the most
important factors in a particular jurisdiction. It is important that these techniques be
developed not as ends within themselves but as useful means of providing information
to predictive models of pavement performance. As previously pointed out, such models
have been developed in Canada for rural highway conditions; however, they have a num-
ber of limitations, including applicability to most urban conditions. The format of the
best of these models shows 'age' as the most influential variable (14). This term en-
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Figure 13. Qualitative representation of factors affecting flexible pavement performance.
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Figure 14. Qualitative representation of factors affecting rigid pavement performance.

compasses a number of the more detailed performance factors previously pointed out,
which could ideally be incorporated into more precise predictive models if sufficient
information were available.

The third broad step involved in progressing toward a comparative evaluation of all
performance factors consists of investigating causal mechanisms of pavement distress.
These investigations should be concerned with estimating the effects of various factors
on the performance of the pavement structure, for a probable range of behavior. In
addition, such investigations should be integrated with economic analyses of the po-
tential payoff involved in being able to control any one factor. This type of approach
can provide for optimum allocations of research and development funds. The current
general situation of incomplete information makes such idealized comparisons impos-
sible but in some cases allows the development of a sort of priority rating scheme based
on subjective predictions of potential payoff. An example of this is the widespread in-
cidence of transverse cracking of flexible pavements in Western Canada and the recent
intensive research efforts in three prairie provinces (15, 16, 17, 18). Here, it was
apparent that the secondary effects of transverse cracking were in many cases result-
ing in very rapid losses of serviceability for the pavements involved. It was further
apparent that control of such deterioration could result in very substantial savings.

While the foregoing example is one in which large savings are possible without for-
mal economic analysis of expected payoff, the probable payoifs on other performance
factor evaluation and control are often not so apparent and require a greater degree of
objectivity for rational decision-making. This includes the situation previously dis-
cussed where micro-climatic conditions control the performance of individual sections
and data on certain factors in effect cannot be used by the designer.

New Pavement Strategies—The procedure previously described provides a basis for
the analysis of those pavement strategies for which adequate performance information
is available. The review of the information available in Ontario on the performance of
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conventional flexible and rigid pavements indicated that this information was generally
inadequate with the exception of a few environmental classes.

Two general classes of highway pavement have been identified in the Solution Gen-
eration phase. The basis for discrimination between these classes was stated to be the
availability of performance data but a specified classification criterion was not estab-
lished. Two additional procedures are required for the Solution Analysis phase. First,
a rule must be developed that will permit a pavement to be classified as a standard
pavement strategy or a new pavement strategy. Second, an overall framework is re-
quired that will permit new pavement strategies to be compared with standard pavement
strategies in order to select the best course of action for a specific pavement design
problem. A unified approach to both of these problems is developed in the following
based on certain principles of Bayesian decision theory. The principles of Bayesian
decision theory pertinent to this formulation have been reviewed by Hutchinson pre-
viously (19) and the following developments assume a knowledge of this information.

It has been pointed out that the failure age of the pavement strategy operating with-
in a particular environmental class must be regarded as a random variable and this
variable may be assumed to be normally distributed. In the procedure formulated for
the selection of the optimum conventional flexible pavement design, it has been assumed
that the expected or average value of the particular failure age distribution was ade-
quate for analytical purposes. This is in fact an oversimplification, since the cost
function is a nonlinear function of failure age.

The essential requirement involved in the analysis of new pavement strategies is to
predict the failure age distribution, or the parameters of the distribution for the par-
ticular strategy. It is pertinent to consider in a general way how information on a new
pavement strategy might be accumulated.

In the first instance preliminary laboratory tests and analysis may be performed to
explore some of the implications of the new design but ultimately the probable failure
age must be estimated from some very meager objective evidence or estimated sub-
jectively. If the new design is judged to be superior when compared with the best stan-
dard design, then actual performance data can be accumulated with each successive
implementation of the new design. Field performance meansurements involve the ex-
penditure of significant amounts of resources and the problem is to establish the point
at which the continued measurement of performance is no longer justified economically.

The essence of this problem when conveyed in terms of Bayesian decision principles
can be conveyed in the form of a tree diagram as shown in Figure 15. The meanings of
the symbols used are as follows:

d, = the decision to implement the new
pavement strategy;
d, = the decision not to implement the

new pavement strategy, which im-
plies the use of the optimal pave-
Pl ment strategy;
6 = the state of nature that is a parti-
W2y 9y 0,) cular failure age;
retsT? g, = a dummy experiment, which con-
veys that no performance measure-
PRIOR BRANCH ment is performed;
e, = performance measurement exe-
cuted, which implies that the new
Plzle) P"(612) pavement strategy should be im-
d plemented for trial;

z = the outcome of the new pavement
strategy trial, which is its failure
age;

u; = the negative of the annual cost as-
POSTERIOR BRANCH sociated with the particular se-
Figure 15. Simple decision free. quence of events expressed in the

9

o

ulegi2;d5,65)
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brackets; e.g., uy (e1, z2, do, B2 is the annual cost associated with the
decision to measure first the performance, observe an outcome z; of this
experiment, select a strategy do, and, finally, observe a failure age 6;

P’(g) = the prior probability of occurrence of each possible failure age;
P(z/e) = the probability of occurrence of each possible outcome of the experi-
ment e;
P“(p/z) = the posterior probability of occurrence of the failure age, given that the
outcome of the experiment e is z; and
Cg = the negative of the annual cost of performance measurement.

The problem conveyed in Figure 15 can be described in general terms as follows.
The designer is at node (1) and he must first decide whether to follow the prior branch
and make an immediate choice between d and d , or to postpone this choice by first
implementing the new pavement strategy, measuring its performance, and on the basis
of this new information making a choice between d and d..

This type of problem can be approached by a method of analysis known as preposter -
ior analysis, which is well described by Raiffa and Schlaifer (20). The essence of this
method of analysis is that it provides a basis for evaluating the alternatives prior to
actually implementing an experiment. The major features of this method of analysis
are summarized in the following:

d’ may be defined as the act that is optimal under the prior distribution of 8:
E@®’) [u; @’, 6)) = E@’) [u, (@, 8)] (3)

d; may be defined as the act that is optimal under the posterior distribution of 5,
which has been determined by the outcome z of an experiment e:

E(®“l) [u (g, 8)] = maxgE@"[2) [u (d, 8] 4)

If, instead of choosing the optimal prior act d’ directly, the decision-maker performs
an experiment e, observes an outcome z, and then chooses d, he increases his terminal
utility by

vi (e, 2) = E(@"|2) lug (g, 8)] - E@"|2) @', 8)) (5)

Vi (e, z) is termed the conditional value of the sample information z. Equation 5 can
only be evaluated conditionally after a particular z has been observed. However, be-
fore z has been observed, the expected value of sample information can be computed

from

vE (e) = E(z|e) [vi (e, Z)] (6)

The economic significance of this quantity is that the expected terminal utility of a
particular experiment is the expected utility of an immediate terminal action augmented
by the expected value of sample information, which is

uf(e) = uflg) + vile) (7

The expected net gain of experimentation is defined as the expected value of sample in-
formation less the cost of obtaining it:

vk (e) = vil) - Cg (8)
Analysis Process for New Pavement Strategies—These statistical decision principles

can now be used to establish a systematic analysis process for new pavement strategies.
This process is described as a sequence of steps:

1. List the expected annual cost of the optimal pavement strategy, ACg.
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2. List any observed failure ages for the new pavement strategy operating under
the same environmental conditions and calculate the relative frequency of occurrence
of each failure age. If prior evidence is not available, then these relative frequencies
may be estimated subjectively.

3. Establish the cost function for the new pavement strategy in the form shown in
Eq. 1. This is a straightforward procedure with the notable exception of the resurfac-
ing costs expressed by the term E . This cost estimate must include not only the in-
ternal costs such as engineering and material costs but also the external costs to high-~
way users that may result from the resurfacing operation. While the dollar value as-
sociated with these generally intangible costs is difficult to evaluate it is important that
they be included in this manner in order to place the costs in their proper perspective.
It is interesting to note certain comments by Moyer and Lampe (21) in this regard:

", . . in the selection of pavement type for urban freeways with traffic volumes ranging
from 50,000 to 200,000 vehicles per day, portland cement concrete has generally been
selected as the preferred pavement type in California because the traffic delays and ac-
cident hazards created by pavement repairs and resurfacing have been assumed to be
much greater on asphalt concrete pavements than on portland cement concrete pave-
ments. This study indicated that the magnitude and importance of the traffic delay and
accident costs in the selection of pavement type for urban freeways has been greatly
exaggerated. There is evident need for conducting factual studies to determine the true
nature of these costs."

4. Calculate the expected value of sample information from

v} (e) = E(zle) {E(6"|2) [u, (d,, 8)] - E@"|z) [u @', 8)1) (9

5. If v{ (e) is positive then the optimal prior act should be selected. (Remember
that u; is the negative of the annual cost.)

