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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. This has been true not just in pavement design and research 
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. It also 
brings out the important need to establish some type of criterion 
for judging the acceptability of the system. 

As you can see l;>y its title, "Design and Performance of Pave­
ment Systems," the work in this RECORD recognizes 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 pre stressed concrete research 
to work with emulsified asphalt bases, is a desirable way to remind 
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 P avement 
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 

•INVESTMENTS in highway and street systems represent a considerable portion of our 
national productive effort. A state of imperfect technology coupled with t:qe high ex­
penditures involved has generated a continually increasing amountof research intovari­
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 (!). 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, alongwithsome 
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. 
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EXISTING DESIGN PROCEDURES 

The principal objective of a highway pavement is to provide for the safe and efficient 
passage of highway vehicles acrass 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 development 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 provides a 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 11 JUDGEMENT" Attempt to prevent failure. (l}No provisions in method for econo-
Examples: Most Can. & U.S. Urban Centers; Simple arid quick in application . mic comparisons of paverrent type 

Ont. Dept. of Hwys. Negligible design costs, alternatives (A,B,C,D,E,F ,G), 

a METHODS BASED ON SIMPLE STRENGTH TESTS Attempt to prevent failure. 
(2)Weak, subjective link between de-

Examples: CBR or Mbdified CBR Method; Simple equip. & proced. for 
sign and performance evalwation 

U.S. Caris of Eng., Wyoming meas. subgrade and base pro-
(A,B,C 1 D,E,F), 

I per ties. Empirical carrel. (3)Failure to recognize effect of 
I 
I with pavement thickness. layers (A,B,C). 
I 

c METHODS BASED ON SOIL' FORMULA Attempt to prevent failure. (4)Environmental effects accounted 

Examples: Group Index' Methods; Can. Fed. Simple soil classif. tests to 
for in only a very subjective 

D.P.W.' u.s;. F.A.A. Method. assign mean expected strength 
manner (A,B,C,D,E,F). 

I values to subgrade. Empirical (S}Failure to account for effect of 
I link with pavement thickness. repeated loads on pavement de-I 

ON TRIAXlAL TEST 
terioration (A,B,C,D,F). 

D METHODS BASED Attempt to prevent failure. 
(6)Variations in construction quality 

Examples: Kansas Method, Texas Method, Test values can be used in 
not adequately accounted for 

Calif. Method. stability analysis of pavement 
I components and subgrade. 

(A,B,C,D,E,F). 
I 

(7)Failure to recognize progressive 
E METHODS B!),SED ON PLATE BEAil.ING TEST Attempt to prevent failure by nature of pvt, deterioration by 

Examples: U.S. Navy Method
1
, Can. D.0,T, limiting deflec, Full-scale considering only failure or non-

Method, 1 testing of subgrade and pvt. failure condition (A,B,C,D,E,F). 

l structure reaction to load. 
(B)No distinction between static 

F !:!fiJ:llQD~ B~~D ON m\M~Ttlll. 11!, ('11/\l•UIS OF Attempt to control or avoid 
or moving nature of loads (A,B, 

LAYERED SYSTEMS failure mechanisms. Objective 
C,D). 

Examples: Burmister 1 s M i!.tltod.~ Shell analysis to predict stresses 
(9)Inadequate recognition of seasona 

strength variation of subgrades 
3-Layer Method. J and strains at any point in 

(A,B,C,D,F). 
pavement or subgrade. 

' 
(lO)Simulation of in-service material 

G METHODS BASED ON ST!),TISTICAL 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, 

I failure age by limiting deflec- (A,B,C,D,F). I 
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 (l}No provisions in method for 
by attempts to prevent failure and economic comparisons of pavement 
are simple in application. Group B type alternatives (A,B,C), 
methods attempt to control or avoid 
failure mechanisms and generally (2)Weak, subjective link between 
incorporate fatigue criteria. design and performance eval. (A,B) 

I 
Group C methods attempt to measure 

I pei::formance-age re~ationships and (3)Variations in construction 
METHODS BASED ON STRUCTURAL to produce predictive models of quality not adequately accounted 
ANALYSIS OFI STRESSES AND these. for (A,B), 
DEFLECTIONS: 

I Some of the most marked features (4)Failure to recognize progressive 

I of all groups have recently nature of pavement deterioration 
I consisted of advances in design and by considering only failure or 

! construction technology that include non-failure condition (A,B). 

' 
the following: 

I 
METHODS BASED ON STATISTICAL ! ,Machines with automatic controls. (S)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 

' 5.Dowel placing machines. (6}No prov is ions in method for I 

' 6.New joint forming techniques. economic comparisons of alternative 
I 

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. 
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I LOADING 

CONCITIONS 

~ MATERIALS 
PAAAKTERS 

4 
PREDICTED 

STATE 

'------l? ACTUAi. 

PERFOllMANCE 

Figure 3. Structure of existing design 
procedures. 

4. Pavement construction procedures 
and the natural heterogeneity of paving ma­
terials produce wide variations in the "qual­
ity" of the finished pavement, and current 
design procedures are unable to account for 
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 
maintenance costs between alternative pave­
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. 

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 so on, are as­
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 contribution arises 
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 

5 

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, (c) 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-
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A1 

Age in Service (A) 

S • pavement ccrvioeobility 

"O 
c: 

"' 

L A3 

S0 = pavement serviceability at time of construction 

s• = failure level of pavement serviceability 

A 1 = age at Isl resurfacing 

A2 = age at 2nd resurfacing 

A3 = age at failure of 2nd resurfacing 

L = design life over which pavement strategies are compared 

Figure 4 • . Generalized serviceability profile 
of highway pavements. 

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
tion of the vehicle induce a response 
in the human occupants such as dis ­
comfort .and fatigue and in some cases 
physiological damage. 

Figure 5 (a) illustrates the compo­
nents of this problem in terms of pave­
ment roughness (r), vehicular char­
acteristics (v), speed of the vehicle 
(p), vibration of the vehicle (m), and 
human response to this motion (h). 
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 r oughnes s ri and vehicular class 
vj will induce a set .of human response~ { hij ~ for a ~ed vehicular spee~. 

The problem facing the highway engmeer is essentially one of averagmg 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 atleast an interval scale status, has been called pavement serviceability and 
is shown in Figure 5 (b) as Si. 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 surfac~ from the geometry of 
the designed pavement surface; this distortion may result from deficiencies in the 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
ment serviceability at which pavements are no 
longer considered to provide an adequate surface 
for the passage of vehicles at desired speeds. 
Pavement Performance: the pavement service­
ability-age history of a pavement. 

The current procedure most commonly used 
for estimating pavement serviceability is that 
de v e 1 oped at the AASHO Road Test (_g) in 
which a present serviceability rating is estimated 
subjectively. The validity of this procedure in 
estimating pavement serviceability depends on 
the subjective estimating abilities of the pave­
ment raters and their facility to recognize each 
of the components classified in the matrix of 
Figure 5 (b). 

human response h 

vehicle vibration m 

vehicle class v 

vehicle 1peed p 8 8
1 

--'~---..--- pavement rOUQhness r 

la) PAVEMENT-VEHICLE- DRIVER SYSTEM 

VEHICLE CLASSES 

'1 '2 'i 

' 1 (hlll !h12l lhlll WEIGHTING s, 
FUNCTION 

¢ -
-

' 1 !h 11! lhql 5 I 

lb) COMPONENTS OF PAVEMENT SERVICEABILITY 

Figure 5. Components of pavement 
serviceability. 
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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 (~, 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 (.§.) 
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 <'!) cannot be considered a fundamental characteristic of highway 
pavements. This obse.rvation 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 (~ 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 quant~tative 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 (i) 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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Figure 6. Environmental classification. 

minor variations in soil texture, pavement 
thickness, and so on. The pertinent climatic 
factors at a particular location can only be esti­
mated in a s tatistical sense, yet fr ost heaving is 
a function of, among other factors , the specific 
temperature r egime r ather than s ome arumal 
aver age s tatistic. 

Shields and Dacyszyn @ have reported one of 
the few systematic studies of the seasonal varia­
tion in strength of flexible pavements. The study 
examined the seasonal strength characteristics 
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 alter natives. 

Different pavement designs commonly involve expenditures of resources at various 
points in time ai;; 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 those 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 r ate should be included in all 
economic evaluations whether current revenues or borrowed capital are involved. 
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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 
(~ 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 (!Q) 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 (!!) : 

AC = CRFL [ C + E1 (PWFA) + E 2 (PWFAr) 

- (1 - i) (El or E 2) PWFAr J + M (1) 

in which 
AC 

CRFL 

c 
A 

Ar 

PWF 
E1 
E2 
y 

x 
M 

EHVIR1)NMENTA 
OWIAC TERI ST! · 

= 

= 

annual cost of a 2-lane mile of pavement and shoulders, 
capital recovery factor for a design life of L years and a specified in­
terest rate, 
initial capital cost of pavement and shoulders per mile, 
failure age of the initial pavement (years), 
failure age of first resurfacing measured from the original time of con­
struction (years) , 
present worth factor for A or Ar years and the specified interest rate, 
first resurfacing cost per mile, 
second resurfacing cost per mile, 
number of years from time of last resurfacing to the end of design life 
period, i.e ., (L - A or Ar), 
estimated life of last resurfacing (years) , and 
average annual maintenance cost per mile. 

PAVEMENT 
STRATEGY 

RECOMMENCED 
STRATEGY 

CONSTRAINTS 

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

Decision Criterion-Since the objectives and 
the cost function are one-dimensional, the de­
cision criterion is straightforward and may be 
concisely stated: select that pavement strategy 
with the minimum expected annual cost in dollars . 

Figure 7. Components of the problem 
definition phase. 

Figure 7 summarizes the problem definition 
phase by illustrating the interrelationships be­
tween the six components described. 
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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 

10 
8 - 15- 16" 

g: 5 
0.. 

0 5 10 15 20 

AGE IN SERVICE 

A- PPR= 6·09-0·17 AGE r2 = 0 ·86 

8-PPR= 8·30-0·26AGE r2 = 0·84 

Figure 8. Pavement performance trends 
(pavements subjected to similar environ­

mental conditions). 

Canada-wide data but difficulty has been ex-
perienced in arriving at a general model. 
Hutchinson (_g) 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 
thickness. 

Lines were fitted to those serviceability­
age histories for which sufficient data were 
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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 O 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 PWFA INITIAL1 RES·URFACING 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 l~" 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 

H
1 

3", H2 • 611 and H
3 

= variable 

Costs 

asphaltic concrete surface course 311 thickness • $1. 50/sq. yd. 

granular base course 611 thickness= $0.95/sq.yd. 

subbase course= $0.15/sq.yd./inch thickness 
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Figure 11. Deflection-age trend. 

Figure 9 are total pavement thicknesses and con­
sist of various combinations of surface course, 
base course, and subbase course thicknesses. 

The information conveyed in Figure 9 can 
now be used to established a first estimate of 
the most appropriate total pavement thickness. 
Equation 1 can be used along with the type of 
information shown in Figure 9 to compute an 
annual cost curve as a function of failure age 
(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 l1 shows a relationshl,p that has been generated from the preliminary perfor­
mance equations developed in this study. In addition, Meyerhof (11) 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 betw~en the surface deflection 
and thickness may be expressed by 

in which 
d 
D 

d·D C (2) 

surface deflection, 
total pavement thickness, and 

c a constant. for the standard CGRA Benkelman beam test, 

and by 

in which 
w 

Es 
n 

c 0.52 w 
E~ n 

wheel load, 
subgrade modulus of elasticity, and 
the modular ratio of pavement to sub­
grade. 

The deflection-thickness curves for various val­
ues of C are shown in Figure 12 and Meyerhof 
suggests the following average values: 

Subgrade Type C 

Gravel 
Sand 
Silt 
Clay 
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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 thickn'ess in the same mariner 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 
understanding 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 bn 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(~. 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, ~. 17, _!!!). 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 payoffs 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 strate gies 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: 

P1(8) 

(2) (3) 

u(eo ,zo ,d s ,8, l 

PRIOR BRANCH 

(I) 

P(zle) P"(81z) 

u(e0 ,z2 ,d.,83 ) 

POSTERIOR BRANCH 

Figure 15. Simple decision tree. 

do == 

dl == 

e == 

eo 

e1 

z 

Ut 

the decision to implement the new 
pavement strategy; 
the decision not to implement the 
new pavement strategy, which im­
plies the use of the optimal pave­
ment strategy; 
the state of nature that is a parti­
cular failure age; 
a dummy experiment, which con­
veys that no performance measure­
ment is performed; 
performance measurement exe­
cuted, which implies that the new 
pavement strategy should be im­
plemented for trial; 
the outcome of the new pavement 
strategy trial, which is its failure 
age; 
the negative of the annual cost as­
sociated with the particular se­
quence of events expressed in the 
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P' (9) 
P(z/e) 

brackets; e.g., ut (e i, z2, do, 9 2) is the annual cost associated with the 
decision to measure first the performance, observe an outcome z2 of this 
experiment, select a strategy do, and, finally, observe a failure age 92; 
the prior probability of occurrence of each possible failure age; 
the probability of occurrence of each possible outcome of the experi­
ment e; 

P"(9/z) the posterior probability of occurrence of the failure age, given that the 
outcome of the experiment e is z; and 

Cs 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 be tween d

0 
and d

1
, or to postpone this choice by first 

implementing the new pavement s trategy, measuring its performance , a nd on the basis 
of this new information making a choice between d

0 
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 I may be defined as the act that iS Optimal Under the prior distribution Of e: 
E(0') Cut(d', 9)];;, E(9') [ut(d, e)J 

dz may be defined as the act that is optimal under the posterior distribution of 9, 
which has been determined by the outcome z of an experiment e: 

E(9"Jz) Cut (dz, e)J = maxd E(e"Jz) Cut (d, S)J 

(3) 

(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 dz he increases his terminal 
utility by 

Vt (e, z) = E(9 ° I z) Cut (dz, 9)] E(9"lz) Cut (d', e)J (5) 

v t (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 

vf(e) = E(zle)[vt(e,z)J (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 

(7) 

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

v* (e) = v* (e) 
t 

(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 sequenc~ of steps: 

1. List the expected annual cost of the optimal pavement strategy, ACs· 
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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 

1
• 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: 
11

• • • 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. 11 

4. Calculate the expected value of sample information from 

E (9" I z) [ ut (d', e)] } (9) 

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

6. Calculate the annual cost of performance measurement and express it as Cs. If 
vt (e) is negative then execute performance if 

(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: 

(12) 

8. The new pavement strategy may be regarded as a standard pavement strategy if 

ut* (e , d ) ;;;, u * (e, d ) - C 
0 0 t 0 s (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 0.44D
1 

+ 0. 14D
2 

+ O.llD 
3 

(14) 
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can be achieved by a large number of different combinations of layer thicknesses (sub­
ject to the constraints D1 :. 2 inches and D2 ;;,; 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, 

c 1 $0. 50 per sq. yd. per inch of thickness, 
c 2 $0. 15 per sq. yd. per inch of th!ckness, and 
C3 $0. 07 per sq. yd. per inch of thickness, 

the total cost is given by 

and the problem is to minimize C by selecting values for D1, D2, D3 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: 

layer 1: 0. 50 1. 138 
0. 44 

layer 2: 0.15 1. 071 
0.14 

layer 3: 0 . 07 0.636 
0.11 

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 involves a 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 Barraclbugh (23), a careful 
examination of the proposed use of each item of information must be madebefore 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 useby 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 recorded 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 
31. 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 
3o. 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 hasseenverylimited 
use amongh ighway 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. 

Imple mentation 

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

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

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

PURPOSE OF PAVEMENT CONSTRUCTION 

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

1. Safety: Pavements are built not only to support the vehicle load but also to per­
form under various traffic conditions. A vehicle can be operated on a dirt road as well 
as on a paved surface. The difference of vehicle operation is reflected by its dynamic 
response, speed limit, and, above all, the safety and comfort of the operator. In ex­
isting pavement design methods, strong emphasis has been given to the load-carrying 
capacity of the pavement, and practically no attention to the speed of the vehicle and its 
effect on the pavement performance . For instance, in airport construction there are 
three distinct areas where the pavement performs differently . For an identical pave­
ment structure on uniform subgrade, the rutting at hard stand subject to static load is 
usually worse than the rutting of taxiways, and, in many cases, the performance of the 
runway portion of pavement is best. It can be seen that the load criteria of pavement 
design are not sufficient in modern pavement design. 

Paper span sored by Committee on Theory of Pavement Design ond presented at the 47th Annua I Meeting. 
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2. Maintenance: Experience shows that traffic can back up for several miles when 
a portion of highway pavement is under minor repair. If a major airport, such as John 
F. Kennedy Airport in New York, is undergoing minor runway maintenance, it can tie 
up air traffic at airports up to several thousand miles distant. The cost and inconven­
ience to a transportation system cannot be measured by the value of dollars. For the 
needs of today and tomorrow, the primary purpose of the pavement structure is not 
only to support the vehicle load but also to perform under various traffic conditions and 
survive within an anticipated service life. Therefore, the progressive deviation ofpave­
ment performance shall be mandatorily included in the pavement design system. 

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

BASIC ENGINEERING CONSIDERATIONS 

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

Variability 

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

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

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

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

In Eq. 1, the variability of each contributing factor is considered to be equally im­
portant on the pavement performance. In actual construction, some contributing fac­
tors are more important than others. Therefore, a weighing factor should be applied 
to each contributing factor, such as 

-(V1
2 

V2
2 

V3
2 

) 1/2 V- -+-+-+ ... 
n1 n2 Ilg 

(2) 

By introducing a number of contributing factors, the random condition of each individ­
ual factor will be distributed by weight among all factors. This is similar to the standard 
error of sampling, crM, which decreases with increasing numbers of samples, N, such as 
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O'M = t · cr/(N - 1//a (3) 

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

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

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

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

Subgrade Reaction 

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

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

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

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



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

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

Mechanical Compaction 

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

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

Stress-Strain Pattern of Pavement Components 

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

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

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

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

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

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

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

Failure Mechanism 

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

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

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

2. The failure of the aggregate base is closely related to the stress level developed 
at the approaching of a wheel load. The aggregate base is more vulnerable in a hori­
zontal direction than in vertical bearing. The aggregate base tends, therefore, to move 
laterally. Consequently, ruttings are encountered along the wheelpath. The progres­
sive increase in rutting will result in the progressive increase in surface roughness, 
which, in turn, will increase the dynamic impact of the test vehicle. In this close cycle, 
pavement failure is greatly accelerated. 



32 

3. The failure of open-graded, large-size, asphalt-coated stone is very similar to 
the failure mechanism of an aggregate base. The excessive horizontal movement is 
largely responsible for the failure. Open-graded, large-size stone may have a superior 
resilience in supporting the light vehicle load. However, for a heavy aircraft load, the 
intensity of tire pressure and the size of footprint tend to increase the consolidation of 
the top course. An open void in the pavement may cause the rutting of the pavement 
surface. 

Maintenance of Pavement Performance 

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

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

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

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

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

Fi gure 5. Ruttingofpovementofvariousthicknesses. oped for one pavement design should not 



OESIC.N 
TH&OA!'( 
~UliPACE 
~H~A~ 

!llAlUATION 

AU.,,./ir"t>L' 
L~VGL OF' 
f!~-'PON.!16 

~ncr.itu1i;1 

1-------- IND/CATO~ 
YIELD Tf/6011!'( 

THICX,WE.&S ci 
COMPO~I TION 

or PAV•M«NT 

OC3f4W 
CO#C~l'T" 
"foI:,Z:OH"M 
Srlt.~S& 

6<Jr;/V4!t"m" 
WHEFL 
LOAD 

OE~i6J4 
(HE'Oli!"f 

Of,Fl!.lt~IJ1'/.4i 

$£.Trt,M6NT 

DISl(iN 
TJ-IEOlt.Y 
TH&~MAt. 

"'"'"'""IAJ; 

axt~TIN~ ENf41N~Ctf:INC, ..JUOG€MGNT 
PAV#M'Nrt--------i 

AfAT&lfut.L 
>---- ----; CONC6PT 

NEW 
PtA.VtrMENT 

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

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

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

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

T 
X2 = 4 f x2 . dt (5) 

0 

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

(6) 

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

(7) 

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

(8) 

For a continuous spectrum, the limit is replaced by derivatives 

co 

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

0 

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

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

(10) 

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

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

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

There are several methods to compute the power spectral density function. For a 



-/ 

\ 

\ 
1 

~ \ ~ 

~ ·I 

~ -' '\ \ 
I(_ \ 

\ 
' ~ \\,\'! 
'• ' ( ~ 

/,/)\ /0-~ 

= (-£ ,___ 
""' / .... ~2 
·+.1 
'-' .()/ 
~ 

x " ~ 
'\... 
' - ,___ 

"' ~ 
t:: 
~ 
' ~ "'C 
l,j ·OOI 

~ " \,'\ 
I.. '\ 

~ ' 
~ 

La rdi ~j f ,l.i ~ I~ To ~;, q 
i. 

·000/ 
.002. QCI 0·1 

Fretjll•MC'(1 }[_ in (F-f)" 1 

Figure 7. Power spectral density function of longitudinal profile, 
Newark test pavement- Sta. 10+18.75 to Sta. 19+75.00. 

35 ' 

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

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

(12) 

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

106. 5t. = 1 
1 

L/2 

-

\ 

' ) 

r-~ .. 

(13) 

(14) 

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

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

(16) 

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

(17) 

or in the form of straightedge criteria, 

(18) 

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

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

(19) 

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

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

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

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

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

At Kennedy International Airport, the average daily operation is 1, 400 aircraft move­
ments, of which 750 movements are jet traffic. In considering the number of runways 
and taxiways, the full-load aircraft operation is likely to be less than 120 movements 
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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 pavement design. The num­
ber of traffic coverages, N, will be used in the evaluation of deflection tolerance. 

CONCEPT OF LIMITING PAVEMENT DEFLECTION 

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

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

for aggregate base 

A 

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

0 S 10 IS 20 2 5 

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

0 0 5 JO IS 20 25 

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

Figure 9. Transfer equations between longitudinal and transverse deformation. 

(20a) 

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

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

(21) 

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

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

W = . 16 Wo + . 43 Do z 

W = . 06 Wo + . 43 Do z 

for stabilized base 

for aggregate base 

(22a) 

(22b) 

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

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

CONCEPT OF LIMITING 
STRESS LEVEL 

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

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

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

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

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

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

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

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

.2 TT (x2 + z2)% 

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

- .136Q 
O'z = --~ 

z2 
(25) 

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

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

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

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

Design Theory - Elastic Mass 

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

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

(27) 

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

forµ, = 0 (28) 

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

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

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

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

Design Theory - Elastic Plate 

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

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

(29) 

in which 

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



44 

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

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

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

(
a )

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

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

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

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

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

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

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

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

10.0 0 . 5000 

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

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

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

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

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

The bending moment in the pavement is 

d2y 
M =EI· 

dx2 

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

Mo = 2 TT
2 EI · A 

L2 

(33) 

(34) 

(35) 

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

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

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

At 
M =EI E. -Az 

(36) 

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

Spectrum Indicator - Yield Theory 

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

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

Other Considerations 

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

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

Engineering judgment, as shown in Figure 6, represents the collective work of good 
theoreticians, practical engineers, material specialists, construction inspectors, and 
experienced maintenan.ce crews. The most important section in the flow chart is the 
contribution of the pavement user who accepts the level of vehicle vibration and the one 
who pays the cost of construction. A sound engineering judgment can be established 
only by balancing the requirements of all contributors. 
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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 lb 
2. Main Gear Load - 166, 000 lb 
3. Ground Turning (approx.)- 262, 000 lb/gear 
4. Rolling Friction (approx. ) - 0. 07 g (horiz. ) 
5. Brake Stop (approx. ) - 0. 3 g (horiz. ) 
6. Maximum Brake Force (approx. ) - 0. 8 g (horiz. ) 
Landing Impact: Approaching Speed - 130-150 knots 

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

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

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

Equivalent Single Wheel 
1/: 

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

2 = 8. 13 in. 

Distance From Reference Point Influence Factor of a Single Tire 

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

18.4 
23. 1 
39.0 

1. 000 
. 094 
. 070 
. 056 

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

1. 464 Surface deflec­
tion of a single 
wheel 

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

Modulus of Deformation of Subgrade, E 5 

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

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



Limit of Dynamic Response of Airplane 

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

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

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

Full Load Aircraft 3, 000, 000 Movements/Airport 

Deformation Parameter Eq. 28 for x = 0 

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

Significant Width of Transverse Deflection Dish 

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

Limiting Normal Stress in Subgrade 

Area 

Gate position 
Concentrated traffic area 
Normal traffic area 
Infrequent traffic area 

Max. Stress 
in LCF Base 

(psi) 

6 
8 

11 
20 

Max. Stress 
in Subgrade 

(psi) 

12 
16 
22 
40 

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

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

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

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

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

Area "z (psi) "z/ p 

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

Surface Shear 

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

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

z/ a 

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

Part II - Working Stress Concept 

Symbols: 

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

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

Do 
(in.) 

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

z (in.) 

32. 5 
30.1 
26. 9 
23. 2 

z (in.) 

70 
60 
52 
38 

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

49 
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Bendi11g Stress Due to Differential Settlement 

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

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

Ob = . 52 h (for n = 2) 

Bending Stress Due to Thermal Differential 

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

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

Ob=.33h (forn=2) 

Bending Stress Due to Wheel Load - Elastic Plate 

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

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

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

Bending Stress Due to Wheel Load - Yield Line Method 

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

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

(for n = 2) 

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

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

Fatigue Stress Due to Traffic Coverages 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

manent deformation 
Limiting stress in sub-

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

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

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

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

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

Thickness of pavement 
limiting stress in sub-
grade 60 in. 52 In. 60 in. 52 In. 70 In . 52 In. 38 in. 
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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 art of 
flexible pavement design and for focusing attention on the use of system analysis in this 
field. Because the work of the Canadian Department of Transport in designing, con­
structing, and maintaining Canadian airport facilities is directly related to Mr. Yang's 
study, we were extremely interested in the subject. Reviewing the paper in detail, we 
wish to make the following comments: 

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

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

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

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

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

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

Reference 

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

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

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

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

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

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

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

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



Design of Emulsified Asphalt Treated Bases 
F. N. FINN and R. G. HICKS, Materials Re search and Development, Inc. ; and 
W. J. KARI and L. D. COYNE, Chevron Asphalt Company 

•ASPHALT 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. This report describes 
an investigation that combines current and established mix design and thickness design 
methods with layered system analysis for the design of emulsified asphalt treated bases. 