6. Calculate the annual cost of performance measurement and express it as Cg. If
V;:k (e) is negative then execute performance if

Ivé‘ (e) | = CS (10)
This implies that the new pavement strategy is selected for use even though it may not
have been optimal with respect to immediate terminal action.
7. Calculate the expected utility of the new pavement strategy with respect to im-
mediate terminal action:
u¥ (e, d) = E(6"[z) [uy (d, 6)] (12)
8. The new pavement strategy may be regarded as a standard pavement strategy if

uf (eo, d) = u,: (e, d) - Cq (13)

Solution Evaluation and Optimization

At the completion of the solution analysis phase the pavement designer will have an
estimate of the expected annual cost of each of the major types of pavement that he has
considered. The objective of this phase is to explore the implications of the detailed
design options that.are possible within the most promising major design type.

This operation is particularly important for flexible pavements, in which equivalent
strengths can be achieved by a large number of different combinations of layer thick-
nesses. The optimum combination is a function of the relative costs of the layer mate-
rials and their relative contributions to pavement strength.

For example, the layer equivalency equation developed at the AASHO Road Test (2)
for flexible pavements, -

D = 0.44Dl + 0.14D, + 0.11D, (14)
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can be achieved by a large number of different combinations of layer thicknesses (sub-
ject to the constraints D; 2 2 inches and D, = 3 inches). The optimum combination is
a function of the relative cost of the layer materials and their relative contributions to
pavement strength. If the cost data for each layer are given per inch of depth and per
square yard of surface, and these might be, for example,

¢1 = $0.50 per sq. yd. per inch of thickness,
¢z = $0.15 per sq. yd. per inch of thickness, and
cs = $0.07 per sq. yd. per inch of thickness,

the total cost is given by

C = D|'°| - D2-c2 + Dge,

and the problem is to minimize C by selecting values for D;, D, Ds that will result in
a specified thickness index D. This is a simple problem and may be solved by calcu-
lating the cost/contribution ratio for each layer:

|c>
=)
o

layer 1. 0:44 = 1.138
. 0.15

layer 2: m = 1.071
. 0.07 _

layer 3: i1 - 0.636

Equation 14 demands that minimum thicknesses of 2 inches and 3 inches be used for
the surface and base courses respectively. For the above conditions the remainder of
the pavement should consist of layer 3 material since it possesses the minimum cost /
contribution ratio.

More complex optimization techniques such as linear programming may be involved
for other pavement types, such as rigid pavements, where various detailed design op-
tions may possess differential contributions to strength and relative costs.

Information Systems—The solution analysis phase of the systems process discussed
in this paper is basically dependent on a certain amount of the appropriate evaluation
data. Unfortunately, the required information systems are generally quite inadequate
for the degree of sophistication we may desire for comparative analyses and in fact are
in a very premature state of development, even for urban planning purposes. The first
of these systems directly associated with the transportation field and using computer
technology have come from the need to produce data for urban transportation planning
models. However, as pointed out by Horwood (22), these have been generally ad hoc
in nature and have been produced to satisfy their predominant purpose of traffic fore-
casting. Consequently, such approaches have produced very little "spin-off' in utiliz-
ing the information gathered for other purposes, largely because of the varied methods
of organizing data and the attendant difficulties in processing. This type of situation
applies to the field of highway pavements to an even greater degree but it appears that,
because of the strong interest recently shown in development of urban data banks and
the corresponding experience gained, plus the marked increases in computer opera-
tional capabilities, the development of highly flexible and sophisticated information sys-
tems for such purposes can soon become a distinct reality. It further appears that the
professional groups charged with the attendant responsibilities must also be well versed
in the statistical methodology of experimental design and analysis of variance and will
provide a highly significant coordinating function within any one agency, such as a state
or provincial highway department.

Before considering the basic requirements of an information system, it may be use-
ful to list the major phases involved in considering the overall capability of such a sys-
tem. In summary form these are

1. Proposed use of data,
2. Collecting the data,
3. Organizing the data,
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4. Storing the data,
5. Retrieving the data, and
6. Analyzing the data.

When a decision has been made that some sort of automated storage and retrieval
system is necessary for a highway agency to handle its planning, design, evaluation,
cost, and maintenance data, then it immediately faces a series of basic questions which
include the following:

1. What computer hardware equipment is required? This problem involvesa variety
of sub-problems and may in itself require a fairly detailed systems approach. It de-
pends on such factors as the applicability and availability of the agency's current data-
processing equipment, the quantity of information to be stored, the wide variety of
available systems on the market, future requirements for data storage, software prob-
lems, available funds, availability of technical manpower, etc.

2. What purposes is the information to be used for ? This is perhaps one of the
most fundamental questions because it determines what data are to go into the system
and what the analyses will be. If it is not adequately answered, the entire system can
become most inefficient. In other words, as pointed out by Barraclough (23), a careful
examination of the proposed use of each item of information must be made before a
decision is reached to collect it.

3. What type of geocoding system is required? In the field of highway pavements,
there can be little argument with the basic premise that some sort of locational identi-
fication of data is required. A number of systems are in current use or have been pro-
posed for transportation planning, urban planning, and other purposes and have been
discussed by Vance (24). His recommendation of the existing Universal Transverse
Mercator Grid for use by transportation planners seems to be compatible with the high-
way pavement situation and the system could be used in a similar manner.

4. What type of query system is required? Querying refers to the techniques used
to gain access to data in a variety of combinations, with efficiency. It is important that
the system be developed for wide applicability and flexibility; otherwise each analysis
will require its own specific retrieval technique. Horwood (22) has discussed the re-
quirements of a good query system with respect to transportation planning and has
stated, "A data handling procedure designed for ease of use is the single most impor-
tant element of an information system." His comments are also significant to the data-
programming requirements associated with the topic of this paper.

5. What type of output devices are required? Automatic graphic display of infor -
mation is perhaps much more important to transportation and urban planning functions
than to the highway pavement information system. However, a wide variety of relatively
sophisticated graphic display subsystems are being developed and the possible appli-
cability of these to producing plotted results of the stored data analyses warrants care-
ful consideration.

6. What are the operational needs of the system? These requirements refer to day-
to-day processing operations, production of output data at specific time intervals, gen-
eration of reports, and other functions.

The question of intended use of any item of stored data has been pointed out as fun-
damental to the problem of what data are to be stored. Barraclough (23) discusses
some of the implications of either not getting required or sufficient data, or of getting
unusable data, and goes on to present a long list of the sorts of items of information
that might be desirable for land-use models. A similar listing for flexible pavement
performance prediction models, with a sample in-depth listing of the transverse crack-
ing factor (assuming that the appropriate objective measurement techniques have been
developed) is presented, with the aid of Figure 13, for any particular evaluation section
as follows:

1. Fatigue cracking

2. Longitudinal cracking

3. Transverse cracking (see detail)
4. Block cracking
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5. Stripping disintegration
6. Raveling disintegration
7. Pot-hole disintegration
8. Rutting deformation
9. Shear deformation
10. Wave deformation
11. Gross pavement performance data
12, Traffic data
13. Environmental data
14. Construction data by variations in properties of as-placed specification items

3a. Continuous temperature profile of pavement layer

3b. Depth of frost penetration

3c. Continuous precipitation record

3d. Continuous recording strip to measure time of cracking

3c. Continuously rccorded stress and strain data

3f. Void and density characteristics of the bituminous surface

3g. Geotechnical characteristics of the subgrade

3h. Volume, density, and moisture characteristics of the subgrade

3i. Mineralogical characteristics of the pavement aggregates

3j. Rheological characteristics of the binder at various age intervals

3k. Rheological and tensile strength characteristics of the bituminous surfacing
mixture at various age intervals

3l. Rheological profile through the depth of the bituminous surface at various
age intervals

3m. Thermal conductivity and expansion-contraction characteristics of the bitum-
inous surface

3n. Amount of binder in the bituminous mixture

30. Gradation characteristics of the pavement aggregates

3p. Source of binder for the bituminous surface mixture.

This in-depth listing could in some cases be further broken down into a number of
sub-factors; in any case, it serves to illustrate the somewhat staggering array of in-
formation that might be collected. It further implies that an indiscriminate collection
of such data would result in an information system of considerable complexity and great
cost, in addition to the overwhelming efforts and costs associated with actually obtain-
ing the required field and laboratory measurements. What is needed, then, is some
sort of ordering system that establishes, say, first-order information, second-order
information, and so on. The decision as to how specific items of data fit into the order-
ing system must be based on their relative influence on pavement performance. Such
analyses of sensitivity, as previously discussed, depend on both technical and econom-
ic payoff considerations. Technical evaluations can often be very efficiently accom-
plished through carefully designed and controlled field experiments in which the pave-
ment is a part of the regular highway system. An excellent example of this is the re-
cent Saskatchewan field experiment on transverse cracking of flexible pavements in
which it was concluded that asphalt source could significantly affect the degree of such
cracking (17). Unfortunately, this type of planned experimentation has seenverylimited
use among highway agencies, although there are many situations where it could be em-
ployed to considerable advantage with very little additional expenditure during planning,
design, construction, or operation.

Decisions as to what depth in the ordering system is to be used for data acquisition
and storage depend on such factors as costs of obtaining the data, sensitivity of the
model to the data, payoff involved in increased model sensitivity, and capability of the
information system itself.

Implementation

A fundamental problem in the implementation phase of the highway pavement design
process is to produce materials of a quality and homogeneity that are essentially in
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agreement with the assumptions underlying the structural design of the pavement. The
future performance of a pavement and its associated maintenance costs are directly
related to the success in achieving these desired levels of quality.

Present quality control methods for highway paving materials are largely intuitive
procedures conditioned by the construction engineers' experiences and the results of
casual materials tests. In addition, the rationale underlying present highway materials
specifications is largely arbitrary and frequently bears little relation to the actual ca-
pabilities of the various construction processes. Formal quality control procedures
are required that are an integral part of the total highway pavement design process.

Very little systematic evidence has been obtained to illustrate the influence of the
quality of construction on pavement performance. Wilkins (26) has shown for the
Canadian pavement evaluation studies that minor areas of surface distress strongly in-
fluence the serviceability rating assigned to a pavement section. He has noted that if
failure occurs in only 5 percent of a section the pavement is considered unacceptable
as to serviceability and must be repaired or rehabilitated in spite of the fact that large
areas of the pavement may have relatively high ratings. Economic implications of non-
uniformity of construction indicate that the development of formal quality control pro-
cedures for construction probably has the greatest potential payoff of any area of the
highway pavement design process.

SUMMARY AND CONCLUSIONS

The development of a rational highway pavement design process requires the ability
to predict the pavement serviceability-age history of a potential highway pavement de-
sign under the expected traffic loadings, the climatic conditions, and the cost streams
necessary to produce this serviceability profile. With the development of this capabil-
ity the pavement designer is in a position to make a rational decision involving the se-
lection of that design alternative which provides an adequate level of pavement service-
ability throughout the design life and which is the most economic to construct and
maintain.

Current approaches to pavement design do not formally recognize that a significant
amount of physical deterioration can be tolerated in highway pavements and that this
physical deterioration only has meaning with respect to the vehicles using a highway
and their human occupants. In effect, they are oriented toward the concept of only
satisfactory or unsatisfactory pavement performance.

Systematic field performance studies in Canada have indicated that pavements that
are adequately proportioned to carry traffic loadings will deteriorate due to nonload as-
sociated factors. A quantitative understanding of the factors that induce this progres-
sive deterioration in pavement serviceability is largely hindered by a lack of knowledge
of the mechanics of pavement behavior.

A systems analysis of the highway pavement design process has been developed in
this paper that attempts to recognize in a formal way both the technological and econom-
ic characteristics of highway pavements. The total process is broken down into its
principal phases, which are problem definition, solution generation, solution analysis,
evaluation and optimization, implementation, and performance assessment.

The current state of knowledge within each of these principal phases is reviewed and
the relative importance of the deficiencies in knowledge discussed. The need for a prop-
erly designed data and retrieval system for field-performances studies is discussed and
recommendations regarding such a system are set forth.

The primary deficiencies in current knowledge regarding pavement structures are
considered to lie in the areas of field performance evaluation and quality control. In
addition, the development of a comprehensive understanding of the nonload-associated
causes of pavement deterioration and their relative effects on performance is essential
to rationalizing the design process.
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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 importantde-
sign parameter; the integration of design theories governing
"rigid" and "'flexible'" pavements; and the tolerance of surface
deformation and stress intensity in the pavementas well as inthe
subgrade. The system completely defies traditional designprac-
tice, but represents the collective workof 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.

oIN 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 beendeveloped
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 of pave-
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

1
V=(V12+V22+V32+...)/é (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 lessthan
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

VZ VZ Vzi 1/2
:(—1—+—2+—3+...) (2)

m N ns

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 tothe standard
error of sampling, oy, which decreases withincreasing numbers of samples, N, suchas
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oM =t o/ - 1)/ 3)

in which t is the standard score computed for various degrees of certainty and ¢ 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
0.577 to. 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.

For 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 to, 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 using 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 inthe
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-
:e:‘mination of the E-value, the size of test bearing plate will be included in the compu-

ation.

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 the sand subgrade will increase considerably.

he increase in load-deformation modulus due to the surcharge is rather deceptive if
€ 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-
confined condition. If the bearing test of the sand subgrade is conducted under a con-
_flned condition, the measured load-deformation coefficient, such as the CBR, K, or E-
Yalue, will be considerably higher than the actual soil property in its unconfined condi-
lon.  An unconservative parameter is therefore innocently introduced into the pavement

~ design, Attempts have been made to integrate the Boussinesq and Mindlin pattern of

Stﬁ‘ess (3). A correction factor for the confining condition has been demonstrated (Fig. 2).
€ validity of the concept should be verified by future field observations. However, it
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is a method attempting to correct the inaccuracies in our present concept of deforma-
tion modulus.

The increase of deformation modulus due to traffic coverages is also a veryinterest-
ing subject. The subgrade does reachahigher degree of compaction under the influence
of traffic coverages and sodoes its coefficient of variation. For the E-value at the Newark
test, the coefficient of variation of the original subgrade is 0. 12 to 0. 15, while it is 0.25
to 0. 30 after 3000 to 5000 traffic coverages. The change of coefficient of variation from
0. 15 to 0. 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
¢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
should 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 inches 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 mechanical 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 the 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
1s 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 producedinthe 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 of 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 a period of extended
service life, the elastic theory should be employed in the design analysis. The strength
of the pavement should always be stronger than the strength requiredby the yield condition.

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-
1 Sl troduction of vehicle response as an im-

[ 11+ portant design parameter; (b) the integra-
T 111 tion of design governing "rigid" and "'flex-
o 1t ible' pavements; (c) the tolerance of sur-
face deformation and stress intensity;and
(d) the adoption of a modulus of deforma-

, I tion in defining stress-strain relation of
. -+i  the subgrade.
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Figure 6. System of pavement analysis from test results of new pavement design.

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

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, mentionedas the first
level of forced vibration, is approximately equivalent to 2 percent of the static load ofa
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

.)—(2:

o

7h
f X% dt (5)

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

_——
Fea ®)
In applying this to a multi-frequency function F(t) the integration of its Fourier seriesis
— * —
Py g

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 ¢ (w). For a discrete function, the mathematical expression is

0@ = Lim &F) ®)

Aw—.o

For a continuous spectrum, the limit is replaced by derivatives

F= [ owdw 9)
(1]

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

X2 =an§ni H- H* (10)

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

X% =0 (“”% (11)

in which f is the frequency of the vehicle and 8 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
1 1.1% 107°
® (f) = '-—T;— (12)
(t)

For a discrete wavelength, the relation between the surface deviation Aand the straight-
edge (wavelength) L is expressed by
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1
1) g4’
olt)=7— (13)
1]

The combination of Eqs. 12 and 13 yields the relation

106.54 _ (14)
Ll/2

The dynamic increment of vehicle response is measured by the output of straingages
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)

ﬁ,2=2.2x 10~

(v)

(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,

Bi - - 0148 (15}

()

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

DI = = (1m)
5 ()
or in the form of straightedge criteria,
1
A=.63T5I'<%) LA (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:

A=K- Ll/" (19)

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

Operational Velocity, Effect of 5 enificant X-Value in Eq, 19
Condition s Wing-Lift avelength,
ft DI =012¢ ©DI=03g
Ground movement 10-15 0.00 3-7 0.0100 0,025
Taxiing 50-120 0.05 14-35 0.0036 0.009
Takeotf 170-240 0.50 50-70 0.0028 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
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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 pavementdesign. The num-
ber of traffic coverages, N, will be used in the evaluation of deflection tolerance.

CONCEPT OF LIMITING PAVEMENT DEFLECTION

According to the previous section, it is possible to evaluate the tolerance of longi-
tudinal permanent deformation, 4, 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 (A - .0012VTL)) for stabilized base (20a)

DN =5.24 for aggregate base (20b)
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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)

D,.=D: + Do log N (21)

N

in which Dy is the total transverse permanent deformation at the Nth traffic coverages,
D, is a constant and Dy is the rate of progressive 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)

Wz = .16 Wo + .43 Do for stabilized base (22a)

.06 Wo + .43 Dy for aggregate base  (22b)

=
n

Z

in which Wo is the deflection on the surface and W 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 purpose of pavement design, the W, 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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4 By using the deformation crite-
£ il ria developed above, the normal
Figure 11. Transfer function — rutting and Boussinesq stress level in the subgrade

deformation, 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 g 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:

D =

’
Oz =50z

in which oz and o are the actual and theoretical normal stress respectively.

In the Newark 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
hor(izontal shearing force, Q, on the boundary surface of the elastic mass is expressed
by (7)

L8 3 e
Oz (X, Z)y = 0 =—_QX*Z5 (24)
27 (X + zz)/’2
The maximum value of 0z is encountered at x = z/2 and is equal to
G5 = -_iS_Bg (25)

ZB

in which oy 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 benhding stress in the pavement elements can be evaluated by its fa-
tigue strength, as given by

oN =0p (1 - .092 logN) (26)

in which oy is the fatigue limit at N cycles of repetitive loading and oy, 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 (g).