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. Illustrate 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 were taken 
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 treatedbases 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 emulsions to make these bases water-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 

Location 

Ellu 111ioa Type 

lliJ<ins llethod 

Cla1111 of Traffic(l) 

Subsrade Cla•11if ic• tioa 
Age llhea Cored 

Core Gradation 
I Pa11•ing 

$ l!au l•ion (Cale. 
FrOll Extr . Asphalt) 

3 / 4" 
# 4 

30 
200 

Recovered Asphalt 
Penetration 0 77°F 
Softeai.ne Poiat "F 

Aggresate Sp.Gravity 

Core Density, pcf 
Core llo1eture, 1i 
Re11ilient llodulu11, psi 

Perforaance Rating 

Brookio.ge 1 

Oreaoo. 

Sii-& 

Ceatra l 
Plant 

Lisht 

Good 

2 Year11 

81 
42 
17 

3 

10.8 

24 
143 

2.69 

143,8 
l. l 

176,000 

Fairly Good 

Aurora 
Casket Co. 
Airport 

ss-n 
Travel 
Plant 

Aircraft 

Pai r 

4 llonth11 

95 
49 
23 

6 

7 . 2 

47 
128 

2 . 71 

143.4 
0.4 

132 , 000 

Excellent 

Bis Boae 
Boone County 

J[eatuckl 

SS-Ith 

Travel 
Plant 

Lisht 
Poor 

4 Year11 

100 
52 
17 

7 

9.8 

38 
138 

2 . 72 

146 . 4 
1. 5 

210,000 

Excelleat 

Lake of the 
Wood11 

lledford,Ore. 

SS-11: 

Ceatral 
Plant 

Heavy 
Poor 

llont b 

98 
50 
20 
10 

6.4 

41 
130 

136.5 
1.1 

27,200 

Excellent 

Chula Vista 
Boat Raap 
California 

Jordaa River National Pi•h Hatchery 

Location 

Eaul11ioo Type 

llil<iag llethod 

Cla1111 of Traffic(l) 

Sut>crade Cla11aificatioa 

Age When Cored 

Sii- it 

In 
Place 

Ligbt 

Fair 

4 Years 

Core 1 

Core Gradation 
I Paa11iag 

3/4" 100 
,, 4 70 64 

30 32 34 
200 :> --------~ 

I Ellu l11ioa (Ca le . 
Froa Extr.A11phalt) 9.5 10 . 0 

Recovered A11phalt 
Penetration • 77"P 31 51 
Softea1Df Point •p 133 127 

Aggregate Sp .Gravity 2 . 68 2 . 64 

Core Den•ity, pcf 128.8 138 . 6 
Core lloiature, S 0.4 

Resilient Modulus, P•i 500,000 401,000 

Performance Rating Excellent 

(1) The Aepbalt Inatitute Tbickne•• De•ica llanual (llS-1) . 

:J 

Core 2 

SS-ltb 

In 
Place 

Lisht 

Core 3 

Very Good ~----------
2 Year11 

100 
65 
35 

6 

10.4 

33 
135 

2.83 

138.0 

218,000 

Very Good 

100 
67 
34 

'1 

9.8 

34 
133 

138.3 

500,000 

Clack .. a• 
Collawa•h River 

Ore100 Ore100 

SS-It SS-It 
Ceatral Ceatral 
Plant Plant 

Heavy Heavy 
Good Good 

2 llootbal 1 Year 

98 100 
51 55 
22 24 
l2 13 

8.0 7 . 3 

46 58 
130 123 

2 . 60 2 . 77 
117 . 3-131. 2 13ol. 8-137. 5 

1.7 1.9 
96,100 60,600 

Poor to Excellent Excelleat 

Truck Bavea Rd. Fletcber Rd. 
Borreso Spriag• ltalka•ka Co . 

Calitoraia Ilic bi en 
Dll-lh SS-Ith 

In Travel Plant 
Place (Duo-Stab . ) 

Lisbt Lisbt 

Good Good 

2 Year• 2 llontb11 

93 84 
75 75 
48 56 
}.2 7 

3,7 10.2 

9 29 
151 134 

2.61 

131. 7 134.5 

526,00~- 340,000 

Very Good lxcellent 



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 l Core 2 Core 3 

Emulsion Type SS-Kh Sll-K 
-

Iii xi ng llet hod In In 
Place Pl e 

Class at Tratfic(l) Light Li ht 
Sub~rade Classification Poor Good 
Age When Cored 2 Years 5 Years 
Core Gradation 
% Passing 3/ 4" 98 95 99 100 97 56 

II 4 83 83 84 84 82 ~3 
30 52 70 65 44 65 69 

200 5 7 7 8 9 9 
\ Emulsion (Cale . 
From Extr .Asphalt) 13.3 11. 7 9.8 5.3 4.9 5.5 
Recovered Asphalt 

Penetration @ 77°F 36 34 48 22 43 29 
Softening Point °F 134 133 128 148 140 140 

Aggregate Sp.Gravity 2.62 2.62 2.66 
Core Deneity , pcf 130.2 129 . 3 130.4 136.5 141.3 140. 7 
Core Moisture 1 % Nil 

Resilient Modulus, psi 164,500 268.000 386,000 325,700 783,000 750,000 
Performance Rating Fair Fair Fair Excellent 

Lola Pass Hi I ton Head Cox Road 
Mt . Hood NAS Alameda Tawas Park Rd . Road 80 Brevard Co . 

Location Oregon California Mich l san South Carolina Florido. 

Emulsion T ype SS-Kh Dll-lh SM-K Sll-K Sll-K 

Mixing Method Central In Travel Flant Travel Plant In 
Plant Place (Duo-Stab.) (Woods) Place 

Class of Traffic(l) Light Aircraft Light Medium. Light 
Subgrade Classification Very Good Good Go od Very Good Good 

Age When Cored 2 Months 16 Years 2 Years l Year 4 Years 4 Years 

Core Gradation 3/ 4 '" 98 lOC 
I Passing II 4 88 92 99 100 99 

30 49 98 84 99 99 93 
200 12 5 5 3 4 5 

% Emulsion (Cale. 
From Extr.Asphalt) 10.3 4.5 IL7 13 . 0 8.4 3.4 

Recovered Asphalt 
Penetration @ 77°F 37 62 27 31 16 
Softening Point °F 130 123 149 144 157 

Aggregate Sp . Gravity 2.66 2.55 2 . 67 2.65 2.61 

Core Deneity, pcf 121. 5 120.6 128.4 111.9 131.9 
Core Moisture 4 I 7 . 6 3.3 6.5 9.1 

Resilient )I. dulus, psi 95,000 49,800 137,000 83' 500 497 ,ooo 

Performance Rating Excellent Good Good Excellent Excellent 

(I) 
The Asphalt Institute Thickness Design llaoual (llS-1) . 

Core 4 

95 
89 
74 

9 

6.7 

9 
159 

135.4 

961,000 

Perdido Bay 
Country Club 

FJ..orida 

511-K 

In 
Place 

Light 

Very Good 

Year 3 Years 

97 98 
6 9 

8.3 9.1 

28 25 
144 143 

2.63 2.62 
120.6 116.3 
10.l 3.8 

91,200 177,500 

.Excellent Very 
Good 



TABLE 3 

JOB DESCRIPTION AND SUMMARY OF TEST RESULTS 

Fort Rucker Treasure Port Rucker La.Palaa Avegue Raocbo Santa Fe Pier "F'' 
Mattison Range Island (Ech Field) Buena Park Loe Arboles Road Long Beach 

Location Alabama California Alabaaa California California California 

Eau l•ioa Type Sll-K Dll-lh Dll-lb Sll-K Sll-K Dll-2 

llixlac llethod 
In In In In Ia Place Ia 

Place Place Place Place (Sea.111.n llixer) Place 

Clas• of Traffic(!) Aircraft Light Aircraft Heavy Light Very Heavy 

Subgrade Claasitication Pair Very Good Pair Fair Fair Very Good 

Aee When Cored 3 Years 28 Years 11 Year• 4 Years 6 Years 2 Years 

Core Gradation 3/4" 100 
'l Passing II 4 98 99 99 98 

30 89 90 87 89 65 80 99 
200 10 12 14 15 16 13 18 

% Emulsion (Cale. 
From Extr.Aaphalt) 8.1 10 . 0 12.2 7.2 7.7 5.3 8.8 

Recovered Asphalt 

Penetration @ 77°F 33 13 l 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 lloiature. $ l. 7 7 . 9 1.0 1. 1 1.3 l.4 11.3 

Resilient Modulus , psi 398,000 290,000 415,000 86,800 142,000 

Performance Rating Good &ccellent Very Good Excellent Very Good Excellent 

l82nd A venue Avenue " O" Avenue "0" Santa Bo.rbara Acacia St. Northmont 
Torrance 90 - 150t h St. 105 - 140th St. Airport Cypress Tract, Oxnard 

Location California Palmdale, Calif . Paladale, Calif . California California California 

Emulsion Type Sii-iC s•-K Sii-iC DM-2 Sll-K Sll-K 

Mixing llethod In Travel Travel Plant Road In In 
Place Plant (Woods) Ill.ix Place Place 

Class of Traffic(l) Heavy Light Light Aircraft Light Li1ht 
Subgrade Classification Poor Poor Fair Poor Poor Poor 

Age When Cored 5 Years 3 Years 2 Years 22 Years 4 Yeare 4 Years 

Core Gradation 3/ 4" 100 100 100 
'l Pasaing II 4 99 99 100 100 88 98 

30 96 92 94 99 75 90 
200 19 20 28 24 33 35 

'l Eaulaion (Cale. 
Fr0111 Extr . Aaphalt) 3.2 7 . 2 6.l 6.2 7.8 8.8 
Recovered Asphalt 

Penetra.tlon Cl 77°P l 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 . l 114. 7 113.3 111.6 126.5 121.4 
Core Moieture , I 2 .0 0 . 3 1.6 0.6 7.6 1.8 
Resilient llodulua, psi 900,000 412,000 272,000 252,000 336,000 153,000 
Performance Rating Very Good Very Good Good Good hcelleat Excellent 

(1) The Asphalt Institute Thickness Design llanual (llS-1) . 
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USE OF LAYERED ELASTIC SYSTEM FOR BASE THICKNESS DESIGN 

Background 

Ever since Burmister (4) 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 
theories have dominated the research; namely, linear elasticity and li."1.ear viscoelas­
ticity (4, 5, 6, 7, 8, 9, 10). 

In order to apply theory to pavement design, it is necessary to satisfy the following 
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(µ) 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 viscoelasticsystemapproach. Design criteria available 
in the literature also tend to favor the elastic approach (8, 10, 14, 15). 

As a result of this work, many investigators now feelthatasa 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 (13). 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 tlie temperature, the lower the modulus. 
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According to work reported previously (10), 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 (19) 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 (16) 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 and250,000 
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. 66inches 
for a thousand weighted load applications to 0.004 inches for lQ 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 would be 18 inches 
and 61/2 inches, a ratio of 2. 75 to 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 use theory 
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 verti ca I 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 function 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 (18). 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 (TA) 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 1 to 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 connect ing 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 situ pavement materials are subjected to some confL11ement ~ 

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) 

Property 

Sand fraction (No. 4-200) 
Gradation: Filler fraction (-No. 200) 

Surface area, ft2/ lb 
Core density, pcf 
Percent emulsion (calculated from 

extracted asphalt) 
Penetration of recovered 

asphalt at 77 F 
Resilient modulus, psi 
Age of pavement 

0
High fines, di fficult to recover. 

Average 

71 
11 
71 

128. 9 

7.9 

33.2 
318, 000 

3'/2 years 

Extremes 

High Low 

100 18 
48 3 

171 18 
146. 4 101. 8 

13. 3 3. 2 

181 1a 
961, 000 27, 200 
22 years 1 month 

that precise measurements or estimates of the resilient modulus are not critical to this 
design procedure. The resilient modulus of treated base materials varies 30 to 40fold. 
A two- to three-fold change in MR will only change the base thickness requirement % 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 (cr1 - cr3 ) 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 that the 
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 asphalt). 
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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 10- 3
) = -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 this increased 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 resilient modulus develops is related 
to the following factors: (a) class, type, and grade of emulsion; (b) type of aggregate 



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. 
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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 (TAfTs 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 
resilient 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 asphalt concrete and 6. 3 inches of emulsion treated 
base (2. 0/1. 6 x 5. 0 = 6. 3). 

4. Assume that the layer equivalency of the treated base is '1.0 initially and increases 
exponentially to the ultimate value of 1. 6 in one year. The increase in layer equivalenc~ 
with time is a measure of the curing rate. The general expression for determining the 
layer equivalency as a function of time is 

Gt = G - (G-1)/ ebt 

where 

Gt = actual layer equivalency at time t, 
G =ultimate layer equivalency, 
b = the curing rate, and 
t =time in years. 

The curing rate, b, is defined by the expression: 

where 

fc = the specified degree of curing, and 
tc = the specified time at which fc occurs. 

In this example, a value of fc of 0.95 at a tc of 1.0 year was used (i.e., 95 percent 
equivalency is achieved in one year). The values for layer equivalency as a function of 
time are shown in the column labeled Base Equivalency in Table 6 for each 0.1-year 
period. 

5. From the design equations for Figures IV -1 and IV -2 of The Asphalt Institute 
Manual (22), the traffic capacity in DTN is determined for each 0.1-year interval for 
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TABLE 6 

SAMPLE CALCULATION-EFFECT OF CURING RATE ON PAVEMENT THICKNESS 

Design Data: 

Daily traffic number (DTN) 20-yeur average 
Asphalt concrete thickness (surf nee) 
Emulsion treated base thickness 

50, Increasing at 3. 0 percent per year 
3. 0 inches 
6. 3 inches, with ultimate equi valency 
= 1. 60; 95 percent of this 1. 6 equiv­
alency Is achieved in one year 

Subgrade R-value 35 
Total equivalent asphalt thickness 8.0 

Oamng-e History: 

Traffic Base Traffic 
Instantaneous 

Years (DTN) Equlvalency Rating Damage 
Rate 

0.0 36. 491 1. 000 7.370 0. 248 
1. 0 37.602 1. 576 45. 921 0. 041 
2. 0 38. 748 1. 598 49. 788 o. 039 
3. 0 39.928 1. 600 49. 989 0. 040 
4. 0 41. 144 1. 600 49. 999 0. 041 
5. 0 42. 397 1. 600 50. 000 0. 042 
6.0 43.688 1. 600 50. 000 0. 044 
7.0 45. 018 1. 600 50. 000 0. 045 
8.0 46. 389 1. 600 50. 000 0. 046 
9. 0 47. 862 1.600 50. 000 o. 048 

10. 0 49. 258 1. 600 50. 000 0. 049 
11. 0 50. 758 1. 600 50. 000 0. 051 
12. 0 52. 304 1. 600 50. 000 o. 052 
13. 0 53. 897 1. 600 50. 000 0. 054 
14. 0 55. 538 1. 600 50. 000 0. 056 
15. 0 57. 229 1. 600 50. 000 0. 057 
16. 0 58. 972 1. 600 50. 000 0. 059 
17. 0 60. 768 1. 600 50. 000 o. 061 
18. 0 62. 619 1. 600 50. 000 o. 063 
19. 0 64. 526 1. 600 50. 000 0. 065 
20. 0 66. 491 1. 600 50. 000 0. 066 

Expected life at full base strength 20. 00 
Expected life from curing effects 19. 43 
Expected life lost life (years) 0. 57 

DTN required for full 20 year life 51. 91 
Total asphalt thlclmess (TA) required for full 20 year life 8. OB 
Asphalt concrete surface thickness required for full 20 year life = 3. 00 
Emulsion treated base thickness required for full 20 year life 6. 35 

Difference in thickness due to curing effect = 0. 05 inches 

Cumulative 
Damage 

Total 

0.0 
7. 4 

11. 3 
15. 2 
19. 3 
2a. s 
27. 8 
32. 2 
36. 8 
41. 5 
46. 3 
51. 3 
56. 5 
61. 8 
67. 3 
72. 9 
78. 7 
84. 7 
90. 9 
97. 2 

103. 8 

the TA determined in Step 2 and the subgrade support assumed previously. Example: 
The traffic rating is given in Table 6. The value for the traffic rating increases with 
time to the design DTN reflecting the increase in layer equivalency (curing) of the base. 

6. The actual traffic in terms of DTN's for each 0.1-year period is determined at 
any time (t) using a simple exponential model: 

where 

T = traffic in DTN 
K =(Loe:) DTN 

eLoc: -1 

T = Keoc:t 

oe = the rate of increase in traffic per year. 

In this example r:c is 3 percent per year and L is 20 years. 
7. When the traffic capacity (DTN) is less than the actual traffic (DTN) for a 0.1-

year period, damage occurs at ~11 L"'lcreased rate. An. :instaI1taJ1eous daiuage rate is 
calculated. The instantaneous damage rate is expressed as 0. 05 times the ratio of the 
actual traffic rate to the traffic rating at each point in time. (The 0. 05 = 1/20 is simply 
a scale factor so that the integrated total damage will be 100 percent when the pavement 
is no longer serviceable. ) 



TABLE ? 

DIFFERENCE IN DESIGN BASE THICKNESS REQUIRED TO COMPENSATE 
FOR CURING RATE 

Design 
DTN 

10 

50 

(Assume Two-Year Curing Time) 

Subgrade Assumed lntimate 
Strength Emulsion Base 

(R-Value) Layer Equivalency 

12 1. 6 
2. 0 

35 1. 6 
2. 0 

12 1. 6 
2. 0 

35 1. 6 
2. 0 

12 1. 6 
2.0 

35 1. 6 
2.0 

Thickness 
Diffe r ence 

(Inches) 

0. 06 
o. 03 
o. 06 
0 . 04 
o. 18 
0. 19 
0. 03 
0. 09 
o. 16 
o. 35 
0. 10 
o. 19 
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8. The total accumulated damage is obtained by numerically integrating the instan­
taneous damage rates at time intervals of 0. 1 year, over the design life of 20 years. 
In the cases studied, the total damage reached 100 percent prior to the 20-year design 
life. 

9. To ensure that the full 20-year design life is achieved, the base thickness is in­
creased by an amount sufficient to obtain 100 percent total damage in exactly 20 years. 
This is done by adjusting the design DTN on an iterative basis until the 20-year total 
damage was 100 ± 0. 001 percent. The thickness to account for the increased DTN is 
calculated. For this example, the new DTN required for emulsion treated base design= 
51. 91, increasing the base thickness to 6. 35 inches or a difference from design thick­
ness of 0. 05 inches. The thickness increases for various subgrade strengths, base 
equivalencies, and traffic conditions are shown in Table 7. The maximum base thick­
ness increase was only 0.35 inches for the cases studied. This difference in thickness 
is considered insignificant and well within the accuracy of the design procedures. It is, 
however, important to minimize the effects of curing, particularly in cases when de­
signs are to be used in heavily trafficked roadways placed over weak subgrades. One 
such precaution would be to use mixing equipment that can achieve proper coatings with 
the minimum amount of added water. Continuous pugmills are considered ideal for this 
purpose. 

DESIGN OF ASPHALT EMULSION TREATED BASES 

It was noted at the outset of this report that the structural design must satisfy both 
fatigue and plastic deformation requirements. This section deals with criteria to pre­
vent plastic deformation. Such criteria are predicated on established shear and tensile 
strength tests. 

To guard against plastic deformation, a variation of the California Moisture-Vapor 
Susceptibility (MVS) Test, coupled with the Stabilometer Resistance (R) Value and the 
Cohesiometer (C-value) Test, is used (27). The MVS Test subjects the asphalt base to 
the damaging effect of moisture in the vapor state. This water ·vapor can cause swelling 
of improperly treated particles with a subsequent loss of stability. The R-value is used 
to provide an index of the shear strength of the mix after exposure to water vapor. 

The moisture vapor can also cause a failure in the cohesion bond and at the aggregate­
asphalt interface resulting in stripping and migration of the asphalt. To evaluate the 
extent of cohesion failure and stripping after ' exposure to water vapor, an index of the 
tensile strength is measured using the C-value Test. 

Mix Design Criteria 

In establishing the MVS R-value criteria for asphalt bases, the concepts developed 
by the State of California Materials and Research Laboratory were followed. In adapt­
ing the test procedures for asphalt treated bases, the following assumptions were made: 
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Figure 6. Increase in stability of asphalt treated bases. 

TABLE 8 

DESIGN CRITERIA FOR EMULSION TREATED BASES 

1. Aggregate Requirements: 

Category 

Gradation 
and Passing 
1-Y,. in. 
1 in. 
•;,in. 
1/2 in. 

Processeda 
Dense Graded 

Aggregates 

(ASTM C-136) 
100 

90-100 
65-90 

-

Poorly 
Graded 

JOO 

Sands 

Well 
Graded 

100 

Silty 
Sands 

100 

Semi-
Processed 

Crusher, Pit, 
or Bank-Run 
Aggregates 

100 
80-100 

No. 4 30-60 75- 100 75-100 75-100 25-85 
No. 16 30-60 - 35-75 
No. 50 7-25 - 15-30 
No. 100 5-18 - - 15-65 
No. 200 4-12 0··12 5-12 12-25 3-15 

Th.e combined aggregate shall also conform to the following requirements: 

Test Propercy 

Sand equivalent, percent 
Loss in Los Angeles 

Rattlerb (after 500 
revolutions) 

2. Mix Requirements : 

Method of Test Test 
Requirements 

30 Min. 
:Processed 50 Max. 

Semi-Processed 
60 Max. 

The suitability of the resultant emulsion treated base mix is based on ease of mix­
ing and curing, mix stability and cohesion, and resistance of the mix to the intru­
sion of moisture in the vapor state. Test criteria are: 

Test Property 

Resistance R1 Value After MVS 
for light and medium 
traffic, DTN 1Dlder lOOC; 
for tteavy and very heavy 
traffic, OTN over 1ooc 

Moisture pickup during 
MVS Test, 1 p=rcent 

Method of Test 

Chevron Asphalt Company 
Method 67B-307 

Che-vron Asphalt Company 
Method 67B-307 

0Mw t have at feos:I 25 percent ~nnh c-°'mt. 
bPpplies ooly to procen.ed or Jemi•P'Qcest.ed aggregates. 
'-nie Asphalt l nslitu~e Thi,kness Design Manual ~). 

Test 
Requirements 

70 Min. 

78 Min. 

5. 0 Max. 

-l 
~ 
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1. The California untreated R-value test used in design of untreated aggregate bases 
is correlated to field performance. The conditions of the MVS design test method on 
untreated aggregate were set such that the R-value results after MVS were equal or 
near to the standard State of California R-value. It was assumed that this would provide 
a tie-in between the MVS R-value Test Method and field performance. 

2. Since asphalt imparts cohesion, it was necessary to measure the tensile orbreak­
ing strength of the asphalt mix. The Cohesiometer Test was used to measure this ten­
sile strength. The problem then centered on how much strength value to assign to the 
Cohesiometer result. A factor of 0.05 times the C-value was assigned as suggested by 
Hveem and Davis as being reasonable (28). This 0.05 C-value was added to the R-value 
and reported as the RT-value. This assumption is not entirely correct since the influ­
ence of cohesion will vary, depending on load, temperature, thickness of the base, and 
possibly load repetitions. However, use of the C-value factor provides a means for 
comparison of the asphalt treated base with an untreated base. In this way, it is pos­
sible to obtain an indication of the improvement anticipated with asphalt treatment. 

Asphalt Increases Strength 

Evaluation of materials for emulsion treatment by the foregoing procedures shows 
significant increases in strength. Results of extensive testing of emulsion treated and 
untreated aggregates are shown in Figure 6. The average increase in the RT-value as 
a result of emulsion treatment was approximately 14 points; however, the spread in 
RT-value before and after treatment is considerable. A regression analysis of the data 
indicated that the RT-value after treatment is most nearly related to the following fac­
tors: sand, filler, binder type, and content. The equation relating these variables is 

RT-value = 55.7 + 0. 81 (percent sand) - 0.0083 (percent sand)2 
- 0.017 

(percent filler )2 + 6.2 (percent binder) - 0.39 (percent b inder )2 

The constant in this equation should be modified by the following amount depending on 
the binder type selected: For SMK, subtract 5.6; for SSK-K, subtract 3.3. Insufficient 
data were available to evaluate correction constants for the other binder types used. A 
total of 393 data points was used in making the analysis. 

Design Requirements 

Emulsified asphalt treated bases must meet certain design requirements if they are 
to perform satisfactorily. Design criteria for untreated and treated aggregates are 
summarized in the following. 

Aggr egate Requirements-The mineral aggregate or aggregate blend shall be free 
from wood, root s, coal, ocher, mud balls, vegetable matter, and other deleterious 
substances. It shall conform to one of the gradation requirements listed in Table 8. 

Asphalt Emulsion-Aggregate Combination-Five bas ic requirements must be met in 
order to impart the cementing and water -r esisting qualities of asphalt emulsions to the 
aggregate mixture. These are: 

1. Uniform dispersal of the asphalt throughout the mix, 
2. Adequate coating of the aggregate by the emulsified asphalt, 
3. Good adhesion of the asphalt to the aggregate so that action of water and traffic 

will not cause stripping and loss of mix tensile strength, 
4. Resistance to shear deformation under load, and 
5. High tensile strength within the asphalt film (i.e., high in-place cohesion). 

The suitability of the resultant emulsion-aggregate mix is based on (a) ease of mixing 
and curing, (b) mix stability and cohesion, and (c) resistance of the mix to the intrusion 
of moisture in the vapor state. Design criteria for emulsion treated bases a.re given 
in Table 8. 

SUMMARY 

The stated objectives of this investigation were to (a) describe results of field con­
dition surveys of pavements constructed with emulsion stabilized bases, (b) explore 
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possible uses of layered elastic theory for thickness design, (c) study the influence of 
curing time on performance, and (d) present a method for mix design adequate to resist 
deformation. The results of the condition survey show conclusively that emulsion sta­
bilized bases are providing satisfactory performance under a variety of environments 
and loading conditions. 

The analysis demonstrates the utility of using theory as a tool for design. However, 
the decision to satisfactorily meet suggested design criteria for deflection, strain in the 
asphalt concrete, and strain in the subgrade resulted in thicknesses substantially greater 
than commonly found adequate in the field. By combining theoretical concepts with the 
existing design methods of The Asphalt Institute a procedure was found that appears to 
provide a reasonable approach for the design of emulsion stabilized bases. 

In order to provide some estimate of the properties to use for design, a nomograph 
is included which makes it possible to estimate the resilient modulus of the stabilized 
base without resorting to complicated laboratory tests involving time-consuming curing 
procedures. 

Curing of emulsion bases was studied to determine the effects of time on strength 
with the specific objective of assuring adequate strength in the early stages of service 
life. Based on these studies, curing does not appear to be critical and only minor ad­
justments in thickness are necessary to compensate for such effects. 

Mix design and material recommendations to prevent permanent deformation under 
load are presented. These procedures are based on well-established methods for eval­
uating the shear strength of mixes. 
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Design of Pavements Using Deflection Equations 
From AASHO Road Test Results 
N. K VASWANI, Highway Research Engineer, Virginia Highway Research Council 

•THE OBJECT of this study is to investigate the structural performance of some sat­
ellite pavements in the Piedmont region of Virginia and to evaluate the thickness equiv­
alency values (i.e., the ratio of the strength of material to the strength of asphaltic con­
crete) of the materials used on the basis of AASHO Road Test results. It is also 
proposed to recommend a tentative design procedure based on pavement rigidity. 

The Benkelman beam rebound deflection method is a reliable and simple means of 
evaluating the structural performance of pavements and has been adopted in this in­
vestigation. The AASHO Road Test Committee has suggested model equations for de­
signing pavements on the basis of pavement performance. These equations involve the 
following variables: 

1. Thickness of each layer in the pavement, 
2. Thickness equivalency of the material in each layer, 
3. Subgrade strength, 
4. Traffic, 
5. Age, and 
6. Climatic cunditium;. 

The values of these variables were determined in the AASHO Road Tests but these 
values could not be applied to Virginia because of differences in (a) construction tech­
niques, (b) type of materials used, (c) subgrade properties, (d) environmental conditions, 
(e) type and duration of traffic , and (f) age of pavement. 

Twenty projects with varying pavement structures, all in the Piedmont region of 
Virginia, were chosen for this satellite study. All these projects are on primary or 
interstate roads. One is an experimental section on Route 360 with four different struc­
tural designs; another was an experimental project on Route 58 with four different de­
signs. This last project was resurfaced in 1962 and only the data collected on it prior 
to 1962 have been evaluated. Thus a detailed study of 27 different sections-without any 
resurfacing or heavy maintenance-was undertaken. In addition, 16 other projects were 
considered. 

The main purpose of this investigation was to conduct a pilot study for evaluating the 
thickness equivalency values of the different materials in the pavement system and to 
correlate thes e values with the pavement performance along with other variables such 
as soil support, traffic, and age. Since the study was within a limited geographic area, 
the climatic and regional factors were considered constant, and hence the unweighted 
traffic-i. e., actualtraffic not corrected for climatic conditions-was considered in the 
analysis. 

In order to introduce the soil support value in the correlation, a very preliminary 
study was proposed. After the study was initiated, additional details, such as tolerable 
rebound deflections and tentative designs for Virginia, were also investigated. 

VARIABLES AND THEIR DETERMINATIONS 

The variables required for this analysis are divided into two categories-dependent 
and independent. Only one dependent or performance variable has been considered in 
this investigation; as already explained, it is the Benkelman beam rebound deflection; d. 
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The independent variables are the thickness of each layer in the pavement, h; the 
thickness equivalency value of the material in each layer of the pavement; subgrade 
strength; traffic; and age. As mentioned, the climatic conditions have been treated as 
a constant. 

Determination of these variables could be divided into two parts: collection of data 
from the field or from past records, and evaluation of the data so collected. Thickness 
equivalency values, unlike other variables, are not directly determinable from the data, 
and their evaluation is discussed later. 

Collection of Data 

The type of data and the method of collection are described in the following. 
Deflection-Benkelman beam rebound deflections for slow-moving vehicles were 

taken under 18-kip axle loads during the spring and fall of 1966 on the 20 satellite pro­
jects. The spring deflections were taken three times at the same place at 20-day in­
tervals. The method of taking the deflections is given in Appendix A. 

Layered Thickness-The thickness of each layer in the pavements was determined 
from construction records. 

Subgrade Support-The Virginia design CBR values for the subgrade soil used by the 
Materials Division were adopted for this investigation. In order to correlate the sub­
grade support with AASHO Road Test results, Virginia CBR tests were carried out on 
the subgrade, subbase and base materials used for the AASHO Road Tests. 

Subgrade soil samples were taken at the edges of the pavements because the moisture 
content at these locations would give some idea of the moisture content of the soil under­
neath the pavement; 142 soil samples were taken and their moisture contents deter­
mined, and 41 were tested for plastic limits. 

Traffic-The data on the type and amount of each type of vehicle for each satellite 
project were available. Load surveys for sites with similar traffic were utilized to 
determine the 18-kip equivalents. 
~-The age of the pavement was calculated from the date of construction. 

Evaluation of Data 

The data collected and described in the foregoing were evaluated according to the 
following. 

Deflection-In the past, Benkelman beam rebound deflections were generally taken 
anytime during the spring, i.e., between April 1 and June 30. It was therefore question­
able whether these deflections could validly be considered as having been taken during 
the spring thaw period. 

In this investigation, three deflection readings were taken on all satellite projects 
at about 20-day intervals commencing April 1. These results showed that the variations 
in the readings at the same place were not necessarily due to climatic conditions but 
may have been due to the testing conditions. In fact most of the projects showed very 
little difference between the three readings. Standard deviations were determined for 
each set of readings for each project, and the mean values of deflections as well as 
standard deviations are given in Appendix A. The method of evaluating curvature and 
the cross-sectional area of the deflection basin is also described in Appendix A. On 
the basis of these results, deflection data previously obtained on these projects and 
available on 16 additional projects from the Piedmont area were studied. 

The spring deflection data showed that a straight-line relationship existed between 
(a) maximum deflection and curvature, and (b) maximum deflection and longitudinal 
cross-sectional area of the deflected basin. Deflection data taken in the Piedmont area 
prior to this investigation also showed the same kinship between deflection and curva -
ture. This relationship is shown in Figure 1. The correlation coefficient is 0. 97. 

Since stresses are a function of curvature and since curvature has been shown to 
correlate well with the magnitude of maximum deflection, the stresses in asphaltic con­
crete pavements can be considered as being proportional to the magnitude of deflections, 
and the evaluation of relationships between the independent and dependent variables on 
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Figure l. Correlation between maximum deflection and 
curvature. 

the basis of maximum deflection 
will be as good as that made on 
the basis of curvature or the 
longitudinal cross-sectional 
area of the deflected basin. 

Fall deflection data were 
also gathered and it was found 
that these data varied 60 to 80 
percent from those obtained 
in the spring. Furthermore, 
there was no statistical rela -
Lionship between the maximum 
deflection and the curvature 
using fall deflections. A cur­
vilinear relationship did exist 
between the maximum deflec­
tion and the longitudinal cross­
sectional area of the deflected 
basin. 

Since a poor relationship 
existed between spring and fall 
deflections, and since spring 
deflections show higher deflec­
tions and hence the worst con­
dition of pavements, the analyi:;h; 
of deflection in this investiga­
tion is based on spring deflec­
tion data only. 

Subgrade Suppor t-The sub­
grade support value depends 
on two important factors: (a) 

resistance to a single applied load, and (b) rebound due to soil resiliency. The value 
of the resistance due to a single applied load is determined by various methods-in 
Virginia the CBR method is used. Resiliency is the property that causes material to 
rebound after the load has been removed. Due to rebound, fatigue often results in fail­
ure of the pavement. The subgrade soils in the Piedmont area are silty, contain mica 
and are generally highly resilient. Resiliency is not presently considered quantitatively 
in the design of pavements; however, in such soils, soil-stabilized subgrades are usually 
provided to reduce deflections and hence the detrimental effect of resiliency combined 
with high deflections. 

In this investigation, three methods of determining the subgrade support value were 
tried: (a) CBR test method, as adopted in Virginia, (b) design CBR-resiliency method, 
and (c) design CBR-physiographic method. 

Subgrade Su ort Value Based on CBR Test-The AASHO Design Chart for flexible 
pavements is based on subgr ade support values. Many states are trying to correlate 
their CBR or other soil strength values (obtained by the method adopted by them) with 
these subgrade support values. Their correlation is based primarily on the soil strength 
tests carried out by them on AASHO Road Test materials. 

The Virginia CBR values determined on AASHO Road Test materials were reported 
in 1961 by Shook and Fang (2). These values showed that the CBR of the subbase ma­
terial was higher than that Of the base material, the values being 95 and 53, respectively. 
To verify these illogical results, more AASHO Road Test materials were tested. This 
second test did indeed verify that the CBR of subbase material was higher than that of 
the base ma.teri:ll; th~ v~lues were about 140 and 40, respectively. No reason for the 
reverse order of these values is known. The highlights of the Virginia CBR method 
are given by Shook and Fang (1), 

It Wal) therefore not possible to correlate Virginia CBR values with the subgrade 
support values given in the AASHO Design Chart. 
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Subgrade Support Value Based on Design CBR-Resiliency- From prior knowledge, 
resiliency was thought to be a very significant factor in determining subgrade support. 
It was therefore thought that resiliency combined with the CBR value might give a better 
evaluation of the soil-subgrade support. During this preliminary stage of investigation, 
the property of resiliency was divided into three classifications-low, medium, and high 
-and these were assigned values of 1.5, 1.0, and 0.5, respectively. Thus a soil with 
low resiliency with a design CBR of 4 (i.e., CBR-resiliency value= 1. 5 x 4 = 6) is con­
sidered to have the same subgrade support value as a soil with high resiliency with a 
design CBR of 12 (i.e., CBR-resiliency value = 0. 5 x 12 = 6). 

Subgrade Support Value Based on Design CBR-Phys iographic Regional Factor-Vir­
ginia has been divided into 12 physiographic regions based on pavement performance 
(3). These regions have been classified according to the support properties of the sub­
grade materials found. In this investigation, these properties were divided into five 
categories, with 1. 5 being the best quality soil and 0. 5 the poorest. Subgrade soil sup­
port values based on this method were obtained by multiplying the design CBR by the 
physiographic regional factor in a manner similar to that mentioned earlier for CBR­
resiliency. 

A stepwise regression analysis was carried out to correlate the variables and eval -
uate the thickness equivalency values, as explained later. In this analysis the subgrade 
support values obtained by each of the two methods described were introduced separately 
to determine which of the values gave the better correlation. It was found that the sub­
grade support values obtained by either method gave better correlation between vari­
ables than without them. However, values based on design CBR-resiliency gave better 
correlation than the values based on design CBR-physiographic regional factor. The 
former values have, therefore, been used for further analysis. 

Moisture Content of the Subgrade Soil-The study of the moisture content of the sub­
grade soils of the satellite projects showed that in most cases the moisture content was 
higher than that of the soaked CBR samples during the time of construction. 

As mentioned, 41 of the soil samples were tested for plastic limits. About 40 per­
cent of these soils were non-plastic and most of the rest had field moisture contents 
less than 20 percent of their plastic limits. In the case of pavements with cement­
treated subgrade, when the subgrade moisture content was within 10 percent of the 
plastic limit (two cases only), no increase in pavement deflection from the usual pat­
tern was noted. In the case of one pavement (no cement-treated subgrade) with the 
subgrade moisture content near the plastic limit, a slight increase in pavement deflec­
tion from the usual pattern was noted. From the above it seems possible that in cases 
of pavements with soil-stabilized subgrade, the increase in subgrade moisture content 
does not affect the deflection values, while with an increase in subgrade moisture con­
tent with non-stabilized subgrades there is a slight increase in deflections when the 
moisture content approaches the plastic limit of the soil. 

EVALUATION OF THICKNESS EQUIVALENCY VALUES 

In the previous paragraphs the methods and the determination of all the variables 
have been discussed with the exception of thickness equivalency values. In this section, 
the method and the determination of thickness equivalency values are presented. Fur­
ther, a new conception of tolerable rebound deflection based on pavement rigidity is 
presented. 

To determine the thickness equivalency values, it is essential to have a basic idea 
of the behavior of pavements, particularly with respect to the region for which they 
are to be designed. This is discussed in the following paragraphs. 

Behavior of Pavements 

In the past, pavements were designed against plastic and shear failure. An example 
of this is shown in Figure 2 for the experimental project on Route 58. This figure shows 
that the deflections increased during the third to the fifth year. This indicates that the 
pavements were poor in design, and that after failure the deflections increased until 
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Figure 2. Examples of pavement deflections when foi lure is by shear (experimental project on Route 
58-cement-treated subgrade ). 

the pavements achieved stability, and then the deflections again became uniform. During 
the period of increased deflections the pavement became cracked and rutted. 

Study of the rebound deflection data of the satellite projects shows that for a certain 
period immediately after construction the rebound deflections decrease with an increase 
in the total traffic, indicating a consolidation phase. The duration of this consolidation 
phase varies with the pavement rigidity from 3 to 18 months; the more rigid the pave­
ment, the shorter the duration of this phase. A typical example of this phase is shown 
in Figure 3 for four designs on Route 360. On this project, designs Band Care pro­
vided with soil-stabilized base and hence are more rigid than designs A and D. In de­
signs A and D the consolidation phase is clearly indicated by the falling rate of deflec­
tion from December 1962 to March 1963, while in designs B and C the consolidation 
phase is absent. 

A recent survey (4) of flexible pavements in Virginia has shown that the distress of 
pavements due to rutting is generally uncommon. This study showed that the deteriora­
tion is mostly due to other causes, such as extensive longitudinal and pattern cracking 
in the wheelpath. These cracks are usually seen after a period of about 5 to 8 years 
and it is felt that they are the result of fatigue failure of an elastic pavement. 

Thus the pavements could be considered to pass through three different phases-the 
consolidation phase, the elastic phase, and failure due to. fatigue. During the consolida -
tion phase, the materials in the layered system of the pavements and the subgrade soil 
consolidate and become more dense and, as this process continues, the pavement de­
flections decrease. During the elastic phase the consolidation is almost negligible and 
the materials, including the subgrade, behave more or less elastically unless the axle 
weight increases, in which case further consolidation occurs. During this phase, the 
pavement does not seem to crack, and the deflections remain more or less constant. 
In Virginia this phase lasts for a period of about 5 years. 

The elastic phase slowly creeps into the third phase, i.e., fatigue. Thin longitudinal 
cracks develop and later widen and are then followed by pattern cracks, all of which 

usually take place in the wheelpaths. The 
pavements are resurfaced after the third phase. 
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Figure 3. Examples of pavement deflection 
during elastic phase (experime~tal project 
on Route 360-cement-treated subgrade ). 

Method Recommended for Design 

In view of the general behavior of pave­
ments, the pavements could be designed on 
the basis of elastic theory. The AASHO Com­
mittee (5) has recommended a model equation 
of the form, log d = a1h1 + aah2 + ashs + ... 
where a1, a~, a0 , etc., are the strength coef­
ficients of the materials in the layers having 
thickness equal to h1, h2, h3 , etc., respectively. 

Burmister's elastic theory (6) shows that 
the deflection of a pavement is not merely a 
summation of the strength of the individual 
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layers, but a ratio of the strengths of adjoining layers. Thus deflection is not merely 
a function of a1h1 (as indicated in the model equation given by AASHO) but also of 

Thus, for elastic design, if the ratio of the strengths of adjoining layers remains 
more or less constant, the AASHO Committee's model equation would be applicable. It 
was, therefore, necessary to determine whether the pavements in Virginia satisfy this 
criterion. The layered system and the range of values for the pavements studied are 
given below. 

The asphalt concrete mat is about 5 to 10 in. thick, consisting of about 3 to 7% in. 
of asphalt base (Mar s hall s tability less than 300 lb), overlaid by about 2 to 2% in. of 
bituminous binder and surface course (Marshall stability of about 700 to 900 lb). This 
asphalt mat is underlaid by a stone base of about 6 to 9 in., which may or may not be 
cement-treated. A cement-treated subgrade or select material, if provided, is sand­
wiched between stone base and subgrade soil. The thickness of the cement-treated sub­
grade is about 6 to 8 in. 

The description of the pavement structure in Virginia shows that the ratios of the 
strengths of the adjoining layers, though variable, remain more or less constant to 
satisfy Burmister's elastic theory requirements. It is therefore believed that the 
AASHO Committee's method of design might hold good. The thickness equivalency 
values determined from the study of such pavements will be applicable only to pave­
ments with layered systems and with materials of the type used and placed in the order 
described. 

Method Adopted for Determining Thickness Equivalency Values 

As already mentioned, the thickness equivalency of a material is the ratio of the 
strength coefficient of the material to the strength coefficient of asphaltic concrete. 
The strength coefficients of the materials in each layer have been taken as follows: 

a1 = strength coefficient of asphalt mat; the asphalt mat may consist of surface, 
binder, and base layers of asphaltic concrete. 

a2 = strength coefficient of stone base. 
a21 coefficient for additional strength due to cement stabilization of stone base; 

thus, cement-stabilized stone base has a strength coefficient equal to (a2 + a21). 
aaa coefficient for additional strength due to bitumen-stabilized stone base; thus, 

bitumen-stabilized stone base has a strength coefficient equal to (a2 + aa2). 
a3 = strength coefficient of select material. 
a4 = strength coefficient of soil-stabilized layer in the subgrade. 
ar = strength coefficient of subgrade when graded according to design CBR-resil­

iency factor. 

A stepwise regression analysis was carried out with a computer to determine the 
thickness equivalency values of the materials by means of the equation 

a 
where ~ =thickness equivalency value of the subgrade and Gs the equivalency grading a1 
of the subgrade soil support. The object of this analysis was to determine the thickness 
equivalency values of the materials and the effect of each variable on these values. 

About 70 combinations of different variables have been tried; the different groups 
used are given in Appendix B. 
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TABLE l 

T HICirnESS EQUIVALENCY VALUES O F MATE ftIA LS 

Asphalt 
Slone base 

Mate r ial 

Cement- treated s lone ln base 
A sphalt-treated stone in base (lean-mix) 
st-Jt.CI IJ:ltl l'l.fW lri aubblu 
Ce ment- s tabili zed s ubgrade 

Thic kness Equivalency 
As Dete r mined 

1, 0 
0, 35 
1, 1 
0, 75 
0, 0 
o. 5 

Thi cknes s Equivalency 
As Give n by AASHO 

1. 0 
0. 31 
0, 52 
o. 77 
0. 25 

not given 

The same equation was tried with 
log curvature and log (d + 2 a) instead 
of log d on the left-hand side. The 
results showed almost the same trend 
as with deflections and hence are not 
reproduced here. 

The stepwise regression analysis 
clearly pointed out two broad aspects 
of design: 

1. Within each group, a change in the number of variables did not greatly affect the 
thickness equivalency values. However, with a change in groups, the thickness equiv­
alency values of any given layer changed, sometimes to a great extent. This, therefore, 
shows that with the change in the arrangement and thickness of the layers , resulting in 
a change in ratio of. the strengths of adjoining layers, these values will change. 

2. The increase in the number of independent variables within each group gave higher 
values of the correlation coefficients and lower values of the standard error of estimate. 
This, therefore, shows that with an increase in the number of independent variables the 
analysis improves. 

The thickness equivalency values obtained by regression analysis of the satellite 
projects are given in Table 1. The values given by the AASHO Committee are also 
given in this table for comparison. These obtained values apply only to those designs 
which are similar to those of the satellite pavements, and should be considered tenta­
tive. These values are discussed in the following paragraphs. 

Thickness Equivalency Value of Asphaltic Concrete, ai -The thickness equivalency 
~~~~~-=~~~~-~~~~~~~~~~~~~- a1 

value of this material is usually higher than that of any other material, and is taken as 1. 

Thickness Equivalency Value for Stone Base, aa -The value of the thickness equiv-
~~~~~-=~~~~-~~~~~~~~~~ a1 

alency of this material varies from 0.35 to 0.40 for all satellite projects. The Asphalt 
Institute (7) and the CGRA (8) have recommended a value of 0. 31. On the basis of this 
investigation a thickness equivalency value of 0. 35 appears appropriate. 

Thickness Equivalency Value of Cement-Treated Stone Base, a 2 + a21 -The additional 
a1 

thickness equivalency value of stone base due to stabilization with cement was found to 
vary from 0. 5 to 1. 25. If we assume the thickness equivalency of stone base as equal 
to 0.35, the thickness equivalency of cement-stabilized base would vary from 0.85 to 
1. 55. A tentative value of 1.10 is assumed. It may be mentioned that only two of the 
27 projects had cement-treated bases. 

Thickness Equivalency Value of Asphalt-Treated Stone Base, aa + aaa -None of the 
a1 

27 projects in the satellite study had asphalt-treated (lean mix) stone base. Of the 43 
projects in the Piedmont area only two had this base. Analysis of these projects gave 
additional thickness equivalency values varying from 0. 25 to 0. 50. If we assume the 
thickness equivalency of stone base as 0.35, the thickness equivalency of asphalt-sta­
bilized stone base would vary from 0. 60to 0. 85. A tentative value of 0. 75 is recommended. 

Thickness Equivalency Value for Select Material, as -Analysis of all groups of 
a1 

projects, except the group with no stabilized subgrade, showed that the value of as was 
negative and tended almost toward zero. The· negative sign was probably due to an in­
teraction in the regression analysis. In the case of the gr oup with no stabilized sub­
grade the value of as, though positive, was very small. It could therefore be concluded 
that the select materials do not contribute appreciably to reducing deflections and the 
thickness equivalency value of this material could therefore be taken as zP.ro. 

This is no reason for not providing a subbase. It is felt that a subbase may be nec­
essary for improving drainage and preventing the penetration of subgrade material into 
the base course, etc.; however for better structural performance of the pavements the 
subbase material, if provided, should be nonresilient. 
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Thickness Equivalency Value of Soil-Stabilized Subgrade, a 4 -The value of the thick-
a1 

ness equivalency of this material varies from 0. 42 to 0. 49 for the satellite projects. 
This value varied greatly from group to group. For satellite and other projects, but 
including the experimental project on Route 360, this value was found to be above 1. 0. 
The reason probably is the variation in strength of the cement-stabilized m~terial. A 
value of 0. 5 is considered suitable for design. The AASHO Road Test has not recom -
mended any value for stabilized soil subgrade. 

Thickness Equivalency Value of Subgrade Strength, as -As already explained, the 
ai 

soil support value was evaluated in terms of design CBR-resiliency factor and design 
CBR-physiographic factor. As mentioned previously, regression analysis showed that 
the correlation was better with the variable using the CBR-resiliency value than with 
the CBR-physiographic value. Thus it shows that the design based on CBR-resiliency 
method would give better results than design based on CBR-physiographic method. In 

the 70 combinations of different variables tried the value of~ Gs was found to be 0.13. 
ai 

Deflection as a Function of Thickness Index 

The thickness equivalency values discussed in the preceding paragraphs were ob­
tained from the equation 

The expression in parentheses on the right-hand side of this equation without consider­

ing as Gs -the subgrade support value-when multiplied by ai is known as the thickness 
ai 

index, D, and represents the strength of the pavement without considering the support 
value of the subgrade. With the thickness equivalency values tentatively recommended 
above, the correlation given in Table 2 was obtained for different groups of projects 
between thickness index, D, and log d, where dis deflection in thousandths of an inch. 

In Table 2, the group of 19 satell.ite projects shows a better correlation. These 
projects have shown consistently good performance. Their ages vary from 5 to 12 
years and none of them have been resurfaced. A design based on the results of these 
projects may, therefore, be acceptable for pavements similar to those studied. In this 
investigation, a new concept of design, as explained in the following section, is proposed. 

THE CONCEPT OF TOLERABLE DEFLECTION AS 
A FUNCTION OF PAVEMENT RIGIDITY 

Rigidity of Layers 

When a load is applied, stresses are created in a pavement. These stresses will 
cause only bending in a perfectly rigid layer and only compression in a perfectly flexible 
layer. A semiflexible layer will partly bend and partly compress under the applied load. 
Further, the amount of bending will decrease as the rigidity (or modulus of elasticity) 
and thickness of the layer increase. Compression will increase as the rigidity (i.e., 
modulus of elasticity) decreases and thickness increases. In a pavement these prop­
erties of the layers could be evaluated by determining the deflections at the top and the 

TABLE 2 

CORRELATION BETWEEN THICKNESS INDEX AND log d 

Gr oup of Pr ojects 

1. Sa te llite study projects, excluding lhe two 
experi mental p r ojeds (number of pr ojects "' 19) 

2, Satelll te and other projects including lhe two 
experimenta l projects (number of pr ojects = 43 ) 

Standard E rror 
Of Estimate "' SE 

- OB'l 

, 110 

Co rrelation 
CoeCltc ient = R 

-0. 86 

- 0. '70 

Equation 

logd =- 2. 06- 0. 068D 

log d "' 2, 81 - O, 130 D 

bottom of each layer under 
a given applied load. If the 
deflections at the top and 
bottom of any layer are al -
most the same, the layers 
could be considered as rigid. 
A good example of this is a 
concrete slab. 
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Figure 4. Average rebound deflections at surface and at 
various depths below surface corresponding to layer in­
terfaces produced by indicated single wheel loads. 

In the case of a perfectly flexible 
layer, the deflection at the bottom 
of a layer is zero with a certain 
amount of deflection at its top. A 
good example of this is the sub­
grade soil, which because of its in­
finite thickness absorbs all the de­
flection by compression. 

A graphical interpretation of this 
hypothesis is shown in Figure 4, 
which gives the measured values of 
deflection of different layers of 
pavement on the Route 360 exper­
imental project. In order to get 
some specific results from these 
four figures we have ignored the 
shortcomings of the deflection 
measuring tool; e.g., in some cases 
the deflection is more beneath the 
asphaltic concrete layer than on top 
of it. 