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

oy =p [Le—B (21)

(a® + 2%)’

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

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

W F1 P (2 2/ 7z Z
W, f (Uz—2ucrx)dz=f(a +z) 2 = - for p=0 (28)
z

E Y
a®+z (@428

When o0, and Wy, 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,/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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However, itis 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

ooB . 830+w [ 1 6616 (29)
h? 27 xa

in which

Y%
X = [12 (1- u2>—K—]
Eh®

and K is the constant modulus of the subgrade, a is the radius of tire contact area, and
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P is 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 by 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

K:——E—— forz =0 (30)

2a (1 - %)

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

2
o=1.5(1+p)p(%’) (%1nh+%ln%§+0.168> (31)

For a thick plate, a <1.724h, the a-value in Eq. 31 should be replaced by a value equal
1

tob=(1.6a% + hz)/z - 0.675h. The Eg and E. 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
deflection 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-l/z [E (m) - (1 -m) K(m)] (32)

in which m = (a/x) 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 Distance From
Reference Point Influence Factor Reference Point Influence Factor
2.0n 0.2587 3.0a 0.1691
2.1 0.2456 3.2 0,1583
2.2 0.2337 3.4 0.1488
2.3 0.2229 3.6 0.1404
2.4 0.2132 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 0.0718
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 direct bearing of tire wall, and the tire contact area, 7 a?, 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
0:1.5(1+u)(1+ﬁ)p(%) (%1n2+%1n§—2+0.168) (31a)

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

y =%Acos —ZEX (33)
The bending moment in the pavement is
2,
M=-g1- &Y (34)
dx®

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

Mo = 27%EI - & (35)

LZ

The A 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, ¢, and the thermal gradient, At/Az, and

1 _.. At
R™¢ &z
The bending moment, M, in the pavement layer is given by

x At
M=Ele- (36)

The observed At/Az value is approximately 1.5 F per inch and the e-value is in the
range of X 10 "® 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 maintenance 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.
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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 1b
2. Main Gear Load — 166, 000 1b
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
Static Landing Load — 124, 000 1b/gear
Normal Landing (approx. )— 62, 000 1b/gear
Hard Landing (approx. ) — 300, 000 1b/gear
Ultimate Gear Load — 500, 000 1b/gear
Ultimate Brake Force — 400, 000 1b (vert. ) and 200, 000 1b (horiz. )

HQem

1
1

Equivalent Single Wheel

2
Tire Contact Radius a :(I}iggb%%) = 8. 13 in.

Distance From Reference Point Influence Factor of a Single Tire

x/a = 0.000 1. 000

5.41 . 094

7.13 .070

8.95 . 056

18.4 4 %027

23.1 4 x.021

39.0 4x.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, Eg

Tangent Modulus at a stress range of 40 to 60 psi
Mean Value of 33 Bearing 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 g in infrequent traffic area
Traffic Coverages during the service life:
Anticipated Traffic Volume 7, 000, 000 Movements/Airport
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

= _2pa 2x293x8.13 _ :
o-—Es =W =0.835 in.

Significant Width of Transverse Deflection Dish

L=2.32+2.0a+2.32=53.Tin. =4.5ft
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

Max. Stress Max. Stress

Area in LCF Base in Subgrade Do/W <P°

(psi) (ps?) in)
Gate position 6 12 0.14 0.117
Concentrated traffic area 8 16 0.22 0.184
Normal traffic area 11 22 0.34 0.284
Infrequent traffic area 20 40 0.70 0.584

Thickness of Pavement—Limiting Normal Stress in LCF Base (See Fig. 3)

Area o, (psi) oz/p z2/a z (in.)
Gate position 6 0.0205 4.0 32.5
Concentrated traffic area 8 0.0273 3.7 30.1
Normal traffic area 11 0.0375 3.30 26.9
Inirequent traffic area 20 0.068 2.85 23.2

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

Area a, (psi) oz/p z/a z {in.)
Gate position 6 0.0205 8.6 70
Concentrated traffic area 8 0.0273 7.4 60
Normal traffic area 11 0.0375 6.4 52
Infrequent traffic area 20 0.068 4.7 38

Surface Shear

Brake Stop: @ = 0.3 x 7 x 293 x 8.13° = 18,300 1b
Normal Stress at a depth of 30 in.:
o, = -0.136 x 18. 300/900 = -2.8 psi

Part II — Working Stress Concept
Symbols:
h = thickness of pavement, in.

a = radius of tire contact area = 8. 13 in.
Eg = tangent modulus of subgrade = 5. 700 psi
fé = compressive strength of pavement components
op = flexural strength of bottom layer of pavement
Ec = modulus of elasticity of subbase = 450, 000 psi
E¢ = creeping modulus of elasticity = 150, 000 psi
n = ratio of modulus of elasticity between the top and bottom fibers of

pavement material
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Bending Stress Due to Differential Settlement

Observed maximum differential settlement: 4 in. in 200 {t

Maximum bending moment: M = 27° EI A/L?

Plastic equilibrium of pavement: MR = op nh*/2 (n + 1)

Bending stress, plastic state: oy, = 2 (n + 1) M/nh?
ob=.52h (forn=2)

Bending Stress Due to Thermal Differential

Maximum bending stress: M = EI -+ ¢ - 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: € = 5.8 x 107° in. /in. /deg F
op =.33h (forn=2)

Bending Stress Due to Wheel Load — Elastic Plate

Bending moment: M =% (1+u) (1+DI)pa’ [g In % +% In =%+ 168]

Poisson's ratio: u = 0. 15

Dynamic increment: DI = 0.12 g

Elastic equilibrium of pavement: MR = Op nh?/3 (n + 1)
Bending stress, elastic state: op = 3 (n + 1) M/nh®

op = 21, 000 X [m St eaz]/h2 (for n = 2)

Bending Stress Due to Wheel Load — Yield Line Method
Bending momenlt at yielc; state: M=(1-2 - xa) P/4.6

A A
ra=(2Es)" . (2)" _ 524x4.82/m
Ee h

op =3 (0 + 1) M/nh? = 67.000 (1 - 5.04/h° ™)/h®  (for n = 2 and 22 in. <h <43in.)

Fatigue Stress Due to Traffic Coverages

Normal working stress: oy = o, (1 - . 092 log N)
Equivalent bending stress:

op = 2.25 oy for 10° traffic coverages

op = 1. 85 oN for 10° traffic coverages

ob = 1. 58 oN for 10" traffic coverages

op = 1. 38 oy for 10° traffic coverages



Summary of Pavement Design—LCF Base
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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 Traffic 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 of dynamic _
response DI 0.12¢g 0.30¢g 0.12¢ 0.30 g 0.12¢g 0.12¢ 0.12¢
Longitudinal permanent
deformation k 0.0028 0.0070 0.0036 0.0090 0.010 0.010 0.010
A = k4L A 0.0059 1t 0.0147 it 0.0076 it 0.0181 it 0.021 1t 0.021 ft 0.021 it
Trans. permanent de-
formation 0.034 ft 0.122 1t 0.051 ft 0.164 1t 0. 185 ft 0.185 it 0. 185t
DN = 10 (A -0.0012YT Dy 0.412 in. 1.46 in. 0.61 in. 1.96in. 2.22in. 2.221in. 2.22in.,
Progressive trans. per-
manent deformation
D, = (DN-0.01)/log N D, 0.080 in, 0. 362 in. 0. 100 in. 0. 380 in, 0. 368 in. 0.552 in. 0.736 in.
Limiting stress in LCF
base - oy 8 psi 11 psi 8 psi 11 psi 6 psi 11 psi 20 psi
Dy = (20,-5W,/49.4 D, 0.184 in. 0,284 in. 0.184 in. 0.284 in. 0.117 in. 0.284 in. 0. 584 in.
Limiting elastic defor-
_mation 0,1335 0.1335 0.1335 0.133% 0.1335 0.1335 0.1335
W, =0.16 W, + 0.43D, 0.0345 0. 1220 0.0430 0.1220 0.0500 0.1220 0.2510
_ 0.168 in. 0.256 in. 0.176 in. 0.256 in. 0.184 in. 0. 256 in. 0.3851n.
Parameter of W E/p
W, Eg/p (1 + DD 2.92 3.83 3.08 3.83 3.19 4.44 6.62
Thickness of pavement—
limiting deformation,
Fig. 14 z 33.4in, 25.1in. 31.8in. 25.11n. 30.4 in. 21.2in. 13.8 in.
Thickness of pavement—
Umiting stress of LCF
base Z 30.1in 26.9 in. 30.11in. 26.9 in. 32.5in. 26.9 in. 23.2in.
Thickness of pavement—
working stress concept
(*yield condition) z 30. 5 in. 23.5in.* 34.0 in. 26.7 in.* 34.0in. 27.5in. 25.4 in.
Proposed thickness 32in. 26 in. 32 in. 26 in. in. 28 in. 26 in.
St ry of Pavement Design—Aggregate 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 of dynamic _
response DI 0.12g 0.30 g 0.12¢g 0.30 g 0.12¢g 0.12¢ 0.12¢g
Long. permanent
deformation A 0.0059 ft 0.0147 it 0.0076 ft 0.0181 ft 0.021 1t 0.021 ft 0.021 1t
Trans. permanent
deformation 0.0307 it 0.0764 ft 0.0395 ft 0.094 ft 0.110 ft 0,110 ft 0. 110 1t
Dy = 6.24 Dy 0. 368 in. 0,916 in. 0.474 in. 1,128 in. 1,32 in. 1,32 in. 1,32 in.
Progressive trans, per-
manent deformation o 0.0718 in, 0.226 in. 0.0773in.  0.223in. 0.219 in, 0. 328 in. 0.437 in.
Limiting stress in sub-
grade .y oz 8 psi 11 psi 8 psi 11 psi 6 psi 11 psi 20 psi
Dy = (0,-5) Wy/49.4 Dy 0.05 in. 0.10 in. 0.05 in. 0.10 in. 0.017 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, =0.06W, +0.43D, W, 0.022 0.043 0.022 0.043 0.007 0.043 0.108
_ 0.072 in 0.093 in. 0.072 in 0.093 in. 0.057 in. 0.093 in. 0. 158 in.
Parameter of WE /p 1.25 1. 39 1,25 1,39 0.99 1.62 2.75in.
Thickness of pavement
limiting deformation,
Fig. 14 z >50 in. >50 in. >50 in >50 in. >50 in. >50 in. =35 in.
Thickness of pavement
limiting stress in sub-
grade z 60 in. 52 in. 60 in. 52 in. 70 in, 52 in. 38 in.
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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 artof
flexible pavement design and for focusing attention on the use of system analysis inthis
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 making 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 tothank 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."



Design of Emulsified Asphalt Treated Bases

F. N. FINN and R. G. HICKS, Materials Research and Development, Inc.; and
W. J. KARI and L. D. COYNE, Chevron Asphalt Company

sASPHALT pavements must be designed so that the thickness of the structure and the
quality of the pavement components are sufficient to prevent not only plastic deforma-
tion (instability) but also fatigue cracking of the asphalt surfacing. To preclude both
deformation and fatigue distress of pavements containing emulsified asphalt treated
bases, it has been necessary to establish mix design requirements and thickness re-
quirements that will satisfactorily prevent either type of distress. Thisreport describes
an investigation that combines current and established mix design and thickness design
methods with layered system analysis for the design of emulsified asphalt treatedbases.

Included as part of the investigation was a field survey of in-service projects con-
structed with asphalt emulsion treated bases. The purposes of this phase were (a) to
obtain undisturbed samples of stabilized base for laboratory testing and (b) to observe
the performance of pavements constructed with emulsion treated bases under a variety
of environments.

It is the intent of this paper to:

1. Summarize the performance and properties of asphalt emulsion treated bases,

2. Dlustrate how elastic theory is used to estimate changes in thickness require-
ments for pavement constructions,

3. Estimate the effect of curing rate of emulsified asphalt on the load-carrying
potential, and

4. Present a method of mix design using asphalt emulsion as a binding agent.

PERFORMANCE OF IN-SERVICE PAVEMENTS

Condition surveys of in-service projects built with asphalt emulsion stabilized bases
were made to establish the adequacy of performance of this type construction over a
wide range of conditions. Pavement evaluations were conducted by use of a rating sys-
tem adapted from those of the Highway Research Board (1) and the Washington State
Department of Highways (2). Distortion (related to stability), cracking, and surface
distress were considered in rating the pavements. The rated pavements were divided
into five performance categories depending on the severity of the distress observed. At
the time of the condition survey, core samples of the surface and base layers weretaken
to determine the ultimate or long-term elastic strength properties (resilient modulus)
of bases stabilized with asphalt emulsions.

Projects were selected for survey on the basis of type of service and traffic volume,
aggregate type used, and project location. Twenty-seven projects, located in seven
states, were included in the survey program. Construction information was available
on a number of projects to supplement the job performance ratings. A summary of the
data is given in Tables 1, 2, and 3. Other case histories are available (3).

From these condition surveys, it was concluded that emulsion treated bases were
performing satisfactorily. This was particularly true for those mixes designed in ac-
cordance with recognized criteria. Distress where noted was associated principally
with local drainage conditions or construction problems. In some cases, although no
distress was observed, cores could not be recovered, indicating that curing (drying) of
the emulsion was still in progress. Cores obtained from the in situ base layers had
low water contents, indicating the ability of emulsionstomake thesebaseswater-resistant.

Paper sponsored by Committee on Flexible Pavement Design and presented at the 47th Annual Meeting.
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TABLE 1

JOB DESCRIPTION AND SUMMARY OF

TEST RESULTS

Aurora Big Bone lake of the Clackamas
Brookings, Casket Co. Boone County Woods Collawash River
Location Oregon Airport Kentucky Medford,Ore. Oregon Oregon
Emulsion Type SM-K SS-KEh 8S-Kh SS-K S8-K 88-K
Central Travel Travel Central Central Cen 1
Wixing Method Plant Plant Plant Plant Plant Plecs
Class of Traffic(l) Light Aircraft Light Heavy Heavy Heavy
Subgrade Classification Good Fair Poor Poor Good Good
Age When Cored 2 Years 4 Months 4 Years 1 Month 2 Months 1 Year
Core Gradation
% Passing 3/4" 81 95 100 98 98 100
# 4 42 49 52 50 51 55
30 17 23 17 20 22 24
200 3 6 7 10 12 13
% Emulsion (Cale.
From Extr.Asphalt) 10.8 7.2 9.8 6.4 8.0 7.3
Recovered Asphalt
Penetration @ 77°F 24 47 38 41 46 58
Softening Point °F 143 128 138 130 130 123
Aggregate Sp.Gravity 2.69 2.71 2.72 2.60 2.77
Core Density, pcf 143.8 143.4 146.4 136.5 117.3-131.2 134.8-137.5
Core Moisture, % 2.1 0.4 1.5 1.1 1.7 1.9
Resilient Modulus, psi 176,000 132,000 210,000 27,200 96,100 60,600
Performance Rating Fairly Good Excellent Excellent Excellent Poor to Excellent Excellent

Chula Vista

Jordan River National Fish Hatchery

Truck Haven Rd.

Fletcher Rd.

Boat Ramp Borrego Springs Kalkaske Co.
Location California Core 1 Core 2 Core 3 California Michigan
Emulsion Type SM-K SS-Kh DM-1h SS-Kh
In In In Travel Plant
Mixing Method Place Place Place (Duo-Stab, )
Class of Traffic(l) Light Light Light Light
Subgrade Classification Fair Very Good Good Good
Age When Cored 4 Years 2 Years 2 Years 2 Months
Core Gradation 3/4" 100 100 100 93 84
% Pamsing # 4 70 64 65 67 75 5
30 32 34 35 34 48 56
5 5 -] 7 12 1
% Emulsion (Calc.
From Extr.Asphalt) 9.5 10.0 10.4 9.8 3.7 10.2
Recovered Asphalt
Penetration @ 77°F 31 51 33 34 9 29
Softening Point °F 133 127 135 133 151 134
Aggregate Sp.Gravity 2.68 2.64 2.83 2.61
Core Denaity, pcf 128.8 138.6 138.0 138.3 131.7 134.5
Core Moisture, % 0.4
Resilient Modulus, psi 500,000 401,000 218,000 500,000 526,000 340,000
Performance Rating Excellent Very Good Yery Good Excellent

1) The Asphalt Institute Thicknesa Design Manual (MS-1).