These figures show that the 
moduli of elasticity and thicknesses 
of the asphaltic-concrete layer and 
cement-treated subgrade are such 
as to cause bending and very little 
compression in these layers. This 
is because the deflection of the top 
of the layer is almost equal to that 
at the bottom of the layer. It could 
therefore be assumed that layers 
with such materials are rigid, and 
hence the deflection is due to bend­
ing only. These figures also show 
that the stone base and select ma -
terial layers have higher values of 
deflection at the top than at the bot­
tom, indicating they both are under 
bending and compression. Thus, 
in design A, under a 9-kip load the 
deflection of the stone base is 0. 033 

in. at the top and 0. 026 in. at the bottom, indicating that the deflection of 0. 026 is due 
to bending and (0.033 - 0.026) = 0.007 is due to compression. 

Since the pavements are being considered as elastic, the failure of the pavement 
would be by fatigue due to repetition of bending only. Thus the best approach to pave­
ment design would also be on the basis of bending only, a function of rigidity. However, 
this is impracticable because it is not possible to separate the increase (or change) in 
deflection due to the presence of the flexible (compressible) layer from that due to 
bending. Hence in this preliminary investigation, the total deflection has been used for 
analysis. 

Design Based on Tolerable Deflection vs Rigidity 

Many investigators have recommended certain values of tolerable deflections for 
flexible pavements with and without soil.:.stabilized subgrades. Some recommended 
tolerable deflections are as follows: WASHO Committee (9)-0.030 in.; Nichols (10)-
0.036 in.; Ruiz (11)-0.035 in.; Hveem (12) has qualitatively recommended lower maxi­
mum values of deflection with increaseSln the thickness of asphaltic-concrete or ce­
ment-stabilized base. 
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Figure 5. Minimum permissible and tolerable deflection limits. 
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Previously it has been shown that the pavement deflection is a straight- line function 
of the thickness index and in the case of 19 projects it could be represented by 

log d = 2.06 - 0.068 D = 2.06 - 0.068 a 1 (h1 + a 2 h2 +as+ .. ·) 
a1 a1 

having a correlation coefficient R = 0.86 and a standard error of estimate SE= 0.087 on 
the log scale. This equation is based on the values of thickness equivalency of asphaltic 
concrete, stone base, cement-treated base, asphalt-treated base, select material, and 
soil-stabilized subgradeofl.O, 0.35, 1.1, 0.75, 0.00, 0.50 respectively. 

This relationship is shown in Figure 5. In this figure line PQ has been drawn for 
log d + 1. 5 SE (which includes 43 percent of the area under the normal curve) to indicate 
the maximum permissible limits-comparable to a tolerable deflection-of deflection for 
a given value of thickness index. If the deflection of a pavement exceeds this limit, the 
pavement is considered to be under-designed. The line RS in the figure has been drawn 
for log d - 1. 5 SE (which includes an additional 43 percent of the area under the normal 
curve) to indicate the minimum permissible limit of deflection for design. Thus a 
pavement is considered to have been over-designed if the deflection is much less than 
this limit. 

To make this relationship adaptable for the pavement design categories based on 
traffic in Virginia, an additional scale based on traffic categories adopted in Virginia 
is also shown in Figure 5, in parts A and B. The design categories and the thickness 
indices with and without stabilized subgrade are given in Appendix C. 

To illustratethe design based on these limits, let us assume a traffic category of II 
and a nonresilient subgrade soil with a high design CBR value that does not need a 
cement treatment. Figure 5 shows that under these conditions the maximum limit of 
deflection would be 0.050 to 0.060 in. and the minimum about 0.030 to 0.035 in. A de­
sign based on the average of these two values, i.e., O. 040 to 0. 047 in., would be appro­
priate. Figure 5 shows that for these design deflections the pavement should have a 
thickness index of between 5. 9 and 7.1. This is also shown in Appendix C. The pave­
ment should therefore be designed for an average thickness index of 6. 5 so that the 
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deflections should lie between the maximum and minimum permissible limits . Various 
choices in the structural cross section could be made: 

Asphalt mat 
Stone base 
D= 

Choice A 
5 in. 
4 in. 
6.4 

Choice B 
4. 5 in. 

6 in. 
6. 5 

Choice C 
4 in. 
8 in. 
6.8 

The flexible pavement design chart (Appendix C) recommends 4 to 8 in. of subbas e, 
3 in. of asphalt base (Marshall stability less than 300 lb, say), and 1 % in. of surface 
course (Marshall stability of about 700 to 900 lb). Thus we find that design of new 
pavements on the basis of rigidity-with the help of Figure 5 or Appendix C-may help 
in choosing a more economical structural cross section. It is likely that in providing 
the structural section as in choice A above, the deflections would be less, i.e., be nearer 
to line RS, than would be the case with choice C. In case of choice C the deflections 
would be nearer to line PQ. The reason for this would be that asphalt mat is more 
rigid and less compressible while the stone base is not. Hence with an increase in 
thickness of the asphalt mat and a reduction in the thickness of stone base, the deflec­
tions for the same thickness index would decrease. A proper selection of design on 
the basis of rigidity of layers is therefore essential. 

Since in Virginia the pavements have been considered to behave elastically after a 
short consolidation phase, increased rigidity of a layer would result in decreased de­
flections. Increased rigidity is also due to increased values of the thickness index 
caused by increased rigidity or thickness of rigid layers such as asphaltic-concrete 
or cement-stabilized base. This shows that permissible or tolerable deflection of the 
pavement is a misnomer, unless the rigidity of the pavement is known. Thus a pave­
ment with high rigidity will completely fail at a value of deflection which may be well 
within the permissible value of deflection for a pavement with low rigidity. 

In support of these conclusions, reference could be made to the work by Nijboer and 
Van de Poel (13), who have shown that deflection and stiffness could be correlated as 
follows: -

or 
or 

log d = ao - log (stiffness) 
= ao - rigidity 
= 2. 06 - 0. 068 D in this investigation. 

Deflection is therefore a function of the thickness index of the pavement or a function 
of thickness equivalency values and vice versa. Since rigidity indicates resistance to 
deflection only, the thickness equivalency values would therefore represent the same. 

Thus, given two layers of different materials but of the same thickness, the one with 
the higher value of thickness equivalency or rigidity will have a lower tolerable deflec­
tion under bending than the one with the lower value of thickness equivalency or rigidity. 
Furthermore, with two layers of different thickness but of the same materials, the one 
with the higher thickness will have a lower tolerable deflection under bending than the 
one with the lower thickness. 

Further, when designing flexible pavements with flexible layers sandwiched between 
rigid layers, the increased deflection due to the flexible layers should be kept within per­
missible limits so as not to overstress the overlying rigid layers. This was clearly evi­
dent on the experimental projects on Route 360, which have higher deflections as compared 
to other projects with cement-treated subgrade and no select material. The reason for this 
is the introduction of a select material layer as shown in Figure 4. This figure shows 
that if select material was not provided the total deflection might have been less. 

TENTATIVE DESIGN METHOD FOR VffiGINIA 

The design recommended below is based entirely on the present design method used 
in Virginia. This method has resulted from experience and research in the state. It is 
based on the principle that when the subgrade support value-based on the CBR value­
is low, soil stabilization is to be provided. In the method recommended for design, the 
soil support value is obtained from the CBR-resiliency method as discussed earlier. 
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Figure 6. Correlation between thickness index and total traffic for pavements with and without soil­
stabi Ii zed subgrades. 

Thickness Index of Different Design Categories 

Pavement design in Virginia is divided into eight categories, which are given in 
Appendix C. The thickness indices for each category based on the tentative thickness 
equivalency values determined in this investigation are also given in Appendix C. These 
thickness index values have been calculated for two classes of pavement, i.e., with and 
without soil-stabilized subgrades. For soils having low subgrade support values (i.e., 
say CBR-resiliency = 1. 5) it is assumed that the soil-stabilized subgrade will be pro­
vided and hence the thickness index value for the design with a stabilized subgrade will 
be suitable. For soils with a high subgrade support value (i.e., CBR-resiliency = 15) 
it is assumed that a soil-stabilized subgrade will not be necessary and hence the thick­
ness index value for the design without stabilized subgrade will be suitable. 

A regression analysis between daily 18-kip equivalent loads and thickness index was 
carried out and the relationships obtained are as follows (L = equivalent daily 18-kip 
single axle loads): 

1. For SSV = 1. 5, or pavements with soil-stabilized subgrades, 

log D = 0.742 + 0.155 log L 

having R = 0. 95 and SE = 0.12. 
2. For SSV = 15, or pavements without soil-stabilized subgrades, 

log D = 0. 458 + 0. 22 log L 

having R = 0. 98 and SE = 0. 047. 

The graph for these equations is shown in Figure 6. A nomograph based on these 
values is shown in Figure 7. Thus, in Figure 7 the range of soil support values varies 
from 0 to 15, with an approximate value of 1. 5 for highly resilient soils in the Pied­
mont area of Virginia. 

The SSV scale on this nomogram has been divided into three categories from the 
point of view of soil treatment. The author feels that the soils with an SSV value of 
less than 6 should be stabilized and the soils with SSV values more than 12 do not re­
quire stabilization. The soils with SSV values between 6 and 12 are left to the option 
of the designer. However, as a guide it is felt that in cases of highly resilient soils 
with design CBR-resiliency values = 0. 5 the soil should be stabilized; in cases of a 
medium-resilient soil with design CBR-resiliency values = 1. 0 the soil should be mod­
ified; and with a CBR-resiliency value of 1. 5 no soil treatment should be provided. 
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This nomograph can be utilized for determining the thickness index required for the 
design of new pavements, based on the subgrade soil properties and traffic in terms 
of daily 18-kip equivalents, or can be used for maintenance by evaluating the modified 
thickness for the revised traffic in terms of daily 18-kip equivalents. For example, 
for projects on Route 220 and Route 360, the load survey study in 1963 showed that the 
design daily 18-kip equivalents (average of 20 years) on these projects are 326 and 622 
respectively. The pavement on Route 220 haR a Rtahilizerl-Roil Ruhr;rarle a.nrl the pave­
ment on Route 360 has no stabilized-soil subgrade. Assuming their SSV to be 1. 5 and 
15 respectively, the thickness indices (from Fig. 7) required are 14. 5 and 13 respec­
tively. Thickness indices provided are 14.1 and 11.1. Thus it is seen that the project 
on Route 220, built in 1962, does not need additional strength on the basis of 1963 traf­
fic data while the project on Route 360, built in 1959, needs 2 inches of asphaltic con­
crete on the basis of 1963 data. 

If a new pavement was proposed on Route 360, with the same amount of traffic (18-
kip equivalent= 622) but with SSV = 1. 5, the thickness index required with a soil-stab­
ilized subgrade would be 17. 2. The choices of the structural cross section could be 
very many; for example: 

Choice A Choice B Choice C Choice D 
Asphalt mat 7 in. 8 in. 9 in. 10 in. 
Stone base 6 in. 6 in. 5 in. 8 in. 
Cement-treated base 5 in. 5 in. 4 in. 
Cement-treated subgrade 6 in. 4 in. 4 in. 8 in. 
D= 17.6 17.6 17.2 16.8 

Thus, with the help of this nomograph, pavement design can be simplified to facilitate 
the most economical design compatible with engineering judgment. While designing on 
the basis of this chart, it is recommended that, in addition to the basic fundamental 
requirements of better service and durability, the following requirements must be met. 
These requirements are recommended on the basis of the author's engineering judgment. 

1. Flexibility or rigidity is a function of strength and the thickness of material in 
each layer. Too much flexibilit¥ might overstress the asphaltic concrete. 

2. A minimum thickness of 1 Y2 in. of asphaltic concrete is necessary for low-traffic 
roads such as designs I and IA. With an increase in traffic the thickness must also be 
increased to keep the deflection category low. Thus, for medium traffic it should not 
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be less than 4 to 6 in. and for daily 18-kip equivalents of 660, the thickness of asphaltic 
concrete might be 10 in. 

3. The stone aggregate base course thickness may vary from 4 to 8 in. Since pave­
ment flexibility increases with the increase in thickness of the base course, an approx­
imate rule of one inch of stone base for every inch of asphaltic concrete may be a 
good one. 

4. Select material has a thickness equivalency value of zero. It may therefore be 
provided for improving drainage only. 

CONCLUSIONS 

The following conclusions drawn from this investigation are applicable mostly to the 
Piedmont area of Virginia from which the satellite study projects were chosen. Some 
are tentative pending further investigation. 

1. The structural performance of the pavements can be evaluated from rebound de­
flection or curvature, or longitudinal cross-sectional area of the deflected basin, ob­
tained from the Benkelman beam data. 

2. Subgrade soil strength, when determined by the Virginia CBR method, cannot be 
correlated with subgrade soil support values given by the AASHO Committee. 

3. Assuming the thickness equivalency value of asphaltic concrete as equal to 1. 0, 
the following thickness equivalency values could be considered for design in Virginia 
with the layers placed in the order described. In the base course, either a cement­
treated or asphalt-treated base layer is to be provided if desired. Below the base, 
either select material or cement-treated subgrade is to be provided, if desired. Any 
layer, excluding the asphaltic-concrete layer, could be omitted but not interchanged. 

a. Material in surface course = Asphaltic concrete = 1. 0 
b. Materials in base course = Stone base= 0.35, cement-treated base = 1.1, 

asphalt-treated base = 0. 75 
c. Materials in subbase for 

non-stabilized subgrade 
d. Subgrade 

= Select material = 0. 0 
= Cement-treated soil = 0. 50 

4. The tolerable deflection of a pavement is a function of its rigidity; the higher the 
rigidity the lower the tolerable deflection. 

5. The method presently used in Virginia is suitable for design but could be made 
more flexible by using a system as shown in Figure 7 and a design based on thickness 
equivalency values. 
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Appendix A 
DETERMINATION OF DEFLECTION, CURVATURE AND 

LONGITUDINAL-SECTIONAL AREA OF BASIN 

Method of Measuring Deflections 

In Virginia, Benkelman beam deflections are determined under a very slowly moving 
tandem wheel. The tandem wheel has a tire pressure of 60 to 80 psi and a load of 
9 ,000 lb. The procedure used is to begin the test with the truck wheels 2 ft behind the 
tip of the beam. An initial reading at - 2 ft is taken while the truck is stationary at this 
position. The truck then is moved forward and the maximum dial reading is recorded 
as the 0-ft reading. The truck is then stopped briefly at a point 2 ft in front of the tip 
of the beam, and this reading recorded as +2 ft. Simiarly, the readings at +4, +9 and 
+50 ft are recorded. The deflection at 0-ft reading is therefore equal to 2 (0-ft read­
ing - 50-ft reading). 

In case the 9-ft dial reading differs from the 50-ft dial reading, the front leg of the 
beam is assumed to have been in the deflection basin. The Canadian Good Roads As­
sociation (14) recommends a formula for correcting this situation. This formula is 
based on the difference between the 9-ft and 50-ft readings. The standard deviation of 
the repetitive Benkelman readings in this investigation was found to be 0. 0019 in. com -
pared to a value 0. 0016 in. which had been obtained previously. As indicated by the 
standard deviation of 0. 0019, the standard deviation of the dial reading (which is one­
half the deflection value) would be approximately 0. 001 in, Therefore, because of the 
imprecision of the dial reading, no correction has been made in this investigation for 
a difference of 0.001 in. This procedure agrees with the procedure used in the Cana­
dian Good Roads Association method, in which no corrections are made unless the 9-
and 50-ft readings differ by more than 0.001 in. A difference larger than 0.001 in. was 
very seldom found in this investigation and hence no correction was applied. 

The average deflection readings X, their standard deviations .a, and the values of X 
+ 2 a are given in Table A-1. 

Method of Measuring Curvature 

The curvature was measured by deducting the average of the initial reading at -2 ft 
and the 2-ft reading from the maximum dial reading recorded at the 0-ft reading. 



Serial Project Project 
Noe. No. 

l 2 3 

Exp. Proj. Rte. 360 
I ~ (Design A) (6 Groups) 

Exp. Proj. Rte. 360 
2 6 (Design B) (6 Groups) 

Exp. Proj. Rte. 360 
3 7 (Design C) (6 Groups) 

Exp. Proj. Rte. 360 
~ 8 (Design D) (6 Groups) 

5 10 7220-033-032 

6 11 220-044-030 (10 Groupe) 

7 12 220-044-019-C501 

8 13 068-071-020 

9 14 501-041-102-C501 

10 15 304-041-002-C501 

11 16 015-019-101, C-2 
(Light Design) 
(B Groupe) 

12 17 015-019-101, C-2, 
(Heavy Design) 
(6 Groups) 

13 18 017-030-008-C 

14 19 066-030-001-PI 

15 20 066-076-101-PI 

16 21 0236-029-007-008 

Exp. Proj. Rte. 58 
17 33 (Design A) 1962 

Exp. Proj. Rte. 58 
lB 34 (Design B) 1962 

Exp. Proj. Rte. 58 
19 35 (Design C) 1962 

Exp. Proj. Rte. 58 
20 36 (Design D) 1962 

21 37 460-009-019 

22 38 460-009-017 

23 39 50l-04l-102-C502 

24 40 015-014-101, C-502 

25 41 0360-020-031-GI 

26 42 0360-020-032-02B 

27 43 0360-020-019-027 

TABLE A-1 

BENKELMAN BEAM DEFLECTION DATA 
(Average Standard DeviatJone and Average Plue 2 er) 

Average Deflection Standard DevJatione 
Readings at 20 of 

x = 
Mean of 

Day Intervals Col. 4 1 51 and 6 Col. 4 1 5 
and 6 

I II III I II III 

4 5 6 7 B 9 10 

32 29 35 4. lB 4.2B 4.27 32. 0 

22 lB 21 4.69 5. 03 6.2B 20. 0 

35 31 36 18. 96 11. 27 14. 62 34. 0 

40 35 39 5. 56 4.19 2.19 36. 0 

20 20 - 3. 59 3.13 - 20. 0 

20 21 25 6, 66 3. 74 4. 74 22. 0 

20 16 18 3. 79 6. 45 5. 04 lB. 0 

23 22 25 4. 27 3. BO 5.23 23. 33 

26 24 27 8. 67 B. 46 13.47 25. 67 

16 14 17 1.23 1. 52 2 . 51 15.67 

15 17 20 4. 83 4. 94 6. 44 17. 33 

lB 15 17 5. 04 4.26 6. B3 16.67 

16 13 14 2. 66 2. 73 3. 37 14. 33 

9 7 13 1. 79 2. 04 6. 01 9.67 

15 14 16 2. 81 3. 21 3.17 16. 0 

16 12 14 3. 89 3.28 3.19 14. 0 

81 in 1962 24. 6 Bl. 0 

42 in 1962 3. 5 42. 0 

52 in 1962 12. 9 52 . 0 

52 tn 1962 16. 4 52. 0 

33 29 29 9. 33 B. 71 9. 2B 30. 33 

27 36 30 12. 73 9. 38 14. 6 31. 0 

36 37 39 10.16 9. 71 11. 66 37. 33 

25 24 29 5. BO 6. 58 7 .27 26. 0 

21 17 16 1. 84 1. BB 1. 94 lB. 00 

19 20 19 6.64 6. 38 6. 36 19. 33 

19 22 23 5.41 7. 06 6. 89 21. 33 

Method of Measuring Cross-Sectional Area of Basin 
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tr= x x 217"""" 
Mean of 

Col. 7, 8 Col. 10 
and 9 +2Col.11 

11 12 

4.24 40. 4B 

5. 33 30. 66 

13. 35 60. 70 

3. 9B 45. 96 

3. 36 26. 72 

5. 05 32.10 

5. 09 28.18 

4.43 32.19 

10.20 46. 07 

1. 75 19. 17 

5.40 28.13 

5. 3B 27.43 

2. 92 20.17 

3.2B 16.23 

3. 06 21.12 

3.45 20. 90 

24. 6 130.2 

a.5 49. 0 

12. 9 77. B 

16. 4 B4. 8 

9.11 4B. 55 

12.23 55. 46 

10.51 5B. 35 

6.55 39.10 

1. 89 21. 7B 

6.46 32 . 25 

6. 45 34.23 

The longitudinal ar ea of the deflected basin waa ealculated b\ ass umin. g the shape of 

the basins either as a s in curve of the equation Y =a sin (i -c} or a tr iangular deflec­

tion of the equat ion Y = b - ax or a sin curve within a 2-ft r adius of applied load , fol­
lowed by a straight-line slope. In these equations, Y = maximum deflection, a= a con­
stant, and c = 11 + horizontal distance of the deflected basin. 
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Appendix B 
GROUPS OF THE COMBINATIONS FOR REGRESSION ANALYSIS 

ON B5500 COMPUTER 

1. Satellite projects without stabilized subgrades (7 projects). 
2. Satellite projects with stabilized subgrades only (12 projects). 
3. All satellite and other projects but excluding experimental project on Route 360 

(39 projects). 
4. Satellite projects without stabilized subgrades, experimental project on Route 58 

and other projects without stabilized subgrades (22 projects). 
5. Satellite projects with stabilized subgrades and experimental project on Route 

360 (16 projects). The Route 360 project has select material between the soil-stab­
ilized layer and the stone base. 

6. Satellite projects with stabilized subgrades, experimental project on Route 360 
and five other stabilized subgrade projects in the Piedmont area (21 projects). 

7. All satellite projects excluding experimental projects (19 projects). 
8. All satellite projects including the two experimental projects and other projects 

in Piedmont area (43 projects). 

Appendix C 

FLEXIBLE PAVEMENT DESIGN CHART - PRIMARY AND INTERSTATE SYSTEM -
REVJBED APRIL, 1967 

TrAffic Dlltly Equlv•lent •stabilized •SUbba11e Baoe Binder Surfo.oo Tb.loknase Index 
Category 

I 

r 

IA 

II 

IIA 

lll 

rv 

v 

VI 

18 kip Axle Loads Bub grade Course Course 

2 n 4 5 6 '/ 

0-7 6" None 411 - 6 11 (a) None P & DS (b) 

8 - 16 6" None 611 
- 811 (a) None P &. DS(c) 

17-124 6" 411 - 8" 311 B-3 None 165# S-4 or S-5 
(345#) 

125-224 6" 411 .... 8" 4" B-3 None 165t S-4 or S-5 
(460#) 

225•329 6" 40 - en 6° B-3 None 165f S-5 
(690#) 

330-429 6" 6" - 10" 6 11 B-3 165# 1-2 100# S-5 
(690#) (1 . 5" ) (l. 0") 

430-S59 6" .... 12 11 611 - 10" 8" B-3 None 165# S-5 
(920#) (1. 5") 

660 and Over 611 .... 12" SH - 1211 8" B-3 165# 1-2 100# S-5 
(920#) (1,5") (1. 0") 

(a) Stone-base. 

(b) P~ime and Double Seal on Contract I. - 165# Plant Mix on Contract II when warranted. 

(c) Prime and Double Seal on Contract I. - Up to 3001 Plant Mix on Contract II. 

*Minimum depth of subgrade stabilization and eubbase will depend on eon conditions and design CBR value. 

Discussion 

Wltb. BUD- Wltn DO SUU-
grade etabi- grade stabi-
lizaUon llzation 

8 u 

5. 9 to 7. 3 2. 9 to 4 . 3 

7. 3 to 8.8 4. 3 to 5. 9 

8.8to10.1 5. 9 to 7. 1 

10.1to11 . 6 7. 1 to 8 . 6 

11.6 to 13 . 5 8. 6 to 10 . 5 

13.5 to 14 . 5 10.5to11.5 

14.5to18.0 11.5to13. 2 

18.0 to 20.7 13.2to14.7 

W. H. CAMPEN and L. G. ERJCKSON, Omaha Testing Laboratories, Inc.-We wish to 
ask two questions and make some comments. 

Question and Comment No. 1: You classify the resilience of subgrades in terms of 
low, medium, and high, and assign values of 1.5, 1.0 and 0.5 respectively. However, 
these values appear to be arbitrary without coordination with some field test which can 
give a numericai range for the three categories. We are wondering what these ranges 
might be in terms of plate load tests or Benkelman beam measurements. 
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Question and Comment No. 2: We question the implication of your definition of a 
flexible layer. You say that a flexible layer shows compression on loading and rebound 
when the load is removed. This is not necessarily so. You, yourself, have come to the 
conclusion that asphaltic concrete layers are practically incompressible. It can be 
proven also that base and subbase layers for flexible pavements can be so designed and 
compacted as to render them incompressible. The elasticity or rebound in such cases 
is due entirely to the subgrade resilience. 

Since we question your implication, it seems up to us to attempt to define a flexible 
pavement. We will admit that although we have used the term "flexible pavement" for 
30 years, we have not read or heard a definition for it. However, engineers seem to 
have a common understanding concerning its composition, mechanical properties, and 
load-distributive characteristics. 

As far as composition is concerned, a flexible pavement contains a bituminous paving 
mat as a wearing surface and layers of base and subbase. The bituminous layer may 
range from sheet asphalt to coarse asphaltic concrete. The base and subbase layers 
may consist of compacted soil-aggregate or crushed-aggregate mixtures, or mixtures 
of the two. These mixtures may be coated with bituminous material and designated as 
bituminous-treated bases. The layer components must be stable enough to resist dis­
placement (plastic flow) under traffic. Generally, these mixtures possess very little 
cohesion. 

As far as the principal mechanical property of each layer is concerned, it must be 
able to distribute load to the layer beneath. The layered system as a whole must be 
able to distribute load over the subgrade. For a given load and a given subgrade, the 
total thickness of the layered system must be such as to limit the elastic deformation 
or rebound at the top of the system to prevent cracking and eventual destruction. 

This describes the composition and mechanical property of a flexible pavement. In 
giving a definition for such a pavement, reference must be made to a rigid pavement. 
The distinction between the two types is based on manner in which they distribute load. 
A rigid pavement layer distributes load by beam action, whereas a flexible pavement 
layer distributes load by some angle of distribution such as described by the Boussinesq 
equation. 

N. K VASWANI, Closure-In reply to Question No. 1 by Messrs Campen and Erickson, 
the resiliency of subgrade soils has been classified in terms of low, medium and high 
and arbitrarily assigned values of 1. 5, 1. 0, and 0. 5. These resiliency values are based 
on the soil classification reports of the satellite projects in the Piedmont area of Vir­
ginia and the general knowledge of the types of the soils prevalent; e.g., micaceous silts 
could be considered to be highly resilient. These values are therefore not recommended 
for adoption in other soil areas. 