TABLE 2

JOB DESCRIPTION AND SUMMARY OF TEST RESULTS

Sugar Island

(Lakeshore Drive) Mason County, Michigan

Chippewa Co., Michigan
Location Core 1 Core 2 Core 3 Core 1 Core 2 Core 3 Core 4
Emulsion Type SS-Kh SM-K
: In In
Mixing Method Piace Place
Class of Traffic(l) Light Light
Subgrade Classification Poor Good
Age When Cored 2 Years 5 Years
Core Gradation
% Passing 374" 98 95 99 100 97 S6 95
# 4 83 83 84 84 82 89
30 52 70 65 44 65 €9 74
200 5 7 7 8 9 9 9
% Emulsion (Calc.
From Extr.Asphalt) 13.3 11.7 9.8 5.3 4.9 .5 6.7
Recovered Asphalt
Penetration € 77°F 36 34 48 22 43 9
Softening Point °F 134 133 128 148 140 140 159
Aggregate Sp.Gravity 2.62 2.62 2.66
Core Density, pcf 130.2 129.3 130.4 136.5 141.3 140.7 135.4
Core Moisture, % Nil
Resilient Modulus, psi 164,500 268,000 386,000 325,700 783,000 750,000 961,000
Performance Rating Fair Fair Fair Excellent
Lola Pass Hilton Head Cox Road Perdido Bay
Mt. Hood NAS Alameda Tawas Park Rd. Road 80 Brevard Co. Country Club
Location Oregon California Michigan South Carolina Florida Florida
Emulsion Type SS-Kh DM-1h SM-K SM-K SM-K SM-K
Wixtriz: Method Central In Travel Flant Travel Plant In In
B Plant Place (Duo-Stab. ) (Woods) Place Place
Class of Traffic(1l) Light Aircraft Light Medium Light Light
Subgrade Classification Very Good Good Good Very Good Good Very Good
Age When Cored 2 Months 16 Years 2 Years 1 Year 4 Years 4 Years 1 Year 3 Years
Core Gradation 3/4" 98 10¢
% Passing # 4 88 92 99 100 99
30 49 98 84 99 99 93 97 98
200 12 5 3 3 4 5 6 9
% Emulsion (Calc.
From Extr.Asphalt) 10.:3 4.5 £.7 13.0 8.4 3.4 8.3 9i.1
Recovered Asphalt
Penetration € 77°F 37 62 27 31 16 28 25
Softening Point °F 130 123 149 144 157 144 143
Aggregate Sp. Gravity 2.66 2.55 2.67 2.65 2.61 2.63 2.62
Core Density, pcf 121.5 120.6 128.4 111.9 131.9 120.6 116.3
Core Moisture, % 7.6 3.3 6.5 9.1 10.1 3.8
Resilient M dulus, psi 95,000 49,800 137,000 83,500 497,000 91,200 177,500
Performance Rating Excellent Good Good Excellent Excellent Bxcellent Very
Good

S The Asphalt Institute Thickness Design Manual (MS-1).



TABLE 3

JOB DESCRIPTION AND SUMMARY OF TEST RESULTS

Fort Rucker Treasure Fort Rucker LaPalma Aveaue Rancho Santa Fe Pier "F"
Mattison Range Island (Ech Field) Buena Park Los Arboles Road Long Beach
Location Alabama California Alabama California California California
Emulsion Type SM-K DM-1lh DM-1h SM-K SM-K DM-2
In In In In In Place In
Mixing Method Place Place Place Place (Seaman Mixer) Place
Class of Traffic(l) Alrcraft Light Aircraft Heavy Light Very Heavy
Subgrade Classification Falir Very Good Fair Fair Fair Very Good
Age When Cored 3 Years 28 Years 11 Years 4 Years 6 Years 2 Years
Core Gradation 3/4" 100
% Passing # 4 98 99 99 98
30 89 90 87 89 65 80 99
200 10 12 14 15 16 13 18
% Emulsion (Calc.
From Extr.Asphalt) B.1 10.0 12.2 7.2 Tl 5.3 8.8
Recovered Asphalt
Penetration € 77°F 33 13 1 181 15 13
Softening Point °F 140 176 206 102 152 148
Aggregate Sp.Gravity 2.60 2.64 2.69 2.58
Core Density, pcf 125.3 126.6 114.3 123.9 133.5 113.7 101.8
Core Moisture, % 1.7 7.9 1.0 1.1 1.3 1.4 g.3
Resilient Modulus, psi 398,000 290,000 415,000 86,800 142,000
Performance Rating Good Excellent Very Good Excellent Very Good Excellent
182nd Avenue Avenue "O" Avenue "O" Santa Barbara Acacia St, Northmont
Torrance 90 - 150th St. 105 - 140th St. Airport Cypress Tract, Oxnard
Location California Palmdale, Calif. Palmdale, Calif, California California California
Emulsion Type SM-X SH-X SM-K DM-2 SM-K SM-K
In Travel Travel Plant Road In In
Mixing Method Place Plant (Woods) Mix Place Place
Class of Traffic(1l) Heavy Light Light Aircraft Light Light
Subgrade Classification Poor Poor Fair Poor Poor Poor
Age When Cored 5 Years 3 Years 2 Years 22 Years 4 Years 4 Years
Core Gradation 3/4" 100 100 100
% Passing # 4 99 99 100 100 88 98
30 96 92 94 99 75 90
200 19 20 28 24 33 35
% Emulsion (Calec.
From Extr.Asphalt) 3.2 7.2 6.1 6.2 7.8 8.8
Recovered Asphalt
Penetration € 77°F 1 8 13 6 2 10
Softening Point °F 194 165 149 176 195 156
Aggregate Sp, Gravity 2.63 2.61 2.68 2.59
Core Density, pcf 123.1 114.7 113.3 111.6 126.5 121.4
Core Moisture, % 2.0 0.3 1.6 0.6 7.6 1.8
Resilient Modulus, psi 900,000 412,000 272,000 252,000 336,000 153,000
Performance Rating Very Good Very Good Good Good Excellent Excellent

() The Asphalt Institute Thickness Design Manual (MS-1).
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USE OF LAYERED ELASTIC SYSTEM FOR BASE THICKNESS DESIGN
Background

Ever since Burmister (é) presented his paper for using the elastic theory to compute
stresses and displacements in a layered system, engineers have been seeking ways to
apply his analytical solutions to pavement design. For the most part, there has been
some reluctance by engineers to use elastic theory to compute stresses and displace-
ments in layered systems. The most probable reasons for this reluctance can be found
in some or all of the following:

1. Assumption that a pavement construction can be modeled by an elastic, isotropic,
homogeneous solid was generally unacceptable to most engineers.

2. Engineers were not convinced that the somewhat complicated layered system was
any better than the simple Boussinesq equations for a single material.

3. Laboratory methods for measuring the elastic material properties were not well
developed.

4. Analytical solutions were only available for two-layered systems and indirectly
for three-layered systems, whereas asphalt pavements are frequently constructed with
four or more layers.

Two significant technological advancements have been made that make it possible to
pursue the layered system with more ease and confidence. First, in the field of soil
mechanics, major improvements in test procedures have been achieved, including the
ability to measure properties in dynamic loading and, second, the electronic computer
is available as a fairly commonplace tool to solve complicated analytical problems
rapidly.

Utilizing these tools, highway researchers have initiated extensive research pro-
grams to explore the potential of various theories to model pavement construction. Two

LA - X n o : :
theories have dominated the research; namely, linear elasticity and linear viscoelas-

requirements:

1. Measure or estimate the physical properties required to characterize the pave-
ment layer materials, e.g., modulus of elasticity (E) and Poisson's ratio (u) for linear
elasticity;

2. Combine these physical properties into a numerical analysis that will predict
meaningful values of stress and strain in the various layers; and

3. Establish design criteria that can be related to the predicted stress and strain.

A discussion of the physical properties required to characterize pavements and tech-
niques employed to measure these properties can be found in the references previously
cited. The combination of these physical properties in numerical solutions of the lay-
ered elastic system has been described (10, 11, 12, 13). Very little comparable in-
formation is available for the viscoelastic system approach. Design criteria available
in the literature also tend to favor the elastic approach (§, 10, 14, _1_§).

As a result of this work, many investigators now feel that as a first approximation
the linear elastic layered system can be used to model asphalt pavement construction.

It is pertinent to note that the use of the foregoing analytical procedures in pavement
design requires careful and knowledgeable application of laboratory data to field condi-
tions. For example, the generally accepted strength dependency of asphalt concrete or
asphalt treated materials with rate of loading is accounted for by testing materials
dynamically at frequencies compatible with vehicular traffic. The effect of temperature
on the strength of asphalt treated materials is introduced by a similar technique, namely,

testing materials in the range of temperatures anticipated for a particular environment.

Application of Theory to Design

The approach used to develop thickness requirements of the base as a function of its
elastic properties was as follows:
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1. Without regard for the precise type of base to be used, a series of hypothetical
problems was solved by the five-layer elastic theory solution of Chevron Research
Company (E). Each problem called for a prediction of stress, strain, and deflection
as a function of the thickness and elastic properties of the layers.

2. An estimate was made of the thickness of base required, as a function of its elas-
tic properties, to simultaneously satisfy the design criteria suggested in other studies
(10, 15, 16).

" 3. The estimated thickness requirements were compared and reconciled with estab-
lished design methods, specifically The Asphalt Institute and the California Thickness
Design Methods.

Hypothetical Problems

Analytical solutions for a multilayered system were made using a range of strength
values for the base and subgrade and a range of base thicknesses. The thickness and
strength (resilient modulus) of the asphalt concrete were assumed to be constant for
purposes of these solutions. The various problems included in the computer program
are summarized in Table 4.

Two moduli of asphalt concrete were used, 150, 000 psi and 900, 000 psi. These are
representative of values being measured and reported by a number of organizations,
both in this country and abroad (10, 17, 18). The specific value is dependent on the

temperature used for testing; the higher the temperature, the lower the modulus.

TABLE 4

PROBLEM STATEMENT FOR COMPUTING STREES-STRAIN AND
DEFLECTION FOR LAYERED SYSTEMS

3 Inches
150, 000 psi 900, 000 psi
3, 000 12, 000 21, 000 3, 000 12, 000 21, 000
X X X X X X
X X X X X X
X X X X x X
X X X X X X
X X X X % X
6 X X X x X X
9 X X X x X X
40, 000 15 x b'q X X b 4 b4
27 X X x x X b'S
33 X X X x x X
6 x X X X X X
9 X X X X X x
75, 000 15 b4 X x % X X
27 X b3 X X X X
33 X X b3 x X x
6 x b4 X b4 X X
9 X X X X X x
250, 000 15 X X X X X X
27 bq X X X X x
33 X X X x X X
6 b4 X X x X X
9 X X X X X X
1, 000, 000 15 x b4 X X X x
27 X X X x X X
33 X X X X X X
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According to work reported previously (l_Q), a modulus of 150, 000 psi for the asphalt
concrete should correspond to a temperature of approximately 95 F. Such temperature
readings are typical of those obtained in asphalt concrete wearing surfaces in many parts
of the United States during the summer months. From an analysis of the computer out-
put, it was shown that a greater responsibility must be assigned to the base layer for
limiting the deflection and subgrade stress when the modulus of the wearing surface is
150, 000 psi. Hence, this value was used in further work dealing with base thickness
requirements.

For the problems shown in Table 4, the base modulus at times exceeds the modulus
of the asphalt concrete surface. Kallas (E) has shown that this is possible due to the
lower temperatures below the pavement surface.

Three levels for the subgrade modulus were included, as shown in Table 4, to eval-
uate the effect of the subgrade strength and to bracket classes of subgrades ranging from
poor to good.

Determination of Base Thickness to Satisfy Design Criteria

From an analysis of the computer output, it was found that the most critical design
criteria were total deflection and vertical strain on the subgrade. The strain criteria
on the underside of the asphalt concrete surface layer were invariably satisfied if these
two responses were satisfied. As a result, only deflection and vertical strain criteria
were considered.

Deflection Criteria

Recent publications of the California Division of Highways (E) have illustrated a re-
lationship between limiting deflection and traffic. For instance, a 3-inch asphaltic
concrete wearing surface is shown to have a tolerable deflection of 0.040 inches for a
traffic index of 5.5.

Computer solutions for predicting deflection from base thickness and elastic prop-
erties are shown in Figure 1. For cases illustrated in Figure la, where the subgrade
soil modulus is 3, 000 psi (poor) and the base modular values are 40, 000 psi and 250,000
psi, the respective thickness requirements of the base would be 18 inches and 7 inches,
a ratio of 2.6 to 1 for a traffic index of 5.5.

Strain Criteria

Limiting values of compressive strain in the subgrade have been reported (10). The
allowable strain on the subgrade decreases with traffic ranging from about 0. 06 inches
for a thousand weighted load applications to 0.004 inches for 10 million load applications.

Computer solutions for predicting vertical strain at the surface of the subgrade soil
for various subgrade moduli are shown in Figures 2a, 2b, and 2c. For Figure 2a, where
the subgrade soil modulus is 3, 000 psi (poor) and the base modular values are 40, 000
psi and 250, 000 psi, the respective thickness requirements of the base wouldbe 18 inches
and 6% inches, a ratio of 2.75to 1. For this case, it is assumed that deflection re-
quirements would control.

Comparisons with Established Design Methods

As shown, initial attempts to obtain estimates of thickness requirements were made
by finding the thickness of base necessary to simultaneously satisfy published criteria
for surface deflection and vertical stress or strain on the subgrade (10, 16). While it
was possible to do this arithmetically as a function of the level of traffic, the resulting
thicknesses did not satisfy the test of reasonableness in that they were, at times, in
substantial disagreement with design thicknesses obtained from empirical systems
based on using untreated aggregate bases.

To reconcile these differences, it was decided to use an established empirical design
system to set thickness requirements for the untreated aggregate base and to usetheory
as the basis for altering base thickness requirements as a function of strength in the
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Figure 3. Illustration of linearity of base thickness to resilient modulus of base to maintain constant

deflection and vertical strain.

base. The Asphalt Institute has developed thickness design procedures based on obser-
vations of performance from a very broad source of information including the AASHO
(20) and WASHO (21) Road Tests. These procedures (22) include provision for the effect
of traffic, subgrade strength, and relative strength of materials on the thickness of the
pavement system. Specifically, it is possible to determine thickness requirements for
either untreated aggregate base or asphalt concrete. No provision is currently made
for base materials with strengths between these two materials.

Test results on cores obtained from existing pavements having asphalt emulsion
treated bases indicate that these materials will have resilient modulus values ranging
from 27,200 psi to over 900,000 psi at a test temperature of 77 F (see Tables 1-3). For
the most part, these values fall between values reported for aggregate base and asphalt
concrete.

In order to be able to use theory as a means of adjusting thickness as a furnction of
base stiffness, it was hypothesized that any two pavement sections having identical thick-
nesses of wearing surface could be expected to provide the same performance if the
surface (total) deflection and vertical stress or strain at the subgrade remain constant.
From computations used to plot Figures 1 and 2, it is possible to replot the information
for constant levels of deflection and strain as a function of base thickness and resilient
modulus of the base as shown in Figure 3. This shows that for a constant deflection and
vertical strain, the thickness will vary linearly on a log-log plot. The slope of this line
indicates the rate of change of base thickness as a function of the base strength. Thus,
theory has been used to show the nature of the change in thickness requirements for a
range of resilient modulus values in the base layer.
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In order to apply the information represented in Figure 3 to real base thickness re-
quirements, it is necessary to fix the coordinates for aggregate base and asphalt con-
crete. For this purpose, it was assumed that the modulus of asphalt concrete base is
800, 000 psi when used as the base layer. This strength value is consistent with those
reported in the literature for asphalt concrete at a temperature of 77 F. The strength
values for aggregate base are more difficult to assess. Reported values of resilient
modulus for this type of material range widely and tend to be affected by a variety of
factors such as confining pressure, state of stress, water content, and density. Deter-
minations of in-place elastic properties have been reported (lg). These measurements
indicate that the effective modulus of the aggregate base will exceed the modulus of the
subgrade by a factor of from approximately 1.5 to 3. For the requirements of this
study, the multiplier of 3.0 has been used. Thus, the base aggregate was assigned a
modular value of 9,000, 18,000, and 36,000 psi, as a function of the subgrade strengths
of 3,000, 6,000, and 12,000 psi respectively.

A typical example for estimating base thickness requirements is as follows:

1. Traffic—Assume a design traffic number (DTM) of 10.

2. Subgrade strength—Several strength tests can be used, e.g., R-value, CBR, and
resilient modulus. Assume R ~ 12, CBR ~ 2, MR ~ 3, 000 psi.

3. Type and thickness of surfacing—Assume a thickness of 3 inches for asphalt con-
crete surfacing.

4. Thickness of asphalt concrete base—From the WASHO Road Test (21), the total
thickness of asphalt concrete surfacing and base (T ) is 9 inches. Thus, the thickness
of asphalt concrete base is 6 inches.

5. Thickness of aggregate base—Convert the base thickness from asphalt concrete
to aggregate by the most recent substitution ratio, in this case 1to 2. Thus, the thick-
ness of aggregate base would be 12 inches.

6. Effective modulus of aggregate base—This is determined by using the multiplier
of 3.0 previously mentioned, i.e., 3.0 times subgrade modulus. The estimated modulus
of the base is thus 9,000 psi.

7. Thickness of emulsion treated base—On a log-log graph, plot the thickness re-
silient modulus coordinates for each material.

The results of steps 1 through 7 are shown in Figure 4a. The line connecting the
point for aggregate base and asphaltic concrete base can be used for estimating the
thickness of materials of intermediate strength values (i.e., emulsion bases). It should
be noted that the slope of the lines shown in Figure 4 are flatter than those shown in
Figure 3 for constant deflection and vertical strain. Assuming that the thickness of ag-
gregate base is properly fixed, then the flatter slopes shown are conservative, and
greater reductions in thickness would be indicated as the strength or modular value of
the base increases. Both the WASHO and AASHO Road Test results indicate the sub-
stitution ratio of 1 to 2 is conservative.

It is believed that the equivalency of designs indicated by the line connecting the end
points established by procedures previously described are reasonable and conservative
for the following reasons:

1. Thickness designs for aggregate bases have a longer history for evaluation and
probably include a minimum factor of safety.

2. The equivalency used by The Asphalt Institute is considered conservative (low)in
view of results from test roads.

3. The end-point thickness requirements have been established empirically; the
strength of the stabilized base has been determined to be intermediate between the end
points. For the interpolation provided, the layer equivalency can never exceed 2.0 as
currently set for asphalt concrete.

4. The core samples of the treated base were tested with zero confining pressure,
whereas the in sitn pavement materials are suhjected to some confinement.