In the Piedmont area of Virginia, the Benkelman beam rebound deflections of the 
pavement are high and the values mentioned were multiplied by the CBR values to pro­
vide the effect of resiliency in reducing the soil support value. 

The answer to Question No. 2 has been divided into 3 parts: (a) the implication of 
the definition of a flexible layer; (b) rebound of a flexible layer; and (c) design of a 
pavement with incompressible layers of asphaltic concrete, base, and subbase. 

Implication of the Definition of a Flexible Layer 

The term "flexible pavement" was probably used when portland cement concrete 
rigid pavements came into use. The flexible pavement was considered to consist of 
materials whose ingredients were not well bonded together and hence had no bridging 
effect like the materials in the rigid or concrete pavements. 

Sophisticated design methods and construction techniques, e.g., improved bituminous 
mix designs and better compaction techniques, provide a high modulus of elasticity of 
the materials in the pavement layers. The flexible pavements built presently are of a 
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Figure 8. 

more rigid type than those built in past years. 
The old understanding of the term "flexible 
layer" or "flexible pavement," therefore, 
needs modification. The modification is nec­
essary to express the concept of present de­
sign techniques. This was the object of the 
definition provided here. 

The discussants agree that a "rigid layer" 
or "rigid pavement" is one which exhibits the 
bridging effect, which, in terms of design con­
cept, indicates a high modulus of elasticity in 
bending. Road materials which satisfy this 
requirement also have a high modulus of elas­
ticity in compression, and since the modulus 

of elasticity = stress/strain, it follows that the compression produced in such a pave­
ment or layer is very low for a given amount of stress or load. 

Thus a perfectly rigid pavement has been defined in the paper as one which does not 
compress but only bends due to the applied load. A portland cement concrete pavement 
is, for all practical purposes, considered a perfectly rigid pavement and hence is de­
signed on the basis of the theory of bending only. 

The question now arises as to what the other extreme case would be that only com­
presses and does not bend due to the applied load. We should be able to supply a term 
for this extreme case. The discussants admit that they have not read or heard a de­
finition of a "flexible pavement," though lhi::; word ii:; commonly used. Why then hesitate 
to define this extreme case by the terms "flexible pavement" or "flexible layer" as the 
case inay be? These terms would retain the same meaning as they have in the past and 
also would pinpoint the properties of this case. 

In the paper these two terms have been defined under the heading "rigidity." The 
time is coming when the term flexible pavement will be forgotten and the pavements 
will be designed on the basis of the "degree of rigidity." Design on this basis has been 
given in the paper for the Piedmont area of Virginia. 

Rebound of a Flexible Layer 

In the paper, the author states only that a flexible layer shows compression on load­
ing, and not that it is a flexible layer because it rebounds. 

Design of a Pavement With Incompressible Layers of Asphaltic Concrete, 
Dase, and Subbase 

If these layers are stable enough to resist displacement- due to plastic flow- under 
traffic, the deflection of the layers could be represented by the graph shown in Figure 
8. In such case the pavement should preferably be designed on the basis of the theory 
of bending as given by Westergaard for design of portland cement concrete slabs, rather 
than on Boussinesq's equation for homogenous isotropic plastic materials. 



Theoretical Asphaltic Concrete Equivalences 
BONNERS. COFFMAN, GEORGE ILVES, and WILLIAM EDWARDS 

Respectively, Associate Professor of Civil Engineering and Research Associates, 
Ohio State University 

Theoretical asphaltic concrete equivalences were calculated on 
a continuous hour 1 y or fourth-hourly basis for a 245-day 
period. For these calculations equivalence was defined as that 
thickness of base necessary to replace one inch of surfacing 
for equal deflection. Deflections were calculated using the 
layer elastic theory and the results of static and dynamic lab 
tests of the pavement materials in the frequency domain. The 
materials investigated were two asphaltic concrete surfacings 
and three asphaltic concrete bases. The effect of testing spec­
imens with H/D ratios of less than two was investigated. The 
subgrade was that determined from the 1960 trenchings at the 
AASHO Road Test and the continuous hourly temperature data 
were those reported by the Asphalt Institute. Continuous 19-
kip single-axle loadings moving at 50 mph were assumed for 
the principal calculations. The effects of different loadings 
were examined as functions of weight, speed, time, and con­
tact area together with the effects of different subgrades and 
layer thicknesses. It was concluded that there is no unique 
equivalence and that the inclusion of a failure term is neces­
sary to the theoretical calculation of equivalence for given ma­
terials, environment and loadings. 

•THE objective of this study was the investigation of a theoretical approach, using 
laboratory test results, for determining the relative structural equivalences of asphaltic 
concrete surfacings to base materials in highway pavements. This problem is signif -
icant because of the possible geometries and diversities of materials available for use 
in pavements, the traditional approach to pavement design, and the relative insensitivity, 
as well as the time and money costs, of on-the-road performance-type tests. Similar 
studies of this problem in the past have been based on various criteria using average 
conditions, performance, etc. , and the equivalences so determined can show a rather 
large range (1, 2, 3). In this study the criterion used to determine equivalence in­
volves finding the increased thickness of a material that compensates for the deflection 
resulting from a unit thickness decrease in another material. The importance of de­
flection as a criterion was shown by the AASHO Road Test, in which deflection corre­
lated as well with performance as did loadings and structural design (4). 

The prediction of pavement deflections using the results of laboratory tests and the 
elastic layer theory has been of major interest in past work here. The results of com­
parisons of predicted and measured deflections have been reported (5, 6) and form the 
base for this study. The initial development of an approach to determiiii.ng material 
equivalences using deflections was accomplished in work performed under a grant by 
the Asphalt Institute (7). That work showed the importance of variations in pavement­
material properties with time-associated changes in temperatures, moisture contents, 
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and densities. Based on that work it was concluded that there was no unique equiva­
lence and that the theoretical determination of average equivalences must be based on 
climatic conditions as they actually vary with time. 

Changes in pavement material properties with time, excluding the effects of aging, 
will vary with the pavement, its geographical location, and the time under considera­
tion. Such changes are easily recognized in the rapidly changing temperatures in the 
asphaltic concretes and in the relatively slowly changing moisture contents and den­
sities in the underlying layers. These changes are interrelated to some degree and in 
any study that considers the effect of such changes , it is necessary that the various 
data be compatible. Unfortunately no complete source of such compatible data is known 
and to investigate theoretically the equivalences of various asphaltic concretes for this 
study, it was necessary to devise a hybrid pavement-climate history. The resulting 
artificial conditions were composed of the hourly 12-in. asphaltic concrete tempera­
ture data reported by Kallas for 1964-5 in College Park, Maryland, and the subgrade 
conditions reported for the 1960 trenching studies of the AASHO Road Test (8, 9). For 
these conditions the equivalences of two asphaltic concrete surface and three asphaltic 
concrete base materials were investigated for those months in which the Road Test 
subgrade was not frozen. 

Samples of the investigated materials have been tested in the laboratory and, using 
these test results, calculations of deflection under a 19-kip single-axle load moving at 
50 mph were made using the three-layer elastic theory (10). These calculations were 
made for consecutive hours for 12-in. thick pavements composed of 3- and 9-in. thick­
nesses of surface and base materials. For each of these times 1 in. of the surface 
material was removed, in theory, and the amount of base necessary to bring the cal­
culated deflection back to the original value was found by successive approximations. 

While this study was restricted to asphaltic concretes in two constant layers, the 
methods used are believed applicable to such pavements in any number of layers. In 
that connection the greatest significance of this work may well be in the theoretical 
simulation of pavement response to moving loads with continuous time. 

MATERIALS 

The asphaltic concrete materials investigated in this study were the AASHO Road 
Test surfacing and base together with Ohio's T-35 surfacing and B-21 and B-35 bases. 
Complete laboratory test results for the Road Test surfacing, subgrade and base ma­
terials have been reported (5, 7) as have similar r esults for Ohio's T-35 and B-21 
asphaltic concr etes (6). As-constructed for pavement service, the AASHO and the T-
35 surfacings were composed of wearing and leveling coui·ses. The preparation of 
laboratory test specimen1::> of each of the1::>e materials involved the creation of a simu­
lated mix in which the gradation of the aggregate was the average for the two courses. 
In addition, for the T-35 surfacing, data were available from tests on pavement cores 
in which the strain gages bisected the two courses. Samples of the Ohio B-35 base 
were tested as a part of this study. 

Specimens of the B-3 5 base were taken from an in-service pavement using diamond 
core drills. This pavement, Hamilton Rd., was constructed during the fall of 1964 
and the core specimens were taken on May 31, 1966. Figure 1 shows the average ag­
gregate gradation of the B-35 base from extraction tests made during construction of 
the pavement. These tests gave an average asphalt content of 4. 9 percent (of total mix) 
of a 70-85 penetration asphalt. Also shown for comparison in Figure 1 are the grada­
tion curves of the other asphaltic concretes as well as average data from similar tests 
on the lab specimens. 

The average core diameter from the Hamilton Rd. pavement was 3. 75 in. and the 
average height was 7. 5 in., of which some 3. 5 in. were of the B-35 base and the re­
mainder was of the surfacing. The surfacing layer was removed from the core speci­
mens by sawing with a diamond saw; as was a thi n l ~yer reprel'lenting the irregular 
bottom of the asphaltic concrete. This gave rather short test specimens 3. 75 in. in 
diameter and 3. 0 in. high or an H/D ratio of about 0. 8. 
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Figure l. Aggregate gradations. 

The B-35 core specimens were tested under dynamic loading to determine the variation 
in complex modulus IE* I and phase shift ¢ with changes in specimen temperature and 
in loading frequency. In these tests the asphaltic co1.1crete specimens were subjected 
to simple axial compressive loading in the form of a sine wave and the resulting strain 
was measured with SR-4 gages mounted at specimen mid-height. These test proce­
dures, involving relatively small loads and strains, and the analysis of the resulting 
data have been given in some detail previously (9). In brief, for unconfined dynamic 
compressive tests where steady-state sinusoidafloading is of the form av = a0 sin wt 
and the resulting strain is of the form E'v = E"o sin (wt - ¢), by definition: 

where 

ao ti 
IE*I = - and ¢ = - (360°) 

E'o tp 

I E*I complex modulus, 
¢ phase shift, 

ao amplitude of stress wave, 
E'o amplitude of strain wave, 
ti = time between homologous points on the two curves, and 
tp = period. 

Before this study no tests of specimens with an H/D ratio of appreciably less than 2 had 
been performed here. Because of the relatively thin layer of the B-35 base in the Ham­
ilton Rd. pavement it was necessary to investigate the feasibility of testing specimens 
with H/D ratios on the order of one. 

End Effects 

The effect of end conditions can be marked in test specimens with plane and parallel 
ends and H/D ratios of appreciably less than 2. This is a historic problem in elasticity, 
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as shown by the theoretical work of Filon in 1902 (11). There are two practical diffi­
culties associated with testing short specimens. These involve the problem of achiev­
ing plane ends perpendicular to the axis of the specimen and the problem of eliminating 
the end restraint (or vice versa) that results when end platens are of different E and µ 
than the specimen. Past efforts to solve the latter problem have involved the use of 
segmented end platens, oiled membranes, low-friction membranes, combinations of 
these, etc. (12, 13, 14). For the purposes of this study a limited experimental investi­
gation into these problems was undertaken. 

To investigate the effect of specimen treatment and end conditions, a group of 16 
asphaltic concrete test specimens was prepared that represented the range in materials 
that had been used in past studies. These capped specimens were 4 in. in diameter by 
8 in. high and were mounted with 1 %e-in. active length SR-4 strain gages at sample mid­
height. The specimens were repetitively tested over a period of several days to provide 
datum values of individual and average I E*I to which the effects from subsequent vari ­
ables could be referenced. As a side variable in this test series, the effect of end ir­
regularities (introduced by inserting feeler gages up to 0. 050 in. in thickness) was in­
vestigated as well as the effect of using different end materials, such as %-in. -thick 
gasket-cork layers, 10-mil sheet Teflon, triaxial rubber membranes, etc. As would 
be expected there was no effect on average test values from the introduction of any of 
these conditions or materials at the ends of the capped specimens. 

Eight of the 16 specimens were then used to investigate the effect of "freezing" (0 F) 
followed by annealing (1 hour at 150 F) on capped specimens. This question was of in­
terest because it was expected that sawing would be better accomplished with frozen 
specimens. The results of these tests showed no effect on average I E*I as a result of 
freezing; subsequent experience with sawing indicated that it was as easy to saw un­
frozen as frozen specimens and that the effects from sawing were similar. 

Following these tests, the caps (only) of eight of the datum series were removed by 
diamond sawing. These specimens were then annealed at 150 F fol' 1 hour and repeti­
tively tested at 88 F and 10. 8 rad/sec over a period of several days. They were tested 
with steel end platens, with steel platens and feeler gages 0. 004, O. 008 and 0. 015 in. 
thick inserted (between sample and platen) directly over a strain gage as well as with 
the feeler gage at 90° from over the strain gages. There was no effect on average IE*I 
with steel end platens. There was no effect of end irregularity introduced by feeler 
gage below the 0. 015-in. level. At that level there was a trend, barely significant, of 
slightly lower average IE*I with the feeler gage directly above the strain gage, and 
slightly higher average IE*I with the feeler gage away from the strain gages. There 
was no effect with cork alone nor was there any effect of feeler gage when used with 
cork. Other capping materials gave results similar to those with cork. 

These specimens were then shortened by sawing to a height of 51/4 in., after which 
they were annealed and retested. At this point an effect fr om sawing was first observed 
in that first tests gave higher strains than did all subsequent tests. The latter gave 
values that were stable under repetitive testing performed daily for several days. Ap­
parently some disturbance was caused by the sawing that was corrected in subsequent 
handling. At this time tests with cork showed no change from datum in average IE*I 
while tests with steel platens (only) gave individually erratic results that were some­
what higher in average IE*I · Deviations of the ends of these samples from planes were 
estimated to be on the order of 0. 002 in. from measurements made with an Ames dial 
by sliding the sample across plate glass. The difference in height across the speci­
mens was on the order of 0. 030-0. 060 in. Tests with stacked triaxial membranes as 
well as those with stacked Teflon layers gave results intermediate between steel and 
cork, whether the layers were oiled or not. 

After these tests the specimens were shortened by sawing to a height of 3 in. after 
which they were annealed and re-tested. The effect of sawing was again noted in first 
tests. Individual test results with steel platens were wildly erratic. Subsequent test 
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and were significantly lower than the datum test values; cork was somewhat better than 
rubber. In this later test series there was no effect of specimen rotation with respect 
to cork or rubber end materials. The results of tests using polyurethane foam caps 



were similar to those with cork and rubber except that the average I E*l determined 
with foam showed no significant difference from the original datum tests. 
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From the results of these tests it was believed that both the foam and the cork showed 
promise as capping materials and that these two materials should be investigated at 
other test temperatures and frequencies with a larger number of test specimens. These 
tests were performed with results that, in brief, showed that the effects of these capping 
materials were variable under the different conditions of temperature and frequency. 
It was concluded that they could not be generally used as cappings for short asphalt con­
crete test specimens to eliminate end effects, even at the relatively low strain levels 
used in these tests. These results indicated that perhaps the only hope of solving the 
"like E and µ," problem with short specimens was to use caps of the same materials as 
the test specimens. 

Following these findings the test datum specimens were ground at a local steel sup­
plier with a Blanchard grinder. This equipment is rated to give ends out of parallel 
or of plane of less than 0. 002 in. and the resulting surfaces were well within these 
tolerances. Check tests on these specimens, using the capping materials previously 
investigated, revealed the test-sequence effect first noted with sawing-the lower first­
test value was again followed by recovery to the pregrinding value. Tests were per­
formed using two of the datum specimens as caps while a third specimen, placed be­
tween the two capping specimens, was tested. The results showed that at the higher 
temperatures the resulting average I Elf I were at datum values but that there was some 
effect of rotation of the caps with respect to the middle test specimen. It was suspected 
that the rotation effect was dependent on relatively small end-surface irregularities. 

The ends of the capping and test specimens were carefully hand ground, using de­
creasing grit size down to No. 180, and retested at high and low temperatures. The 
results of these tests showed that the effect of rotation was more pronounced at the 
lower temperatures. Analysis of these data suggested that the rotation effect was strain­
dependent; i. e. , in tests at the higher temperatures and higher strains there was enough 
strain to overcome the effect of small end irregularities. This thesis was checked by 
performing tests at high temperatures at both low and high strains and the rotation ef­
fect that had been observed at low strains and temperatures was replicated. In these 
check tests the strain levels were about 30 and 120 microinches per inch-values that 
were comparable to those at which the effect was first noted. In check tests at the 40 F 
level it was not possible to achieve the higher strain level with the loading equipment 
available although lower strains could be attained. These tests did show, however, the 
same trend of decreasing dispersion in test values with increase in strain level. In 
these tests the strain levels were some 15 and 30 microinches per inch. 

Based on analysis of all data it was concluded that hand-grinding to the No. 180 grit 
level brought the !E*I values to within ranges that were acceptable for the purposes of 
this study. One of the findings in this test series was that specimen ends, once pre­
pared by grinding, must be maintained by keeping the specimen capped with plane sur­
faces. Asphaltic concretes are viscoelastic and surfaces ground plane will change with 
time and handling technique. In this study plate glass was used for this purpose and the 
insertion of 1- or 2-mil Teflon between the glass and specimen prevented bonding of the 
two. 

This study was not exhaustive, by any means, and further research on the problem 
of testing short asphaltic concrete specimens at low strain levels is needed. Where 
specimens with fairly smooth ends and with H/D ratios on the order of 2 are available, 
or can be made, there is no particular problem as would be expected and as was ex­
perimentally confirmed in this study. If it is desired to test samples from in-service 
pavements, however, layer thicknesses and aggregate sizes will control the size of the 
specimens that can be used for such tests. For many pavements, such as the Hamilton 
Rd. pavement in this study, it will be necessary to test specimens with low H/D ratios. 
In these cases it will be necessary to use extraordinary techniques to minimize the end­
effect problem. 

For the tests of the Hamilton Rd. base specimens in this study the ends were ground 
through the No. 180 grit size as discussed previously. After each specimen was hand­
ground it was stacked to give composite specimens composed of two central and active 
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specimens capped on the ends with inactive or capping specimens. First tests of these 
composite specimens were at 110 F and 10. 8 rad/ sec at which point the specimens, 
which had a tendency to bond, could not be easily separated. Following these tests the 
B-35 specimens were tested at other temperatures and frequencies and at the end of 
testing bonding was complete to the point that the composite specimens could be lifted 
by the top without separation. The average results of these tests are given graphically 
in Figure 2. Check tests for linearity of response (to increases in compressive stress) 
are not shown but gave results on the order of those of the other asphaltic concretes in 
this study. 

Asphaltic Concretes 

The study was concerned with the response of the different asphaltic concretes to a 
truck moving at 50 mph. With the truck loading represented by a cycle length of 6 feet, 
as used in past studies (5, 6), this is equivalent to a lab sinusoidal loading frequency of 
77 rad/sec. The moduli response of the five asphaltic concrete materials to tempera­
ture change at this. frequency is given in Figure 3. These data represent an interpola­
tion for frequency and an extrapolation for temperatures higher than 110 F and lower 
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Figure 3. Complex moduli at 77 rad/sec. 

than 40 F, except for the AASHO surfacing which was tested at temperatures between 
120 and -20 F and the B-35 base which was tested up to 130 F. The data for each of 
these curves werefittedwith polynomialsfor machine processing, sothat each material 
was represented by two fourth- or fifth-order polynomial equations representing the 
laboratory test relation between IE*I and temper ature at w = 77 rad/sec. 

Subgrade 

The response of the subgrade to changes in saturation represents a similar inter­
polation for frequency and for the range in saturations involved in this study. This 
range was based on the results of the 1960 Road Test spring and fall trenching studies; 
the variation of saturation with calendar time was estimated. For convenience in pro­
cessing, the data were reduced to an equation expressing the relation between subgrade 
modulus and AASHO Day for w = 77 rad/sec: 

IE*! = 5. 2587058 + 2. 062026 (10t 2 D - 1. 8678979 (10)- 4 D2 

+ 1.1368754 (10)- 6 D3 
- 4. 0310894 (10)-9 D4 

+ 5. 6703537 (10)-12D5 

where D = AASHO Day - 1370 (between 1370 and 1615), Day 1370 =Apr il 1, Day 1615 = 
December 2, and IE*I is in (10) 3 psi. The range expressed in this equat ion is from 
about 5, 300 to 6, 400 psi. 
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Temperature Data 

The source of the temperature data used in this study was that reported by Kallas 
for a 12-in.-thick asphaltic concrete pavement section at College Park, Maryland (8). 
The data consisted of hourly temperature measurements at the surface and at each 2-in. 
depth to the bottom of the pavement for a continuous 12-month period from June 1, 1964, 
to May 31, 1965. That portion of the data that included the calendar days represented 
by AASHO Days 1370 to 1615 was entered on punched cards for machine processing. 
Within this time period a relatively small amount of data was missing. The missing 
times were filled by inserting hourly temperatures from days with similar precedent 
temperatures. Interestingly, at the junction of the 1964 and 1965 temperatures (hour 
2400 on May 31, 1965, and 0100 on June 1, 1964) there was no break in the trend of 
temperatures with time and no adjustments at this junction were necessary. 

CALCULATIONS 

For this study, equivalence was defined as that thickness of base that would compen­
sate for the effect on deflection of decreasing the surface layer thickness by 1 in. The 
pavement section used consisted of 3 in. of asphaltic concrete surfacing and 9 in. of 
asphaltic concrete base. This structure was underlain by the subgrade represented in 
the data from the AASHO Road Test and was theoretically subjected to the temperature 
represented in the Asphalt Institute temperature data. Loading was a 9. 5-kip wheel load 
moving at 50 mph for which the equivalent loaded area was 137 sq in. (R = 6. 6 in.) and 
the equivalent laboratory test frequency was 77 rad/ sec. Deflections were calculated 
using the "n" elastic layer solution developed by the Chevron Asphalt Co. This com­
puter programmed solution was used as three layers with µ = 0. 35 and the respective 
layer moduli, Ei = I Ei * I for w = 77 rad/ sec. 

Equivalence 

To calculate the equivalence of layer 1 to layer 2 (surface to base) for a given day 
and hour, the deflection under the center of the loaded area is calculated for that time. 
In this calculation E1 is determined by the average temperature of the upper 3 in. (h1 ) 

of the 12-in. pavement section, E2 is determined by the average temperature of the 
lower 9 in. (h2) and E3 is determined by the AASHO Day. With this deflection known 
and E3 constant, calculations are then made with h1' = 2 in. and with variable base 
thickness, h2', to find that thickness at which the deflection is the original value. In 
these calculations E/ is determined by the average temperature of the upper 2 in. and 
Ea' is determined by the average temperature within the thickness under consideration. 
This procedure can be visualized as a graphical plot of deflection vs h2' calculated with 
a surfacing thickness of 2 in. The intersection of the resulting curve with the original 
deflection (calculated with h1 = 3 in. and h2 = 9 in.) determines the equivalence which, 
for this pavement section, is the h2' intercept minus 9. To determine the equivalence 
at the next succeeding hour this procedure is repeated using the different temperature 
gradient that normally exists in the asphaltic concrete at the different time. When h2' 
is greater than 10 in., the temperature data are linearly extrapolated using the mea­
sured temperatures at the 10- and 12-in. depths. 

With the data available. in this study it was possible to determine the equivalences 
of two asphaltic concrete surfacings to three asphaltic concrete bases under the hybrid 
climatic conditions created for each hour of a 245-day period. For one set of materials 
(one surface and one base) this entails some 5, 880 calculations of equivalence. To this 
end a computer program was developed that would calculate continuous hourly equiva­
lences for the 245-day period. 

In programming the calculation of equivalence, an iteration process was used to 
converge on the value of h2' at which the deflection was the original value. To start 
this process a t::i.h2: of 1 in. is used, i.e., h2' = 10 in. (in calculations for successive 
hours the first Ah2' tried is the equivalence for the previous hour). The deflection cal­
culated with the first Ah.2' is compared with the original value and if the deflections differ 
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by more than 0. 00002 in., a new l:ili2' is found using the empirically derived relation 

Ah I I 9 AW .... 2 == h2 - - Q.156 

where AW is the difference in the two calculated deflections. In successive iterations 
Ah2' is found by linear interpolation using the results of the last two calculations. The 
iteration process is discontinued at any point when the new Ah2' is less than 0. 009 in. 
This process was relatively efficient and converged on the equivalence in an estimated 
average of 2% trials in successive hourly calculations and in 3 trials in calculations for 
every fourth hour . No significant differences were found between computer solutions 
and relatively large-scale graphical solutions. 

Because of the number of calculations involved in continuous hourly calculations it 
was desirable to investigate sampling plans that would reduce the total number of 
calculations without significantly affecting average equivalences while giving fairly 
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representative ranges in the resulting data. For this purpose seven 5-day blocks were 
selected that represented a 14 percent sample of the 245-day data. This selection was 
based on study (for all of the 5, 880 hours) of the trends with time of E1 , E2 and E1/E2 
using the Ohio T-35 surfacing and B-21 base lab test data. These trends were in the 
form of machine-plotted graphs, some 25 ft in length, in which 24 hours of data were 
plotted over a length of 1. 2 in. 

The sampling plans investigated were based on sampling starting on any hour at fre­
quencies of up to every sixth hour. The results of this study indicated that calculations 
made every fourth hour, starting on the fourth hour, were best. This plan gave a max­
imum positive variation in average equivalence in all 5-day blocks of 0. 003 in. and a 
maximum negative variation of O. 001 in. Differences of this magnitude have no prac­
tical significance. Similar variations in high and low hourly equivalences (at any hour) 
were a positive 0. 00 in. and a negative 0. 11 in. for all 5-day blocks. 