Referring again to Figure 4, it is possible to draw a family of curves for each level
of traffic and for each level of subgrade strength. It is apparent from these figures
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TABLE 5
SUMMARY OF CORE DATA
(35 Cores)
Extremes
Property Average -
High Low
Sand fraction (No. 4-200) 71 100 18
Gradation: Filler fraction (-No. 200) 11 48 3
Surface area, ft*/1b 7 171 18
Core density, pcf 128.9 146. 4 101.8
Percent emulsion (calculated from
extracted asphalt) 7.9 133 B2
Penetration of recovered
asphalt at 77 F 33.2 181 12
Resilient modulus, psi 318, 000 961, 000 217, 200
Age of pavement 3/ years 22 years 1 month

uHigh fines, difficult to recover.

that precise measurements or estimates of the resilient modulus are not critical tothis
design procedure. The resilient modulus of treated hase materials varies 30 to 40fold.

A two- to three-fold change in MR will only change the base thickness requirement Y to
1 inch.

RESULTS OF LABORATORY TESTS

Cores were obtained from in-service pavements to obtain the resilient modulus of
the emulsion treated base layer. The laboratory determination of resilient modulus
was made in accordance with procedures described elsewhere (23, 24, 25) except that
strain gages were used to measure strain in lieu of differential transformers. The re-
silient modulus, MR, is defined as the ratio of the applied stress (o, - o) to the recov-
erable strain. For this study, the cores were tested unconfined. This was considered
to be a conservative estimate of MR since confining stresses would tend to increase MR.
A number of cores could nol be lesled because Lhe Lhickness of the base did not provide
an adequate height-diameter ratio. The cores were tested at their in situ water content;
no effort was made to saturate the specimens. In this regard, it was considered thatthe
layers from which the cores had been obtained had been in service long enough to have
achieved an equilibrium water content, and any effort to modify this condition would be
unnecessarily conservative. The results of the resilient modulus tests are summarized
in Table 5.

A laboratory testing program was initiated to establish procedures that could be used
to duplicate the field cores in terms of density, moisture, and aged resilient modulus.
This was reasonably accomplished with a dune sand from Tawas Park, Michigan, and a
silty sand from Rancho Santa Fe, California. However, a specific method for pre-
paring and curing treated specimens to simulate all field conditions could not be estab-
lished. Because of this it was decided that an alternate approach was needed.

The alternate approach selected was to correlate physical properties of the emulsion
treated base cores taken from each project with their measured resilient modulus. In
this way, it was felt an expression could be developed to estimate the resilient modulus
of emulsion treated base mixtures. The tests conducted on each core included (a) den-
sity, (b) gradation, (c) asphalt content, and (d) penetration of the recovered asphalt. All
of this testing was done in accordance with regularly accepted procedures. The results
of the laboratory tests are summarized in Table 5.

A regression analysis of data from the cores was used to develop an expression for
estimating the ultimate aged resilient modulus for treated bases. The variables included
in the analysis were

1. Gradation: (a) Sand fraction (No. 4 to 200 mesh), (b) Filler fraction (minus No.
200), and (c) Surface area.

2. Penetration of the recovered asphalt at 77 F.

3. Percent emulsion {calculated from extracted asphait).
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4. Age of pavement.
5. Core density, pounds per cubic foot.

Results of this analysis gave the following relationship:

loge MR (Modulus x 107°) = -1.86 - 0.016 Penetration
+ 0.047 (Density) + 2.58 (Sand Fraction)

The standard error was 0. 680 with a correlation coefficient of 0. 659. The fitting error

in this equation may not be as precise as desired by some researchers; however, it is

considered adequate for estimating purposes. Thus, it is possible to predict the stiff-

ness of the treated base without actually conducting curing and resilient modulus tests.
The emulsion treated base moduli, as predicted in the above equation, were found

to be dependent on

1. Density of the core—the higher the density, the higher the resilient modulus.

2. Sand fraction of the mix—for a given density, the resilient modulus will increase
with an increasing amount of sand (i.e., percent passing No. 4 sieve and retained on
the No. 200 sieve). Increasing the amount of sand excessively may result in a poorly
graded material with a reduced density and, consequently, a lowered resilient modulus.

3. Stiffness of the asphalt binder —the penetration of the asphalt has a pronounced
effect on the stiffness or resilient modulus of the mix.

The age of the in-service pavement has an important bearing on the strength prop-
erties. The resilient moduli of the older treated bases were higher than those found in
new construction. This is due in part to the hardening of the asphalt binder in the mix.
To ensure satisfactory performance during the early service life of the pavement (i.e.,
until the emulsion mix develops its full support capacities), quality requirements, such
as shear strength and gradation, are superimposed on the mix. These requirements
are described in a subsequent section of this paper.

To estimate the aged resilient modulus of an emulsion base, an average penetration .
of 35 was used in the equation. This penetration value is typical of those found from
the analysis of aged emulsion base cores. The adjusted equation is shown graphically
in Figure 5.

The test results indicate a relationship between the stiffness or resilient modulus of
the base layer and its density and gradation. Mixes having a high density and/or high
sand content generally have high MR values. It is emphasized that it is necessary to
have a well-graded aggregate in order to achieve high strength values. Optimizing the
sand content to produce a mix of high density results in the highest resilient modulus.

Effect of Curing Time on Thickness Requirements

Emulsion treated bases require a curing period in order for the emulsion to fully de-
velop the properties of the base asphalt. During this period, the resilient modulus of
the treated base is likely to be less than the ultimate value used in design of the pave-
ment thickness. The effect this temporary reduction in modulus will have on the ser-
vice life has been investigated. The studies show that curing has no significant effect
on thickness requirements if the base is properly constructed to reach its ultimate de-
sign strength in two years or less.

The following assumptions were made in this analysis:

1. That a given pavement has for its environment a unique load-carrying potential.
Thus, most design procedures assume that each load application produces an increment
of damage or reduces the pavement life expectancy. This hypothesis is compatible with
the equivalent wheel load concepts developed in the AASHO Interim Guides for the Design
of Pavement Structures and is supported by the AASHO Road Test results.

2. That there will be a traffic growth rate of 3 percent per year during the design
period.

3. That the design period is 20 years.
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Figure 5. Resilient modulus estimated from density and sand content of the asphalt treated base.

4. That, for purposes of this study, the emulsion treated base, at the time of place-
ment, has a layer equivalency equal to an untreated aggregate base; that strength de-
velops immediately upon placement; and that it increases most rapidly during the con-
struction period prior to the placement of the surfacing. Test cores indicate that this
increase continues at a high rate for periods up to two years, when an initial leveling-
off takes place. This leveling tendency is indicative of the ultimate strength associated
with the curing period and is the basis for the MR estimates included in Figure 5. Test
results indicate that further increases in strength may extend over a period of ten years
or more; however, for the present thisincreased strength is not programmed into the
strength estimates and may be considered as another safety factor. The resilient mod-
uli for in situ asphalt emulsion treated materials (exclusive of a poorly graded sand
which would not qualify under the recommended design requirements) was approximately
50,000 psi or more after some six months of curing.

5. That 95 percent of the ultimate layer equivalency of the asphalt emulsion treated
base is developed in two years or less. Laboratory and field studies indicate that the
ultimate cured equivalency may be achieved, in many instances, at time intervals much
shorter than one year. For example, on one project the resilient modulus increased
from 50,000 to a modulus of over 200,000 in three months, well over the resilient mod-
ulus used in design. In general; the rate at which regilient modulus develops is related
to the following factors: (a) class, type, and grade of emulsion; (b) type of aggregate
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and gradation; (c) weather (temperature, wind velocity, and humidity); and (d) con-
struction procedures and lift thickness.

6. That the subgrade strength will drop to its low equilibrium or design strength
value immediately. This is conservative since the design value assumes saturation,
which probably does not occur immediately.

The method used to evaluate the effect of curing time on the design thickness re-
quirements makes use of The Asphalt Institute Manual (22) and a computer program.
The increase in damage rate due to curing of the emulsion base is determined by a
computer. Since the damage rate during the curing period is greater than that consid-
ered in design, a greater thickness of pavement will be required in order to obtain the
desired 20-year design life. The magnitude of this increase was determined for a num-
ber of traffic and subgrade conditions and base strengths.

The method is illustrated by an example.

1. Assume that the anticipated traffic and the strength of the subgrade are as fol-
lows: (a)the design traffic number (DTN) is 50; (b) the strength of the subgrade is
classified as good, i.e., E =12, 000 (R-value about 35). A 3-inch asphalt concrete
surface is to be used as the wearing surface. The analysis is to determine the differ-
ence in thickness due to the curing effect. It is assumed that the emulsion base will
require one full year to achieve 95 percent of its design strength.

2. Determine the total thickness of asphalt concrete surface and base (Ta) in inches
for the assumed DTN and subgrade strength from Figure IV-2 in The Asphalt Institute
Manual Series MS-1 (22). For this example, the total thickness of asphaltic concrete
surface and base (TA) is 8.0 inches. If the thickness of asphalt concrete surface is 3.0
inches, then the thickness of asphaltic concrete base for this example is 8.0-3.0 or 5.0
inches.

3. Determine the ultimate layer equivalency for the emulsion treated base from the
regilient modulus test result on the field core and Figure 4. In this example, the layer
equivalency for a treated base with a modulus of 300, 000 psi is 1.6. The design thick-
ness of the pavement is 3 inches of as