Variations in high and low equivalences with sampling plan reflect the success of the 
plan in proportionally sampling at the hours of critical temperature conditions relative 
to the two asphaltic concrete layers. For these data these hours vary in different 5-day 
blocks and no general statement can be made as to just when these times will occur. 
For any one 5-day block the critical hours would be expected to vary with the thick­
nesses of the layers under consideration and the respective moduli response to tem­
perature changes in the two layers. In addition, for temperature data from other 
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Figure 8. Five-day equivalences, MSHO surface and B-21 base. 

sources at similar latitude, these times would be expected to be a function of the longi­
tude in reference to the local time convention followed at the temperature recording 
sation, i. e. , standard or daylight. 

Typical Data 

Figure 4 shows hourly temperatures at four pavement depths for a 5-day block be­
ginning at 1:00 a. m. on June 25. Also shown in the figure are the corresponding hourly 
average temperatures for the upper 3 in. of pavement (T1) and the lower 9 in. (T2). 

For the same time block Figure 5 shows the hourly deflections with the AASHO sur­
facing and base materials. Also shown are the moduli ratios of layer 1 to layer 2 at 
the thicknesses giving equivalence. The lower part of the figure gives the calculated 
hourly equivalences in which the 1 representing the surfacing in the ratio, 1: equiva­
lence, is understood. 

Figure 6 shows similar data for the same 5-day block with the T-35 surfacing and 
B-21 base. Equivalences below 1 in this figure are plotted to inverted scale; this re­
sults in a graphical presentation that is comparable to plotting equivalences greater 
than 1 to an arithmetic scale. 
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Average Equivalences 

Figures 4through 6 presented data for continuous hourly calculations over one 5-day 
block. To calculate equivalences for the full 245-day period, similar calculations were 
made for every fourth hour starting on the fourth hour in April 1; the effect of this 
sampling procedure on average and extreme equivalence was discussed earlier. 

The data from the fourth-hourly calculations were treatedin consecutive 5-day blocks. 
The results of this treatment are given in Figures 7 through 11 for all materials in­
vestigated. These figures show the 5-day average equivalences and deflections, plotted 
at the midpoints of consecutive 5-day blocks, for the different material combinations. 
For example, the average of all equivalences in Figure 5 is shown as the point, just 
before July 1, on the "average" curve of Figure 7. Shown in addition are the respective 
highs and lows within the successive 5-day blocks. 
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TABLE 1 

246-DAY DATA 

Category 
AASHOSUrf, AASHOSurf, T-36 Surf, 
~ ~ B-351raBe 

Equ.lvalence (ln.) 

Average 1.24 1.28 0.78 

High (4th hour) 1.53 1.51 1.03 

Low (4th hour) 1.05 1.12 0,39 

Defiectlon (10""' in.) 

Average 16.5 16,9 18. 5 

High (4th hour) 23.'1 23.2 31.7 

Low (4.th hour) 10,9 11.8 12.5 

T-35 Surf. == 
o. 83 

1.05 

0.41 

18.9 

31.3 

12.'1 

T-35 Surf, 
B=nB'iBe 

0,90 

1.06 

0.53 

19.5 

30.7 

13.6 
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The data may be further reduced 
to the average equivalence for the 
245-day period. The results of this 
reduction are given in Table 1. 

Costs 

Equivalence calculations were 
made using the IBM 7094 computer 
with the hourly temperature data on 
magnetic tape and with moduli data 
in the form of equations as dis­
cussed. The average cost of fourth­

hourly calculations for a 245-day period was about $1700 and required some 290 min­
utes of machine time when done in 25-day blocks. For the combinations of materials 
used a± 10 percent variation was experienced. Had calculations for continuous hourly 
equivalences been made for all material combinations it is estimated that these would 
have cost some $5, 800 for the 245-day period on an average basis. 

DISCUSSION 

In these calculations combinations of two surfacings and three bases of asphaltic 
concrete were theoretically subjected to the same loading and "environmental" condi­
tions of a 245-day period. Of the six possible combinations of these materials, five 
were investigated at constant thicknesses. With these combinations it is possible to 
directly compare the relative effect of the two surfacings with two of the bases. It is 
also possible to directly compare the relative effect of two of the bases with the two 
surfacings and of all three bases with respect to one surfacing. 

245-Day Data 

For pavements of the type studied, the trends of the 5-day average data (Figs. 7-11) 
indicate that equivalence varies seasonally, like deflection, with hot summertime con­
ditions giving the highest values. For deflection this is different from asphaltic con­
crete pavements constructed largely of crushed stone; for these pavements springtime 
conditions normally give the highest deflections. Within these trends the data indicate 
that the three bases were substantially alike and that the largest differences were in the 
two surfacings. This is in qualitative agreement with the temperature-moduli curves 
of Figure 3. It is similarly in agreement with the trends of the 245-day average de­
flections and equivalences in Table 1. In the latter it is interesting that, with constant 
surfacing, higher deflections give higher equivalences and that the inverse is true for 
the inverse case, i.e., with base constant, higher deflections give lower equivalences. 
From the AASHO Road Test factorial sections (i. p. 137) it was concluded that: 

... The performance of the flexible pavements was predicted with essentially the same 
precision from load-deflection data as from load-design information. Deflections taken 
during the spring when the subsurface conditions were adverse gave a better prediction 
of pavement life than those taken in the fall. 

An extrapolation of that statement to an evaluation across the materials of this study 
is most attractive; however, it should be recognized that a number of factors must be 
considered before making such an extrapolation. These will be discussed in some de­
tail in subsequent sections. Within this broad context, however, the data in Table 1 
show that base equivalence is a function of the surfacing and suggest that the Road Test 
surfacing was substantially better than the T-35 surfacing. Within the bases, which 
were essentially alike, the averages suggest that the B-35 was slightly better than the 
Road Test base, which would be similarly rated with respect to the B-21 base. If de­
flections are ignored the apparent differenc(;) in average equivalence in the three bases 
has little meaning in a practical sense. If it is hypothesized that to compare equivalences 
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for the three bases, with common surfacing, it is necessary to set the three deflections 
equal, then it is possible to evaluate qualitatively this effect. Each of the three bases 
was used with the T-35 surfacing and the average deflections and equivalences increase 
in the same order. To reduce the deflections to that of the lowest, it is necessary to 
increase the other base thicknesses which, in turn, will increase the comparable equiv­
alences with the net effect of making the differences in average equivalence greater than 
shown in Table 1. The validity of this hypothesis will be discussed subsequently. 

The calculated equivalences of the AASHO Road Test surfacing to base materials 
can be compared with those estimated on the basis of performance at the Road Test. 
The Road Test staff did not make a mathematical (statistical) analysis of the perfor­
mance of the base-experiment sections; however, on the basis of graphical analyses 
it was noted that for an 18-kip single-axle load at 106 applications to p = 2. 5 (with 3 in. 
of surfacing and 4 in. of subbase), that 6 and 13 in. of the bituminous-treated and 
crushed-stone bases were needed, respectively (4, pp. 46, 58). Using these thick­
nesses and the Road Test equation for thickness fiidex, D =. 44D1 + • 14D2 + • llDs, 
this would indicate an equivalence ratio of 1: 1. 45 (A. C. surface to A. C. base), or, as 
expressed in the convention of this study, an equivalence of 1. 45. The 6 in. of bitumi­
nous base noted above is appreciably higher than that shown in the graphical data of Re­
port 5 (4) and in a subsequent publication by Benkelman, et al (15), and it appears that 
the thicknesses were adjusted. In the graphical data and for equal performance at 
lower applications of this load, a range in comparable equivalences of from about 1. 16 
at 200, 000 applications to perhaps 1. 31 at 400, 000 applications is indicated; at 1, 000, 000 
applications an equivalence of about 1. 26 appears more reasonable, based un U1e i:;ame 
data. At loads greater than 18-kip, similar ranges of 1. 23 to 1. 46 can be noted at 22. 4-
kip and of 1. 34 to 1. 67 at 30-kip. At 12-kip the equivalences are lower ranging from 
about 0. 83 to O. 95. The 245-day average calculated equivalence of this study (1. 24) 
compares favorably with these ranges as it does with the 1. 29 advanced, indirectly, by 
the AASHO Design Committee (16). 

It should be noted that the equivalence ranges cited here, both with varying load and 
within constant loadings, are anomalous with the thickness index equation in which 
equivalences are constant. 

Representative Conditions 

It is of some interest to examine the effect of shortening the calculations of this 
study by the use of a "representative" time or condition. Beginning with the hourly 
calculations, it is obvious that the time of day makes a significant difference in calcu­
lated equivalence and that, while there is at least one time that is representative of the 
average effect of all hours for that day, there is no obvious rationale that can be fol­
lowed in its determination. In this connection it should be noted that this "representa­
tive" time will seldom correspond with an hourly observation. It follows that this find­
ing can be expanded to include longer time periods without loss in net effect and that 
the concept of an "average" time, which can be taken as being representative of all 
times, has little if any real meaning. This is perhaps more easily visualized by ex­
amining "average" conditions. If, for example, average temperatures are calculated 
with depth for the data in Figure 4 (T1 = 97. 8 and T2 "' 93. 5 F), and the 5-day average 
Ea is determined, the use of these data does not predict the average equivalence for that 
time block. As a matter of fact those average temperatures never existed simulta­
neously in the trends of the recorded temperature data. 

Biased Traffic 

The hourly calculations of this study theoretically simulate a constant stream of 
trucks at all hours. If the traffic were actually biased as might happen, for example, 
'\VitJ1 loaded mine trucks that operated only in the daylight hours, or \\Tith, perhaps, steel 
mill trucks leaving in the nighttime hours, the equivalences and deflections determined 
using only those hours would be expected to vary from those in Table 1. Some concept 
of the effect of time-of-loading variations is apparent in the continuous hourly data of 
Figures 5 and 6. The effect of similar but seasonal variations (June to November) are 
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TABLE 2 

EFFECT OF LOWER SUBGRADE MODULI 

Deilection (in,) Equivalence (in. ) 

far more dramatic but cannot be. shown be­
cause of space limitations. Comparisons of 
this type are illustrative of some of the risks 
that may be involved in comparing the per­
formances of in-service pavements at dif­
ferent locations. In this regard it is inter­
esting that on the AASHO Road Test the daily 

Category 
E, E/2 E, E/2 

Average 0.024 0, 037 0, 69 0.90 

High 0,031 0, 047 1.09 1.10 

Low 0. 020 0, 031 0.63 o. 69 

two weeks but was al ways in the 
5-hour non-traffic period was shifted every 

local time range of about 5 a. m. to 9 p. m. 

Effect of Changed Subgrade 

Equivalence could also be expected to vary with changed subgrade moduli. Such 
changes might result from different climatic conditions or with different subgrade soils. 
To investigate this effect, on a short time basis, the 5-day time block and conditions of 
Figure 6 were used (June, T-35 surface with B-21 base) except that the subgrade mod­
uli, Ea, were fixed at one-half of those used in the calculations for that figure (6170 to 
6190 psi). The resulting deflections were different as would be expected. The equiv­
alences were closely the same, however, and a graph of the hourly calculations would 
show essentially no difference from the equivalences plotted in Figure 6 at the scale 
used. Table 2 gives the average and extreme data from these calculations and the cor­
responding data from Figure 6. These data indicate that calculated equivalences will 
not be affected by significant reductions in subgrade moduli even though total deflections 
are appreciably changed. If, however, subgrade moduli are increased by very large 
factors, interesting effects can be achieved. For this calculation the conditions at the 
hour of the low equivalences in Table 2 (how· 1600) were used. At that time E1 = 0. 043, 
E2 = 0. 199, Ea = 0. 006 or 0. 003, all in 106 psi, and the equivalences were 0. 63 and 
0. 69 in. for the two subgrade moduli respectively. If equivalence is calculated under 
the same conditions but with the subgrade modulus increased by a factor of ten (Ea = 
0. 006 x 107 psi), the equivalence becomes negative (about -0. 35 in.) consistent with 
decreased deflection with decreased surface thickness. On.the other hand, if the same 
conditions are used but with the subgrade modulus decreased by a factor of ten (Ea = 
0. 006 x 105 psi), the equivalence is 0. 76 in., which is comparable with the 0. 63 in. 
of Table 2. 

Effect of Vehicle Speed 

Equivalence would also be expected to vary with vehicle speed. The previous cal­
culations represented a truck moving at 50 mph. The data in Figure 12 represent cal­
culations for the same truck moving at 5 mph (a lab test frequency of 7. 7 r!!.d/sec). 
These hourly data are for the T-35 surfacing and B-21 base for a 5-day block in June 
and are directly comparable with the data in Figure 6 for the same time and materials. 
The 5-day average equivalence with the truck moving at 50 mph (Fig. 6) was 0. 89 in. 
and at 5 mph (Fig. 12) was 1. 03 in. Average deflections were 0. 024 and 0. 032 in., 
respectively. The larger deflections for the slower moving vehicle reflect the lower 
moduli that exist in all layers at the lower test frequencies. The lower vehicle speed 
resulted in a 20 percent decrease in Ea while E1 and E 2 were decreased by roughly 20 
and 40 percent, respectively. It is interesting that the range of fluctuations in hourly 
equivalence is higher for the higher speed. Neither these nor the changes in average 
equivalence can be explained by changes in Ea (a decrease of 20 percent vs the 50 per­
cent of the "changed subgrade" calculations). The difference in average equivalences 
is, however, consistent with the nonproportional relative moduli shifts of the two upper 
layers (20 and 40 percent), i. ~·, the base layer was proportionally "weaker" and more 
thickness' would be required. For in-service pavements this indicates that vehicle 
speed can affect equivalences and that the effect may be quite significant. 

Effect of Thinner Base 

Equivalence would also be expected to vary with changed base-layer thickness. The 
June 5-day time block of Figure 4 was used to investigate this effect on a short time 
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Figure 12. T-35 surface and B-21 base in June (5 mph). 

basis. Materials were the AASHO surface and B-21 base, vehicle speed was 50 mph, 
layer 1 was 3 in. thick and the base layer thickness was fixed at 3 in. instead of 9 in. 
as used in all previous calculations. Figure 13 shows the average hourly temperatures 
of the 3-in. base layer and, for comparison, the same temperatures when the base was 
9 in. thick. In both cases the surfacing was 3 in. thick. Also shown in Figure 13 are 
the resulting calculated hourly deflections, equivalences and moduli ratios at equiva­
lence. Table 3 is a comparison- of the average and extreme effects of the changed 
base thickness; in the table the 3-in. base thickness data are from Figure 13 and 
the 9-in. base data are from Figure 8. 

Category 

Average 

High 

Low 

TABLE 3 

EFFECT OF THINNER BASE 

Deflection (in,) Equivalence (in. ) 

3 in, Base 9 ln, Base 3 ln, Base 9 in, Base 

0,037 0,020 1. 16 1, 32 

0,043 0. 023 1.31 1, 49 

0,031 0,017 1. 06 1.19 

For this time period, decreasing the base 
thickness by two-thirds roughly doubled the 
deflections while the effect on average equiv­
alence was relat~vely slight. Two changes 
were effected in reducing the base thickness­
the geometry change and the effect of this 
change on average temperatures and corres­
ponding base moduli. If it were possible to 
effect only a thickness change with no change 
in base temperature and moduli (more con-
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sistent with a crushed-stone base), the effect of a thinner base layer would be a lower 
equivalence; i.e., the thicker the base layer the less efficient it is in replacing the sur­
facing as determined by deflection. Decreasing the base thickness in the data, however, 
changed the average base temperature and, on the average, this change resulted in a 
higher temperature in the thinner base as is shown by the hourly· temperatures in Figure 
13. This higher temperature in the thinner base results in lower moduli in the base 
which, all other things being equal, will require more base in the replacement of sur­
facing; i.e., a higher temperature causes a lower modulus which will result in a higher 
equivalence. For this 5-day block the effects of the geometry and temperature changes 
on average equivalence' were in opposition with the thinner base tending to decrease 
equivalence and the changed temperatures tending to increase equivalence. The geometry 
effect was dominant and the net effect was a slightly lower equivalence than with the 9-in. 
base. While not investigated, the relative effect of a thinner base for other 5-day blocks 
would be expected to be different as a function of the relative temperature changes; how­
ever, this effect would be expected to be small. 

To illustrate the geometry effect, equivalence was calculated for one point in time 
at which moduli were held constant whil-e base thickness was changed from 7. 9 to 11. 1, 
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Category 

Average 

High 

Low 

TABLE 4 

EFFECT OF CHANGING LOAD AND RADIUS 

Deflection (in.) Equivalence (in. ) 

L 1/2 L 1/2 

0. 020 0.011 1.32 1.48 

0.023 0.012 1.49 1.64 

0.017 0.009 1.19 1.34 

then to 14. 4 in. For this calculation: R = 
7.04 in., p = 72 psi, h1 = 3 in., E1 = .67(10)6

, 

E 2 = .31(10)6 and Es = 4. 08(10) 3 psi and the re­
sulting deflections were 0. 033, 0. 025 and 0. 020 
in. At these three thicknesses the equivalences 
were 1. 22 in. at h2 = 7. 9 in.; 1. 32 in. at h2 = 
11. 1 in.; and 1. 39 in. at h2 = 14. 4 in. These 
data indicate that with all other conditions 

constant, calculated equivalence increases at de creasing rate as base thickness 
increases. 

Effect of Reduced Load and Contact Area 

The effect of thickness changes with unchanged temperature can be secured by re­
ducing the radius of the equivalent loaded area while holding contact pressure constant. 
To investigate this effect for a short time period, the June 5-day time block of Figure 4 
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TABLE 5 

CHANGES AFFECTING DEFLECTION AND EQUIVALENCE 

Change In: 

Hour oI determination 

No, of hrs. used for avg. 

Vehicle speed 

Load (constant cont, preH.) 

Load (constant cont. area) 

Surface material 

Base material 

Subgrade material 

Surface material thlckneu 

Du.o matorlal WcltooH 

Gives Change In: 

Deflection (from changed) Equlvalence (from changed) 

yea (moduli) Y•• (moduli raUo) 

yes (mo dull) yes (moduli raUo) 

yes (moduli) ye• (modult ratio) 

yes (load and geom,) ye11 (geom.) 

yes (load) 

yes (modulu.e) yes (moduli ratio) 

yes (modulus) yes (moduli ratio) 

yes (modulus) no• 

yes (moduli and geom .) yes (mod. ratio and geom.) 

yes (moduli and geom.) yes (mod. ratJo and geom.) 

9N6J significant, in avg. equiv., for relativ•ly large changes in rnaduli; can be signific:ant in haurly equiv. 
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was used with 3- and 9-in. thick­
nesses of the AASHO surfacing and 
B-21 base, respectively. Vehicle 
speed was 50 mph and the only change 
from the conditions of Figure 8 was 
the reduction of total load by one­
hi~.lf and the effect of this reduction 
on radius at constant contact pres ­
sure (1/lr). The results of hourly 
calculations for these conditions are 
shown in Figure 14. The average 
and extreme equivalences and de­
flections are given in Table 4 to-
gether with the same results from 
the full-load case. The effect on 

deflection of decreasing the load by one-half was a decrease of about the same order 
as would be expected at constant pressure. Similarly, the effect on equivalence was 
an increase; this is consistent with the concept that the relative geometry change at­
tained was qualitatively equivalent to proportional increases in the thicknes ses of the 
layers with constant load, contact pressure and moduli. Hadonlytheload beenchauged­
i. e. , a change in pressure with no change in contact area-no effect on equivalence 
would be expected even though deflections would show a change proportional to the 
change in load. Points such as these have interesting implications in considering ma­
terial equivalences and pavement failure. 

Equivalence and Failure 

It was noted near the beginning of this discussion that for single-axle loadings at 
constant serviceability level, equivalences from the AASHO Road Test factorial sec­
tions were reduced to constants while those from the special base sections appear to 
vary with applications. To gain some insight into possible explanations of this ap­
parent anomaly, Table 5 has been prepared to show those changes that affect equiva­
l ence and deflection in the theoretical work of this study. This table shows that any 
one of the listed changes will affect deflection and that the same is true for equivalence 
with the exceptions of load changes made without chang-ing contact area and of, perhaps, 
changes in subg'l·ade moduli. Considering the conditions at the Road Test and excluding 
the fir s t three lis ted changes for purposes of discussion, it is of some interest to ex­
amine the loads, pressures and contact areas for the vehicles at the Road Test. These 
data, for the single-axle loadings, are shown in Table 6 (17). Contact pressures for 
the tandem axle loadings were very similar. -

The data in Table 6 indicate that, at the Road Test, changes in load were accom­
panied by changes in equivalent radius and that, excluding Loop 2 (not in the s pecial 
base experiments), these load changes were not accompanied by appreciable changes 
in calculated average contact pressure. Table 5 shows that these changes (load and 
radius at constant contact pressure) would be expected to affect deflection but that only 
the changed radii would be expected to change equivalence with constant materials at 
constant thicknesses. As noted, this effect would be expected to be relatively s mall. 
It should be reiterated, however, that for either of these conditions there would be a 

Loop Teet Tire 
Load (lb) 

1,000 

1, 500 

3,000 

4,500 

5,600 

7, 500 

aAt 51andard load. 

TABLE 6 

ltOAD TEST TIRE DATA 

Stnd. Load 
(lb) 

1,065 

1, 560 

2,960 

4, 580 

5,150 

6,'160 

InflaUona 
(p•l) 

24 

45 

75 

75 

75 

80 

Meas, Contact 
Area (sq. In. )a 

36.6 

37.4 

45,4 

67. 8 

77. 7 

97.3 

Avg. Contact 
PreH. (pel)a 

29.1 

42.3 

65. 7 

6'J. 5 

66.4 

69.7 

change in deflection. If deflection is 
a predictor of performance, the 
changed deflection would result in 
changed applications to failure for 
the two different loads. For a con­
stant pavement design, an increase 
in load with no change in contact pres­
sure would increase deflection, de­
crease the applications to failure and 
decrease the theoretical equivalence 
as a result of the geometry change. 
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TABLE 'I 

ROAD TEST EQUIVALENCE DATAa 

Category 

D, 

D, 

D, 

D, 

No. Ol IC'll 
a:tcUOll•\l•td 

Surf. 

o ... 
s. ~ 

Loop 

. 811 ... ••• .41 

.u , IG . 14 ... . u 

.00 ·" . ll , II • II 

Within loop equivalences 

,. u l.3t:l 

4.00 4. 60 

12 •• 
Avig. d11111 1111 h On. l 

2. 5 ... 3 ... 4 ... 
,GO 

For the same conditions, an increase .in load with no 
change in contact area would have the same effects 
except that no change in equivalence would be expected. 
Obversely, at constant load, contact area and failure 
level, increased applications to failure will accompany 
increased base thicknesses and equivalences would be 
expected to increase as a result of the geometry change . 
If applications to some failure level are constant, it 
would be expected that increased loads at constant 
contact pressure, tending to give lower equivalence, 
would require increased base thickness, tending to 
give higher equivalence. Since these trends are in 
opposition the net e(fect of both geometry changes on 
equivalence could be rather small. No similarly gen­
eral statements are possible for the changed load, 
area, and contact pressure conditions because both de­
flections and equivalences would be a function of the 
initial geometries (radius, hJ and ha) as well as of the 
moduli ratios, for constant materials. 

The preceding relations were based on the assumption of constant materials with 
varying base thicknesses or applications. If only surfacing thickness is varied with 
applications, the given effects of the l"elative geometry changes on equivalence are re­
versed when E.1. is greater than Ea. With this addition it is possible to examine the Road 
Test main factorial equivalence data for some insight into the expected effect of the 
theoretical relations discussed. 

The Road Test data for the main factorial sections are summarized in Table 7. If 
the regression coefficients for each loop in these data are multiplied by the number of 
sections used and these are summed and divided by the total number of sections, the 
results are the coefficients of D1, Dz, and Ds in the thickness index equation. On the 
basis of the data combined in Tables 6 and 7 it is apparent that the 10ad changes at con­
stant pressure across Loops 3- 6 were accompanied by average laye · thickness changes. 
The previous discussion suggests that the g1·oss effect of these changes (radius and 
thickness) on equivalence would be in opposition on a qualitative basis and that roughly 
comparable equivalence ratios might be expected as is indicated in the data for these 
four loops. For Loop 2 the load and thickness changes were in the same qualitative 
direction but the contact areas were not changed as they were in the other loops. This 
could help to explain the difference in regression coefficients for thisloop and the un­
usually high equivalence for the subbase material. These statements assume that the 
effect of changes in the Lane 2 tandem axle loadings across the loops were proportional, 
which appears reasonable in the absence of more data. 

Within any one loop at the Road Test there were a large number of thickness changes; 
however, there are no r eadily available data with which to evaluate qualitatively, in a 
similar manner, the relation between the field data and the effects that would be theo­
r·eticaJJ.y expected. If it is assumed that in the analyses of the Road Test data the ge­
ometry effects were considered as a part of the spread or scatter in the data, then the 
measure of this scatter is an indication of the possible (but not at all probable) limits 
of these effects. Saying this another way, in developing the thickness index equation, 
it is not clear how the Road Test analyses may have considered geometry effects such 
as those discussed-whether these may have been included as a part of the load or of 
similar across-lane and loop parameters, or if such effects are perhaps implicit in the 
statistics. In any event, the scatter in individual data points was evaluated as a part 
of that analysis. This was given as ± 14 percent of D and includes effects from all 
causes, among which could be those resulting from geometry changes. If it could be 
assumed that all of this scatter was a result of the geometry effects, and this is taken 
in the base or Dz coefficient, then for an 18- kip single-axle loading with p = 2. 5 at 106 

applications and D1 and Da = 3 and 6 in. respectively, the coefficient of Dz could vary 
from 0. 10 to O. 18 about a ±.29 percent range. Similarly, except that D3 = 16 in., the 
Dz coefficient could vary from 0. 05 tO O. 23, about a ± 64 percent range. For the Road 
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Test, geometry effects would be theoretically expected with changes in load, or surface 
thickness or in base and/or subbase thicknesses. On the basis of these calculations it 
is clear that the inclusive "scatter term" of the thickness index equation provides space 
for rather large individual effects among which may be the geometry effects that would 
be expected on a theoretical basis. 

If materials are varied, the number of applications to some failure level will vary 
as is shown in the special base studies of the Road Test. In the Road Test analyses the 
concept that deflections predict performance was based on the main factorial sections, 
in which materials were constant, and was most nearly true for springtime conditions. 
Presumably this concept would hold for other materials so long as the materials are 
constant; however, it is not clear that this concept can be extrapolated across materials, 
i.e., equal deflections with different materials should not be expected to give equal per­
formance, a priori. In this connection the Road Test findings noted that deflections in 
sections with gravel were somewhat lower than those with crushed-stone base even 
though the performance of the crushed stone was considerably better than that of the 
gravel base sections ( 4, p. 85 ). This is a subtle point:' Had equal structural thicknesses 
given equal deflections under equal loadings, theoretical deflection-based equivalences 
would also have been equal, in the absence of failure criteria. Lower deflections for 
the gravel would indicate lower equivalence, on the same basis, and it would follow that 
equal thicknesses and loadings would give higher applications to failure for the gravel. 
This was not the case, however, and on this basis it seems clear that failure criteria 
are necessary to a theoretical evaluation of the equivalences of different materials. 
Summarizing this discussion of equivalence and failure, equivalence-as defined in this 
discussion-is a function of load and contact area, of the layer thicknesses, of the ma­
terials and environment, and of the number of applications to failure. 

SUMMARY AND CONCLUSIONS 

The 245-day theoretical data for the Road Test asphaltic concrete surfacing and base 
materials, the only such materials for which field performance data were available, 
gave a remarkably close estimate of the field results. Points of similarity in the theo­
retical simulation include the use of essentially the same materials, the use of only one 
load, close to the average, at comparable contact pressure and the use of common ve­
hicle speeds insofar as the effect of the 35- to 50-mph vehicle speed shift affects moduli 
ratios. The main points of dissimilarity are the temperature regime used and, as a 
part of that, the representativeness of the length of time over which theoretical average 
equivalence was calculated. In regard to the first difference, there are no data with 
which to base an estimate of the differences between temperatures in the 12-in. asphal­
tic concrete pavements at Ottawa, Ill., in 1958-60 and those measured at College Park, 
Md., in 1964-65. It can be rationalized, however, that over the length of time used, 
the cumulative differences were probably not significant. A similar rationalization can 
be advanced for the representativeness of the length of time used in the calculations. 
The trend of five-day averages of Figure 7 indicates that a 365-day average equivalence 
would be lower. Had calculations been made for this longer time span it can be specu­
lated that the total average equivalence would ?¥>t have dropped below one and would most 
likely be higher. This would not represent a Jlarge change in consideration of the ap­
parent spread in the field data cited for the special base studies. 

For the remaining materials of this study the calculations show that the equivalence 
of a base is a function of the surfacing, and vice versa. Unfortunately there are no 
comparable sources of field performance data for these materials. Because of this it 
was necessary to seek other data relating deflection and performance for different ma­
terials. The AASHO Road Test data demonstrate that deflection-based equivalences 
have no causal relation to the number of applications to some failure level with different 
materials. This suggests that it is entirely possible to simulate theoretically two pave­
ment designs of different materials that will give the same average calculated equiva­
lence for the same loading and time history. For this, however, it would be expected 
that the number of applications to failure of the two would be different. On the other 
hand, the term equivalence implicitly assumes equal performance or applications to 
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failure and this, in turn, indicates that the theoretical determination of equivalences for 
different materials requires the inclusion of failure criteria. On this bas.is equivalence 
can be defined in the terms of this study by the following generalized equation: 

where 

Equiv. = f (L, V, T, A, H, E, C, N) 

L = the loadings, 
V = their velocities, 
T = the times of their applications, 
A = the contact areas, 
H = the layer thicknesses, 
E = the materials, 
C = the climate or environment, and 
N = the number of applications to failure. 

This is an interesting equation. With the inclusion of the failure term to the concept of 
average equivalence, as anticipated in this study, it is clear that exactly those consid­
erations that would be expected in a rational design formula are collected in the equa­
tion. With the exception of N, it is also clear that the tools and techniques necessary 
to such an approach are available and indeed have been used in this study, to some ap­
proximation. This points to the pressing need for research thal will .fill the blanks rep­
resented in the failure term. · When these blanks are completely filled the need for 
equivalences will presumably have vanished. 
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Michigan Investigation of Soil-Aggregate 
Cushions and Reinforced Asphaltic Concrete for 
Preventing or Reducing Reflection Cracking of 
Resurfaced Pavements 
F. COPPLE, Supervisor of Pavement Evaluation and Field Tests, and 
L. T. OEHLER, Director, Research Laboratory Division, Michigan Department of 

State Highways 

In an effort to reduce reflection cracking of bituminous resurfacing 
over rigid pavement, the Michigan Department of State Highways has 
investigated the use of both soil-aggregate cushions and continuous 
reinforcement in the bituminous- concrete resurfacing layer. Because 
of high traffic volumes, it is often important that any interruption of 
vehicle flow during resurfacing operations be for short durations. 

During the past five years, Michigan has observed the performance 
of an old, distressed highway, resurfaced with soil-aggregate cushions 
of various materials as an insulator between the old portland cement 
concrete and the new bituminous-concrete mat. For comparison, 
some lengths of the projectwere resurfaced in the conventional man­
ner, with the bituminous mat constructed directly on the old rigid 
pavement. Additional res u r facing projects incorporating soil­
aggregate cushions have been constructed throughout the State during 
the past five years. No great construction problems were encountered 
and soil-aggregate cushions carried traffic wellin the interim before 
bituminous-concrete mats were placed . Soil-aggregate cushions have 
proved effective in reducing reflection cracking, but additional re­
search is suggested to determine the best cushion materials. 

In 1955, the Department resurfaced a rigid pavement by placing 
wire-mesh fabric on the old surface and then applied the bituminous­
concrete resurfacing. Control areas were also constructed, using 
bituminous-concrete resurfacing without reinforcement. After about 
six-years service, it was concluded that this method of reinforcement 
was unsatisfactory because (a) reflection cracking was not significantly 
reduced, (b) potholes occurred in reinforced areas but not in conven­
tional areas, and ( c) extensive corrosion of reinforcing steel occurred 
even in apparently sound areas of the pavement. 

•AS THE mileage of bituminous resurfacing of rigid pavement has increased, reflec­
tion cracking has. become an increasingly important problem in highway maintenance. 
The riding quality of the road is directly affected by the cracks, and foreign matter 
easily penetrates crack openings causing further damage to the pavement. Reflection 
cracks are apparently caused by horizontal and vertical movement of the resurfaced 
rigid pavement. The rigid slabs deflect and rock under heavy traffic and are subject to 
thermal expansion and contraction. Two methods investigated in Michigan for prevent­
ing or reducing reflection cracks are (a) the use of a soil-aggregate cushion between 

Paper sponsored by Committee on Composite Pavement Design and presented at the 47th Annual 
Meeting. 
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the old pavement and the new surface, and (b) the us~ of continuous reinforcement in 
the bituminous-concrete resurfacing layer. Michigan experience with these two meth­
ods is described in this report. 

SOIL-AGGREGATE CUSHION 

Soil-aggregate cushions placed between rigid pavement and the bituminous surface 
had been tried in several states, with varying degrees of success, on the assumption 
that the cushion would absorb most slab moveµient without transmitting detrimental 
effects to the resurfacing. 

In August 1962, with the approval of the Bureau of Public Roads, the Research 
Laboratory Section established a research project with the following specific objectives: 

1. To determine whether a soil-aggregate cushion would significantly reduce or 
eliminate reflection cracking when bituminous concrete is used to resurface rigid pave­
ments. 

2. To determine whether a soil-aggregate cushion would provide sufficient thermal 
insulation to prevent blow-ups in the original rigid pavement. 

3. To investigate the relative effectiveness of various aggregates as cushion material. 
4. To determine whether a soil-aggregate cushion may be stabilized economically 

by admixture or mechanical means, in order to carry traffic loads prior to the con­
struction of the bituminous-concrete surface. This is a very important consideration 
in areas where traffic cannot conveniently be detoured during the construction period. 

Description of the Test Area 

A 3-mile section of rigid pavement on M 60, northeast of Leonidas in St. Joseph 
County, apparently constructed over an old gravel road which lay directly on soil classed 
pedologically as the B-horizon or zone of accumulation, was selected for the investiga­
tion. In areas of considerable frost heave, the old base material had been replaced 
with granular soil and surfaced with new concrete over the rebuilt areas. The pave­
ment was in generally poor condition, showing a mean average of about 10 transverse 
cracks per 100-ft slab length, and had a history of blow-ups (Fig. 1). The old pave­
ment was condition-surveyed and roughness measurements were taken using the Michi­
gan Roughometer. 

Figure 1. Original rigid pavement. Note transverse patch replacing blow-up. 
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PROPOSED LAYOUT OF SOIL-AGGREGATE CUSHION ON M-60 

'"-,,~~ .... _-~ ....... ~~.......;;"'""":;....'"""'--""""""''---------'':J;;'"'-------------''~"·=-----"'' ".:..' ----'':!"'!..>...~·::"::..• _,.,__~,. .. 

I 
·~) /It O"JI A'YCL 

C.... '-C.tUW .:l;Q DIU~ 
C.HLC~iDJ: <:m .... QJ111DS, 

I 
I 

2il'A CIRAVEL 

I 
I 
I CHLORIDE 

I 
I 

5C5.&. ASPHALT­

STABILIZED 

-- Z.!1601 
- 10CI Q

1 
_ _...,~-- 500' --~ ..... --- :.oo'---: .. l-:-__: _ _ __ ,.....,~----- 1000' ______ ,_ ..... _ .... ___ _ 

ACTUAL LAYOUT OF SOIL-AGGREGATE CUSHION ON M -60 

REMOVED ~ 

A.SPHAL T 

PAVEMENT 

IJCll 

2.> A GR A'Y[I. fl: 
I 
I 

~lA O. R.A.'YCl.. I 
I 
I 

I 
I 

- THE 23 A GRAVEL IN THE!E AREAS WAS REMOVED E. REPLACED WITH 

Zl" GRAVEL 

i; f:.~:~~\ua~ ~~: 
'If ~r 

:=:: 
''O>' -~, 

!C5A ASPHALT­

STABILlZEO 

CHLORIDE 

l>'.A NO 
REMOVED E. 

ASPJiA• • .'r 

PL A.CCD 
D1ft(iCTl,,Y 

O~ R IGlO 

Figure 2. M 60 test site for soi I-aggregate cushions. 

Soil-aggregate cushions were placed over the rigid pavement for 5500 ft of its total 
length. The r emaining length of pavement; used as a standard of comparison, was 
resurfaced conventionaiiy by placing bituminous concrete directly on the rigid pave­
ment. The entire 3-mile length of rigid pavement including the soil-aggregate cushion 
was covered with 250 lb per sq yd of bituminous concrete. All sections of soil-aggre­
gate cushion were constructed to a uniform compacted depth of 4 in. 

Construction procedures were in accordance with 1960 Michigan Department of State 
Highways Standard Specifications for Road and Bridge Construction. Six different ma­
terials were used for the cushion: 22A and 23A gravel with calcium chloride admixture, 
22A and 23A gravel with sodium chloride admixture, "bank-run" gravel with SC-5A 
asphalt admixture, and sodium chloride-treated "bank-run" sand· (Fig. 2) . Michigan 
Department of State Highways grain-size specifications (1960) for 22A and 23A soil 
aggregates are given in Table 1. The bank-run gravel used in the M60 soil-aggregate 
cushion has a grain-size distribution accorcling to the AASHO classification as follows: 
gravel, 28. 4 percent; coarse sand 32. 8 percent; fine sand 27. 8 percent; silt 6. 2 per­
cent; and clay 4. 8 percent. The grain-size distribution indicates that this bank-run 
gravel would be unstable if no admixture were used. 

TABLE 1 

TOTAL PERCENT PASSING STANDARD SIEVE SIZES 

Class In. '!. In. % In. 
No. No. Loss by Washing Through 
10 40 No. 200 sieve 

22A 100 90-100 65-85 30-45 3- 7 
23A 100 60-85 25-50 7- 15 
20N' 100 60-80 40-50 15-30 0- 7 

• Used for replacing distressed cushion material. 
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All the 22A and 23A processed gravel had been mixed with 6 lb of Type 1 calcium 
chloride per ton of gravel in the stockpiles. Because it was believed that some of the 
admixture had leached out, an additional 4 lb of Type 1 calcium chloride were added to 
each ton of gravel. 

Construction of the Cushion 

1. Calcium chloride-treated 23A gravel. Some trouble was experienced in elimi­
nating moist spongy areas in the cushion . Traffic was easily maintained during con­
struction, and on completion of the cushion the roadway appeared smooth and stable. 

2. Calcium chloride-treated 22A gravel. The material was compacted easily and 
traffic was maintained over the cushion without difficulty. No spongy areas developed. 

3. Sodium chloride-treated 23A gravel. Approximately 4 lb of sodium chloride were 
added to each ton of gravel as it was hauled to the job site. Density was readily ob­
tained with a rubber-tired roller. Traffic was easily maintained over the cushion 
during construction. 

4. Sodium chloride-treated 22A gravel. Approximately 6 lb of sodium chloride were 
added to each ton of gravel as it was hauled to the site. The material was compacted 
very readily with a rubber-tired roller and traffic was easily maintained over the 
cushion. 

5. Asphalt- treated bank- run gravel. The asphalt and gravel were combined at an 
asphalt mixing plant and hauled about 20 miles to the construction area. The bitumen 
content of the mixture was 4 percent by weight, the temperature of the mix was 2 50 F. 
The material was easily compacted with a steel-wheeled roller. About six hours after 
compaction traffic was permitted to travel over the cushion. The cushion held up very 
well under traffic, especially in view of the heavy trucks traveling over it after the 
short curing period. The compacted cushion appeared to be somewhat "rich" in bitu­
minous material and even better results might possibly be obtained by a_ slight reduction 
of the bitumen content of the gravel. The unit cost of this asphalt-stabilized gravel was 
about four times that of the 22A gravel. 

6. Sodium chloride-treated bank-run sand. This material was produced specifically 
for use in this section and contained about 8 percent silt, which w11s ineffective as a binder 
material. Each ton re_ceived about 8 lb of sodium chloride. Despite the addition of water 
and considerable rolling, the sand could not be stabilized and would not carry traffic. As a 
result, the sand was taken away to be used elsewhere and the bituminous concrete placed 
directly on the old rigid pavement. 

Porous aggregate shoulders were placed to a compacted depth of 4 in. , constructed 
to provide adequate drainage for the cushions. Because of the impermeable appearance 
of the cushion, it was decided to omit the prime coat under the leveling course. A 
leveling course of 130 lb of bituminous concrete per sq yd of area was placed over the 
entire 3 miles of test pavement, followed by a 120 lb per sq yd bituminous-concrete 
wearing course. 

PERIODIC PERFORMANCE REPORTS 

Early Performance of the Test Sections 

After carrying traffic for about one day, signs of failure began to appear in the bi­
tuminous leveling surface over the 23A gravel cushion. Two types of early failure 
were noted, both influenced by high moisture content. With the first type of failure the 
asphalt surface was spotted with moisture, giving the appearance of water migrating 
up from the base, and areas of map cracking or longitudinal cracks appeared. The 
second type appeared to be a shear failure resulting in rutting of the cushion and asphalt 
mat. Then the asphalt appeared to disintegrate with damage spreading into large broken 
areas (Figs. 3 and 4). However, these failures were confined to areas where asphalt 
had been placed over the 23A gravel and did not appear to be as frequent or as serious 
in those areas in which the 23A gravel contained sodium chloride admixture. There 
was considerable rainy weather during placement of the 23A gravel cushion on the west 
end of the project where calcium chloride admixture was used. Since both calcium 
chloride and sodium chloride are hygroscopic, the use of these admixtures probably 
made the problem worse. Attempts were made to patch the distressed areas but the 
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Figure 3. Behavior of asphalt leveling 
course, showing map cracking and dis­
integration (upper right}, longitudinal 
cracking and disintegration (lower left), 
and moisture spotting (lower right}. 

failure became so widespread that it was necessary to remove large areas. These 
were replaced by asphalt applied directly on the rigid pavement surface, 

Inspection of the distressed areas revealed that no bond exist~d between the asphalt 
and the 23A gravel. A thin film of moisture existed between the asphalt and gravel 
which appeared to act as a lubricant. Tests indicated a moisture content of 10 to 12 
percent in the top % in. of cushion but only 4 to 5 percent below this. 

After a month, severe map cracking was noted in wearing surface areas which 
covered the remaining 23A gravel. Again, the 23A gravel which contained sodium chlo­
ride admixture exhibited fewer distressed areas than the 23A gravel which contained 
only calcium chloride. In retrospect, it appears that the surface failures just discussed 
might have been prevented by reducing the hygroscopic soil admixture quantities. 
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Figure 4. Behavior of asphalt leveling course, showing severe alligator cracking (top) and localized 
dis tress (center and bottom). 

Performance of the Test Section After Five Years 

Five annual surveys of the project have been made and progress reports surveying 
the condition of the pavement were published by the Department after two and four years 
of service. Because only slight differences appeared between pavements over the two 
gradations of processed gravel and since the test sections involved are so short, no 
significant difference could be proven, and the four 22A-23A cushions will be consid­
ered as a single unit in comparisons with the asphalt-stabilized bank-run gravel and 
sections where resurfacing was applied directly over old pavement. 

Figure 5 shows how transverse reflection cracking increases as a function of time. 
After five winters, about 54 percent of the transverse cracks had reflected through the 
bituminous surface where no cushion was used, about 26 percent through the 22A-23A 
gravel cushion area, and about 20 percent in the asphalt-stabilized bank-run gravel 
cushion area. It is interesting to note that most transverse r e f 1 e ct ion cracking 
occurred during the first year of service. 
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Figure 5. Transverse and longitudinal reflection cracking as influenced by aggregate cushion. 

Figure 5 also shows how longitudinal reflection cracking increases as a function of 
time. In areas where the asphalt- stabilized cushion was used, no longitudinal reflec­
tion cracking was present. No longitudinal cracking had been noted in the 22A-23A 
gravel cushion for the first three winters, but after the fourth about 10 percent of the 
length of widening strip had reflected through the pavement . Statistical tests of the 
d;i.ta indicate that the effect of the gravel cushions in reducing longitudinal reflection 
cracks was highly significant. Further, the test indicated the asphalt-stabilized cushion 
to be significantly better than the 22A-23A in reducing longitudinal reflection cracks. 

Although a few joint blow-ups were observed in areas of conventional resurfacing, 
none were apparent in any of the cushioned areas. Map cracking extended about 8 in. 
in from the edge of the pavement in the 22A-23A gravel cushion areas. None was ob­
served in the asphalt-stabilized gravel cushion area. 

SUMMARY OF M 60 INVESTIGATION 

After nearly five years of service, the soil-aggregate cushions used in these tests 
have been of significant value in reducing reflection cracking of the bituminous overlay. 
Of the cushion materials, asphalt-stabilized soil aggregate appears to be more effective 
in reducing reflection cracking and in preventing map cracking at the edge of the pave­
ment than the 22A-23A gravel. 

All cushion materials except the sand proved satisfactory for carrying traffic in the 
interim before the bituminous overlay was constructed. 

Bank-run sand, similar in gradation to that used in this test, should not be used as 
a soil-aggregate cushion where traffic must be maintained unless an acceptable means 
of stabilizing it can be found. 

Slow-curing (SC-5A) asphalt-stabilized bank-run gravel costs more initially and must 
be allowed to cure for about six hours before traffic can be permitted to travel over it. 

A reason for the effectiveness of the asphalt-stabilized cushion may be that the rel­
atively unstable bank-run gravel particles are able to shift and absorb movements of 
the underlying rigid pavement. 
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DETROIT INDUSTRIAL EXPRESSWAY (I-94) PROJECT 

Subsequent to the M 60 experimental project, Michigan resurfaced a number of rigid 
pavements with asphaltic concrete underlain with soil-aggregate cushions, The most 
important soil-aggregate cushion project is being constructed over a length of about 14 
miles on I-94, the Detroit Industrial Expressway (DIE), located west of Detroit. Much 
of the DIE was constructed of portland cement concrete during World War II and con­
tained no load transfer dowels or reinforcing steel. Although the original divided four­
lane rigid pavement had been resurfaced with a 3-in. thickness of asphaltic concrete, 
the surface, a two-lane roadway for each direction, had deteriorated and riding quality 
was poor. Further, because of the high average daily traffic volume of 45, 000 vehicles, 
about 17. 5 percent of which were commercial, it was determined that both the existing 
two-lane roadways were of insufficient capacity . After considering relocation of the 
highway, it was decided to widen each two-lane pavement with an additional 12-ft width 
of portland cement concrete, 9 in. thick, and to construct an asphalt-stabilized 22A 
soil-aggregate cushion approximately 8 in. in depth over all three lanes of each road­
way. The highway would then be resurfaced with a 3-in. thickness of asphaltic concrete, 

The full length of the project has not been completed , After two years of service, 
however, the first section to be completed (a three-lane pavement about one mile in 
length) showed no transverse cracks and about 277 linear feet of longitudinal cracking 
per lane-mile. Longitudinal cracking occurred at joints between lanes where the bitu­
minous mats were joined and therefore the cracking may not have been due to reflection. 
A lane-mile is defined as a one-mile length of pavement 12 ft or one lane in width. 
Areas of the project approaching bridges where no soil-aggregate cushion was used 
showed about 232 transverse cracks per lane-mile and 2538 linear feet of longitudinal 
cracking per lane-mile. Thus, at this stage the soil-aggregate cushion has been very 
effective in reducing reflection cracking. 

M 15 PROJECT, NORTH AND SOUTH OF MILLINGTON 

Route M 15 north of Millington in Tuscola County (Mich. Proj. No. F679031C, C4) 
is another area where an asphalt-stabilized soil-aggregate cushion was used, Also an 
adjacent area of M 15 south of Millington (Mich. Proj. No. Fb79031C, C3) was resur­
faced at about the same time without a soil-aggregate cushion . Both ~rojects are two­
lane roadways which wer e resurfaced with aspbaltic concrete about lY2 in. in depth, 
The cushioned pr oject nor th of Millington was about 3·1;2 miles long, with a 4-in . thick 
asphalt-stabilized 22A soil-aggregate cushion. After 3-years service, this area showed 
70 transverse cracks per lane-mile and 36 ft of longitudinal cracking per lane-mile. 
The project south of Millington, where the asphaltic concrete overlay was placed di­
rectly on the old pavement, was 3. 6 miles in length and showed 94 transverse cracks 
per lane-mile and 2614 ft of longitudinal cracking per lane-mile. Longitudinal crack­
ing occurred over both the old pavement centerline joint and concrete widening strip 
joints. 

other Michigan resurfacing projects were constructed over a length of about 24 miles 
of US 23 north of Tawas and on a 30-mile length of M 53 south of Port Austin, With 
these latter two jobs, there were no conventional resurfacing projects in the area to use 
as standards of comparison, 

CONTINUOUSLY REINFORCED BITUMINOUS RESURFACING 

Another method of preventing reflection cracking was tried in Michigan in 1955 where 
two sections of continuously reinforced bituminous -concrete resurfacing were placed 
over widened portland cement concr ete on a 11/2-mile length of Detroit Industrial Ex­
pressway west of Ypsilanti (now I-94) i Control sections of non-reinfor ced resurfacing 
of similar lengths (totaling 11/.,. miles) were placed at the same time. The portland 
cement concrete pavement to be resurfaced was constructed in 1943 under wartime 
specifications, where load transfer and reinforcing steel were omitted, Expansion 
joints were spaced at 120 ft with weakened plane contraction joints at 20-ft intervals. 
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The project carried heavy commercial and passenger traffic continuously since com­
pletion. By 1955 this pavement had severe transverse cracking and faulting of joints 
and cracks. Prior to resurfacing, the old pavement was widened from 22 to 24 ft. 
This 2-ft concrete base course widening was added to the outer edge of the traffic lane, 
reinforced longitudinally with deformed bars but not tied to the old pavement. The 
widening and the old pavement was 9-in. uniform thickness. 

The Wire Reinforcing Institute advised the Department of various aspects of design 
and construction. At about the same time, crack control in bituminous resurfacing by 
means of reinforcement was attempted in research-oriented projects in California, 
Minnesota, Ohio, Texas, Indiana, New Jersey, Illinois, District of Columbia and in 
England. Welded wire-mesh fabric (3 x 6-10/10) was installed as continuous rein­
forcement. The cleaned pavement surface was sprayed with a bond coat of asphalt 
emulsion without elaborate patching or resealing of deteriorated joints, cracks, or 
rough slab surfaces. The reinforcement was then laid directly on the pavement fol­
lowed by a binder course of 190 lb per sq yd (about 2 in. thick) and a surface course of 
130 lb per sq yd (slightly over 1 in. thick). The mesh was supplied in 7. 5 by 15-ftflat 
sheets which were lapped one transverse wire spacing ( 6 in.) at the leading edge. Hog 
rings were used to tie the lapped sheets. A "hold-down sled device" was used beneath 
the paver to ride along and depress the wire-mesh wires under the spreader. The 
"hold-down sled" was only partially effective and problems arose with buckling of the 
wire-mesh sheets ahead of and behind the paver. Some replacement of entire sheets 
was necessary but in other cases, where smaller areas were involved, the buckled 
reinforcement was cut out and not replaced. 

The performance of reinforced and non-reinforced sections was observed for six 
years. During this period, the average daily traffic increased from 10, 600 with 19 
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percent commercial, to 19, 7 50 with 22. 5 percent commercial. The difference in 
roughness with service was insignificant for reinforced and non-reinforced sections 
(Fig. 6). However, the first reinforced section was initially rougher than the other 
sections, probably due to construction problems incident to buckling and deforming of 
wire-mesh mats which was most prevalent in the first two days of constructing the first 
reinforced section. 

During the first eight months of service, transverse and longitudinal cracks devel­
oped both in reinforced and non-reinforced sections (Fig. 7). Survey procedures in­
cluded specific detailed mapping of the entire project length. 

The reinforcement seems to have controlled longitudinal cracks over the centerline 
and the widening strip quite effectively for a while but showed reduced effectiveness by 
21/2 years and was completely ineffective by the end of 6 years. 

The ineffectiveness of reinforcement in crack control over transverse joints and 
cracks even for a short time can be seen in Figure 7. No significant reduction of 
transverse reflection cracking was noted. In addition, transverse reflection cracks 
also developed over lapped mat edges on the reinforced sections with 13 percent reflected 
through the resurfacing by the end of 8 months and 17 percent by the end of 32 months. 

The reinforced sections were also prone to an additional problem which did not occur 
in the non-reinforced sections. At the intersection of transverse and longitudinal re­
flection cracks over the widening strip, the reinforced sections developed alligator 
cracking which produced potholes requiring patching in 15 cases for a total of 127 sq ft 
(Fig. 8). 

During final inspections, bituminous concrete was removed from potholes at other 
locations to expose the reinforcement. The wires were fractured and severely rusted 
in potholes over intersections of transverse and longitudinal joints in the old pavement, 
indicating extensive l.nfiltration of moisture to the steel. However, steel exposed at 
other locations, where no surface deterioration had occurred, suggested that the rein­
forcement after 6 years had been reduced throughout the overlay to disconnected net­
works of broken and corroded wire fragments (Fig. 9). 



130 

Figure 9. Reinforcement specimens removed from 
sound and unsound resurfacing areas. Sample of 

new No. lO gage wire at bottom. 

Figure 8. Alligator cracking leading to pothole 
patching of resurfacing in reinforced sections. 

Of all the steel examined, the best pre­
served after 6 years was a lightly rusted 
short length of wire that had never been 
covered during resurfacing, but had been 
left exposed to the weather at the pave­
ment edge. This exposed wire was in bet­
ter condition than parts of the same sheet 
that had been covered with bituminous 
concrete (Fig. 10) . It would seem that 
any bituminous-concrete reinforcement 
lacking specific treatment for corrosion 
prevention would be liable to rust and 

Figure 10. Lightly rusted wire protruding 
at pavement edge before excavation {left), 
and adjacent corroded wire after excavation 

{right). 
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fracture after about 5 years, wherever winter maintenance chemicals were used 
extensively. 

SUMMARY 

Soil-Aggregate Cushion 

Wherever comparisons between resurfaced projects with and without soil-aggregate 
cushions could be made, soil-aggregate cushions proved capable of reducing reflection 
cracking. However, with the 4 to 8-in. thicknesses used in Michigan, soil-aggregate 
cushions have not completely eliminated reflection cracking. The Detroit Industrial 
Expressway, I-94, project has indicated that heavily traveled highways can be rehabil­
itated without reflection crack problems by using a soil-aggregate cushion. The cushions 
have proved satisfactory for carrying traffic during construction periods, and thus time 
can be minimized when a project is closed to vehicles. 

In conclusion, it appears that soil-aggregate cushions significantly reduce reflection 
cracking. However, the preceding discussion shows the performance of cushions is 
variable and further research is required to minimize variability and maximize efficiency. 

Reinforced Asphaltic Concrete 

The Michigan experiment with welded wire-mesh continuous reinforcement placed 
directly on a widened portland cement concrete base and then covered with two- course 
bituminous-concrete resurfacing indicates: 

1. Reinforcement offers no significant advantage in control of transverse or longi­
tudinal reflection cracking or in preserving a smooth riding resurfacing. 

2. Alligator cracking at intersections of transverse and longitudinal joints leading 
to potholes requiring patching was a performance problem unique with only the rein­
forced resurfacing sections. 

3. Extensive corrosion and fragmentation of reinforcing steel, a performance factor 
not mentioned ih the literature, was encountered even where the overlay surface was in 
good condition. 

On the basis of other experimental studies, the Wire Reinforcing Institute and state 
agencies active in this research area now advise against installation of reinforcement 
directly on the base pavement. Notably successful experiments have been reported in 
other states by placing a leveling or binder course over the concrete base, then laying 
reinforcement, and completing the resurfacing with a wearing course, for a "sand­
wiched" type cross section. In some cases, the sandwiched reinforcement is placed 
over a leveling course or binder course and then covered with a separate binder and 
surfacing courses for a three-layer cross section. 



Experimental Composite Pavement in New Jersey 
JOHN L. HALLER, Assistant Supervising Engineer, Bureau of Structures and 

Materials, Division of Research and Evaluation, New Jersey Department of 
Transportation 

An experimental composite pavement design was constructed in New Jersey 
in 1963. The terrain involvedis essentially marshland. This route is one 
of New Jersey's most heavily traveled; presently carrying approximately 
80, 000 vehicles daily, of which 17 percent are in the heavy truck category. 

A composite design was chosen as that which would most likely satisfy 
the requirements of a highway in this area. That is, a pavement that would 
provide inherent stability to carry the exceptionally heavy traffic, as well 
as surface continuity, for a relatively long period of time with a minimum 
of maintenance. 

Over the 42-month period of operation thus far observed, the composite 
pavement has performed in accordance with design objectives. There has 
been an average total settlement of 0. 06 ft in this period, most of which 
occurred within the first 18 months of service. Maintenance has been neg­
ligible thus far. 

•THIS paper concerns a composite pavement design constructed on Route 3 in New 
Jersey. The subject pavement was designed in the latter part of 1961 and construction 
was completed in the middle of 1963. Because of the unique pavement design proposed 
for this project, the Bureau of Public Roads requested the New Jersey Department of 
Transportation to consider it as an experimental project. It was agreed that the State 
would study the behavior of the composite pavement design and report annually on the 
observations and collected data. The completed project has been reported on at periodic 
intervals of 11/2, 2°12, and 3 Y2 years since construction. 

The basic reporting methodology agreed on consists of: (a) traffic data including 
loadings, (b) determination of the serviceability index, (c) deflection measurements, 
(d) settlement determinations, (e) concrete base performance, and (f) bituminous con­
crete surface performance. 

The composite pavement design was used on a portion of the projects in New Jersey 
involving the Route 3 and New Jersey Turnpike approach complex to the Lincoln Tunnel, 
connecting New Jersey with New York. Several factors influenced the use of a com­
posite design rather than a conventional design in the approach section of the Route 3 
crossing of the Hackensack River. The terrain over which this portion of the highway 
was constructed is meadowland; the subsoils consisted of thin varved layers of silt, 
clay, and sand. Approximately 12 feet of organic peat and muck overlaid the underlying 
soils. 

Because of the urgency of the need for improvements to the overall approach com­
plex, the following factors were involved in the design of the pavement section: 

1. In 1961, Route 3 over the Hackensack River was carrying approximately 80, 000 
vehicles daily, and about 17 percent of these vehicles were in the heavy truck category. 
Therefore, it was imperative that the pavement section be of an unusually sturdy con­
struction so that it remain virtually trouble-free and require an absolute minimum of 
maintenance over a relatively long period of time. 

Paper sponsored by Committee on Composite Pavement Design and presented at the 47th Annual 
Meeting. 
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2. A decrease in construction time was desirable and could be accomplished by 
removal and replacement of the organic peat and muck with Zone 2 material (open­
graded quarried or bank-run material, 0 to 8 percent passing No. 200 mesh), placing 
a normal earth embankment and constructing a pavement thereon. However, this type 
of construction would not permit preconsolidation of the underlying compressible 
materials. 

3. Serious doubts existed as to the advisability of employing New Jersey's standard 
design of reinforced concrete pavement (78 ft 2 in. slab length) because of the com­
pressible nature of the underlying soil and the possibility of appreciable differential 
settlements causing serious cracking. 

4. Investigations and studies, available at that time, of the performance of flexible 
pavements on major trucking routes in New Jersey, on the AASHO Road Test, and on 
sections of the New Jersey Turnpike in the area of this project, led to uncertainty as 
to the adequacy of any conventional flexible pavement under the extreme traffic condi­
tions of this project. 

5. Bituminous surfacing materials are apparently capable of satisfactorily carrying 
heavy truck traffic and remaining crack free, provided they are on a very stable founda­
tion. This was borne out by the outstanding performance of the pavements on two re­
habilitation projects which involved thick overlays placed on existing concrete pavement. 
In both instances, the existing pavement was badly cracked, depressed, and undergoing 
pumping. An overlay consisting of a 3-in. FA-BC-2 surfacing on 8 in. of macadam 
base, on 3 in. of essentially stone screenings, was constructed on US 22 between 
Somerville and Chimney Rock in 1952, and is still in satisfactory condition. In the 
northbound roadway of US 130, in the vicinity of Deans, an overlay was constructed in 
1949 consisting of a 2-in. FA-BC-1 surfacing on 3 in. of penetration macadam, on 6 
in. of macadam base, on 5 in. of bank-run gravel. This overlay, under considerable 
heavy truck traffic, is also still in satisfactory condition, whereas, a then-considered 
relatively high-type flexible section constructed in the northbound roadway is now very 
badly cracked, appreciably rutted, and exhibits numerous areas of localized settlement. 

The particular design objectives for use of a composite pavement on this project 
were as follows: 

1. To maintain the structural integrity of surface despite an anticipated differential 
settlement resulting from the deep fill and the compressible nature of the underlying 
soil. 
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2. To achieve the high load-carrying capacity of a rigid pavement necessitated by 
the large volume of heavy truck traffic . 

3. To achieve the continuity of surface of a flexible pavement. 

The section of the mainline composite pavement and shoulder, designed on these 
principles, is shown in Figure 1. 

Contraction joints, providing aggregate interlock load transfer, were constructed 
in the concrete base at intervals of 15 ft. A 3-in. base of densely graded stone was 
applied between the concrete base and the 5-in. macadam base. This was to act as a 
buffer to prevent the reflecting of cracks from the concrete base up into the 3 % in. of 
FA-BC-2 surface pavement. 

Several construction contracts were associated with the approach complex to the 
Lincoln Tunnel. Reporting is limited to the Route 3 westbound roadway on the east 
side of the Hackensack River. The available initial data on the west side of the river 
and the eastbound roadway are not sufficient for analysis. 

Construction cost of the pavement for the initial contract amounted to $12. 39 per 
square yard. This cost, much higher than originally anticipated, was attributed to the 
inexperience of the contractor with this type of pavement. In subsequent contracts, 
the cost was reduced to $9. 85 per square yard. A high-type bituminous concrete pave­
ment or a reinforced portland cement concrete in New Jersey averages approximately 
$6. 00 to $9. 00 per square yard. 

The two-way AADT experienced on this portion of Route 3 for the indicated periods 
wen 1963-80, 100 vehicles; 1964-83, 890 vehicles; 1965-84, 730 vehicles; and 1966-
83, 460 vehicles. 

The truck percentage for westbound Route 3 was 19. 0 percent (approximately con­
stant for the 1964-1966 period) with an approximate lane distribution of: lane 4 (inside 
left)-6. 0 percent, lane 3-32. 0 percent, lane 2-43. 0 percent, and lane 1 (outside 
right)-19. 0 percent. 

Route 3 westbound was constructed on new alignment and completed in mid-1963. 
While existing Route 3 was being rehabilitated to accommodate eastbound traffic , from 
July 2, 1963, to May 27, 1964, the completed Route 3 westbound was divided into five 
lanes, each 10 ft wide, and was utilized for both eastbound and westbound traffic. During 
this period, it was subjected to approximately 3, 505, 056 eighteen-kip equivalent axle 
repetitions. Since May 28, 1964, the roadway has been used exclusively as four lanes 
for westbound traffic. The accumulated by-lane 18-kip equivalent axle repetitions 
since May 28, 1964, up to November 29, 1966, the date of the latest surveys, are lane 
4 (inside left)-276, 059, lane 3-1, 472, 311, lane 2-1, 979, 230, and lane 1 (outside 
right)-874, 188-making a total of 4, 601, 788 eighteen-kip equivalent axle repetitions. 

The relatively high traffic-load condition for the initial period up to May 1964 is 
due to the fact that the route carried traffic in both directions. 

Roughometer surveys were conducted periodically on all lanes of the approach sec­
tion of the Route 3 crossing of the Hackensack River from July 1963 (prior to opening 
to traffic) to November 1966 (latest survey). The first three surveys were conducted 

by personnel of the Structural Research 
Division of the Bureau of Public Roads. 

TABLE 1 

AVERAGE PERIODIC DEFLECTION 
MEASUREMENTS 

Deflections (thousandths of an inch) 
Date 

Dec. 1963* 
May 1965* 
Oct. 1965 
June 1966 
Nov. 1966 

• 7,500-lb whee l load. 

Joints 

5 
8 
7 
7 
7 

Midpoints 

5 
7 
7 
7 
6 

The latest survey was conducted with the 
assistance of the Port of New York Author­
ity. Although no acceptable roughness 
levels have been established for New Jersey 
using a BPR-type roughometer, limited 
roughness data are available for both the 
reinforced portland cement concrete and 
bituminous concrete pavement types. The 
measured values obtained for the subject 
composite pavement are within the limits 
of the available data. Virtually no change 
was found in the pavement roughness and 
the serviceability index since construction. 



"' r 

"' < 
]> 
-j 

0 
z 

z 

"Tl 

"' "' -1 

,500 

.400 

,,....., 

:3.. "'; 
-,~ -

""'-' ~ """ ,, -- ..... 
"- ---~ ~:r----r-... ... _...-·- i'--- --

' 

.300 

.200 

-----JUNE 26, 1963 

--- JUNE I, 1965 

-------NOV. 23, 1964 

----DEC. 12, 1966 

"' ~ ~:C 
. - '. 

~ ·-
.I 00 

STATIONS FEET 
,000 

0+30 40 50 60 70 80 90 1+00 1•10 1+20 1+30 

PROFILE OF PAVEMENT SURFACE - OUTER ( riQhl hond) WESTBOUND LANE 

STATIONS 0+30 TO 1+30 

ROUTE 3 , SECTION I - D 

Figure 2. 

135 

Periodic Benkelman beam surveys have been made on the outside (right) and inside 
(left) lanes of the Route 3 westbound roadway east of the Hackensack River since the 
inception of the study. Initially, a 7, 500-lb wheel load was employed. The more re­
cent surveys were made with a 9, 000-lb wheel load. Deflections were obtained in the 
right wheelpath of the outside (right) lanes at contraction joints (aggregate interlock 
load transfer), construction joints (no load transfer), and midpoints of the concrete 
base slabs. Table 1 gives the average periodic deflection measurements. 
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Available limited data for other New Jersey pavements indicate deflection ranges 
of 0. 01 to 0. 03 in. and 0. 006 to 0. 010 in. for bituminous concrete and portland cement 
concrete pavements, respectively. The deflections observed thus far on Route 3 in­
dicate they are well within acceptable limits. 

Periodic close interval profile and cross-section readings have been taken on Route 
3, Section 1 D-the section to which this report pertains. Figure 2 shows a portion of 
a typical profile as of June 1963 (as constructed), November 1964, June 1965, and 
December 1966. Figure 3 indicates a portion of a typical cross section taken on the 
above dates. 

The settlement observed thus far has been approximately 0. 06 ft. Most of this 
settlement took place during the first 18 months. 

Visual inspections of Route 3, Section 1 D were made in November 1963, January 
1966, and March 1967. These inspections revealed no significant defects in the com­
posite pavement. Several very minor longitudinal cracks were observed. They are 
not considered as being detrimental to the overall performance of the composite pave­
ment. No transverse cracking of the pavement has been observed, except immediately 
adjacent to the structure. This absence of transverse cracking in the surface indicates 
the buffer layers of densely graded stone and macadam are preventing the contraction 
joints of the concrete base from being reflected into the surface. Maintenance thus far 
has been negligible. Some minor patchwork was accomplished at the structure because 
of pavement settlement. 

Profile surveys and visual inspections have shown no unusual conditions in the per­
formance of the composite pavement. Therefore, no intimate study of the concrete 
base has been undertaken. All joint locations have been marked, however, and if nec­
essary, excavations can be made to determine the condition of the joints and the per­
formance of the base. 

Over the 42-month period of operation thus far observed, the composite pavement 
has performed in accordance with the original design objectives, namely: 

1. To maintain the structural integrity of surface despite an anticipated differential 
settlement resulting from the deep fill and the compressible nature of the underlying 
soil. 

2. To achieve the high load-carrying capacity of a rigid pavement necessitated by 
the large volume of heavy truck traffic. 

3. To achieve the continuity of surface of a flexible pavement. 
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Field Study of Performance and Cost of a 
Composite Pavement Consisting of 
Prestressed Concrete Panels Interconnected and 

Covered With Asphaltic Concrete 
EMIL R. HARGETT, Associate Professor of Civil Engineering, South Dakota 

State University 

This report describes the design, construction, and field test­
ing of a new concept in highway pavement design-a composite 
of favorable features of both rigid and flexible pavements con­
sisting of prefabricated prestressed concrete structural com­
ponents covered with a leveling course of asphaltic concrete. 
The prestressed structural panels are placed on the prepared 
roadbed and interconnected with special steel connectors and 
grout keys. The panels produce the structural effects of a 
spread footing, yet possess a high degree of flexibility and re­
sistance to permanent cracking. The asphalt leveling course 
furnishes a flexible and waterproof surface with excellent rid­
ing characteristics. Design details, construction costs, and 
field tests for an evaluation of structural performance are in­
cluded and discussed in view of the short period of the field 
performance study. 

•AFTER receiving favorable structural performance from the laboratory investigation 
of composite pavement, the South Dakota Department of Highways approved a small­
scale field study of this type of pavement. The field study was designed to furnish ad­
ditional information regarding costs, construction problems, and structural perfor­
mance of the composite pavement under field conditions. The primary factors investi­
gated in the study of structural performance were load-carrying capacity and expansion­
contraction characteristics. 

LOCATION AND DESIGN OF FIELD TEST SECTION 

The location of a field study of this new type of pavement on a mainline highway was 
not recommended because it was in its early stages of development. The site selected 
was the driveway to the South Dakota Highway Maintenance building east of Brookings, 
where it was possible to subject the composite pavement to actual traffic and typical 
weathering conditions for the area. 

The longitudinal panel arrangement was selected for this investigation in view of its 
promising riding characteristics. The length of the test section was limited to 96 ft by 
the high construction costs anticipated for this new concept in pavement construction. 
Figure 1 shows a plan and elevation view of the composite pavement as designed for 
the field study. The individual panels were designed with the following dimensions: 6 
ft wide, 24 ft long, and 41/2 in. thick. The panels were interconnected with grout keys 
and tongue-and-fork connectors developed during the latter part of the laboratory in-
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vestigation. Figure 2 shows a half section of an interior panel with connectors and 
grout keys. Figure 3 shows the details for the tongue-and-fork connectors. The panels 
were designed for a longitudinal prestress of 350 psi. Nine 7-strand tendons of Ya-in. 
diameter were used to develop the 350-psi uniform prestress in the longitudinal 
direction. 

i 
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• :z: 
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II 

-

nine 3/Jr' tendons -----.-. 

Figure 2. Half-section of an interior panel with connectors. 



140 

B 

--0-~--1 
I 
I 

' I 

Section
7 

B 

B 

Figure 3. Detoi Is for tongue-and-fork connection and grout key. 

CONSTRUCTION AND CONSTRUCTION COSTS 

The test section was prepared for placement of the panels by the South Dakota De­
partment of Highways. The work items consisted of shaping and compacting the sub­
grade, constructing an 8-in. granular base course, and placing the sand bedding course. 
The subgrade material consisted of silty clay and black topsoil with a maximum dry 
density of 112. 0 pcf. Compaction of 99 percent of standard Proctor was obtained from 
one field density test. The base course material was predominately fine grained; 74 
percent passed the No. 4 sieve and 3 percent passed the No. 200 sieve. A vibratory 
compactor was used to compact the base course. The sand used for the bedding course 
met ASTM specification C 33-63 for fine aggregate for portland cement concrete. In order 
to exercise strict control over the grading of the sand, it was necessary to fine-grade 
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Figure 4. Field placement of prestressed panels. 

the sand bedding course by hand with the use of screed strips and "blue tops. " The 
sand bedding course was prepared the same day that the panels were laid. 

The prestressed panels were produced and laid by Gage Brothers Concrete Products 
Co. of Sioux Falls. Figure 4 shows the placement of the prestressed panels during 
September 1966. No major difficulty was encountered during the laying operation. The 
construction tolerances in the panel dimensions did not affect the positioning of the 
panels in this 96-ft test section. Observations were made regarding the need for fur­
ther simplification of the tongue-and-fork connection. The limited tolerance in the 
vertical alignment of the slots in the tongue-and-fork connections made it difficult to 
insert the wedge, as shown in Figure 5. The tolerance was further restricted by the 
section of concrete below the fork. In a few cases, this section of concrete served as 

Figure 5. Inserting the wedge in a tongue-and-fork connection. 
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a bearing area for the tongue from the adjacent panel. It was decided that further con­
sideration should be given to the design of panel connectors in view of the high material 
cost and the placement problems described. 

After driving the wedges in all of the tongue-and-fork connections, the test section 
was subjected to a limited number of impact wheel loads in order to seat the panels in 
the sand bedding course. The impact wheel loads were produced by placing timbers 
(2 by 4's and 4 by 4's) on the pavement and traversing the test section with a front-end 
loader. The grout keys were then washed clean and filled with a 1-2 grout (1 part of 
cement, 2 parts of sand). The panels were at a temperature of 68 F at the· time of 
grouting. The grout was sealed with a curing compound about 2 hours after placement. 
The pick-up loops were then burned off with an electric welder, and the test section 
was closed to traffic for a period of 7 days to let the grout cure. A 7-day (field-cured) 
test cylinder of the grout developed a compressive strength of 4775 psi. 

The asphalt concrete cover course was applied to the surface by blading and rolling 
about 2 weeks after the panels were grouted together. The reference markers (bolts) 
were then installed in the pavement for the measurement of expansion and contraction 
of the panels in the test section. A temperature well was installed near the edge of the 
pavement for the measurement of differences in temperature for various depths in the 
pavement structure. 

Unit construction costs were computed from the actual charges submitted by the 
South Dakota Department of Highways and Gage Brothers Concrete Products Company. 
Construction costs for the major work items were as follows: 

Item 

Compacte_d 8-in. granular base course 

Sand bedding course l 1/2-in. thick 

Prestressed concrete panels 

Transportation of panels and panel 
placement 

Grouting panels 

Bituminous cover course l 1/2-in. thick 

Total 

Unit Cost 

$ 0.39/ S.Y. 

$ 0.30/S.Y. 

$11.33/S.Y. 

L.S. 

$ 0.13/ lin. ft. 

$ 0.86/S.Y. 

$14.45/ S.Y. 

STUDY OF STRUCTURAL PERFORMANCE 

Total Cost 

$ 101 

78 

2900 

350 

50 

220 

$3699 

The field study of the structural performance of the composite pavement consisted 
of the following measurements and observations: 

1. Measurements of contraction and expansion of the panels due to changes in 
temperature. 

2. Benkelman beam measurements of pavement deflections under dynamic wheel 
loads. 

3. Measurement of plate load vs pavement deflection according to ASTM Standard 
Test D 1196-64. 

4. Visual observation of pavement performance under traffic and actual weathering 
conditions. 

Measurements of Temperature Contractions and Expansions 

Permanent reference markers were set in the pavement for the measurement of 
contraction and expansion resulting from changes in temperature. The reference 
markers were established by grouting bolts in holes drilled into the presfressed panels. 
The bolt heads were drilled and t apped for 1/4-in. Allen scr ews. When measurements 
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were made, the Allen screws were removed and replacP.d with short studs for reference 
"stops." Figure 6 shows the arrangement of permanent reference markers in the test 
section. Measurements were made of the contractions and expansions in the entire 
length of the test section, as well as the contractions and expansions reflected at trans­
verse panel joints. 

The changes in the length and width of the test section were measured with a 100-ft 
steel tape equipped with one sliding stop and one fixed stop. The tape was used to mea­
sure changes in the lengths of lines A, B, and C in Figure 6. Table 1 shows the lengths 
of these three lines for various changes in air temperature. 

These measurements show an average contraction of 0.019 ft in the length of the test 
section due to a 78-deg change in temperature. However, the transverse contraction 
obtained from measurements along line C was found to be 0.010 ft for the same change 
in temperature. These data indicate that the transverse panel joints accommodated ap­
proximately 50 percent of the longitudinal contraction. 

The contractions at transverse panel joints were measured with an extensometer 
(Fig. 7). When the air temperature was decreased 78 deg, a contraction of 0.005 in. 
was measured at the transverse panel joint at the center of the test section. Measure­
ments indicate that the two transverse panel joints 24 ft from the end of the test section 
accommodated contractions of 0.003 in. and 0.004 in. The primary forces resisting 

TABLE 1 

PAVEMENT DIMENSIONS VS CHANGES IN TEMPERATURE 

Change in Air 
Temp. (deg F) 

0 

-22 

-13 

-42 

-49 

-29 

-20 

-78 

-49 

-46 

-53 

-19 

- 8 

+ 1 

Line A 
(ft) 

94. 940 

94.941 

94. 941 

94. 934 

94. 930 

94. 926 

94. 938 

94 . 922 

94 . 925 

94. 924 

94. 924 

·94. 937 

94 . 936 

94. 936 

Line B 
(ft) 

94. 925 

94.925 

94. 922 

94. 923 

94. 910 

94. 904 

94. 919 

94.905 

94, 910 

94, 911 

94, 907 

94. 919 

94. 921 

94. 921 

Line C 
(ft) 

23 . 150 

23.149 

23. 149 

23 . 148 

23. 143 

23. 145 

23. 147 

23 . 140 

23.144 

23. 143 

23. 142 

23. 146 

23. 149 

23. 149 

contraction consist of the resistance 
offered by the panel connector, fric­
tion along the joint, and subgrade fric­
tion. The accumulation of stress re­
sulting from expansion will be dictated 
in a large measure by the level of end 
restraint developed between individ­
ual panels. 

The maximum changes in length of 
a 24-ft panel are as follows: expan,.. 
sion = O. 086 in. for a 60 deg change in 
temperature, contraction= 0.144 in. 
for a 100 deg change. The joints be­
tween 24-ft panels may be designed to 
accommodate expansion (0. 086 in.). 
Therefore, the composite pavement 
could be constructed as a continuous 
pavement as far as expansion is con­
cerned. However, the magnitude of 
contraction precludes construction 
as a continuous pavement. The dis­
tance between contraction joints is 
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Figure 7. Extensometer used to measure contractions and expansions at panel joints. 

dictated by subgrade friction and the tensile strength in the critical cross-sectional area 
in pavement. In the following expression the tensile force in the pavement is equal to the 
force of subgrade friction developed in one-half of the distance between joints: 

(Area of concrete) (prestress +tensile stress) = (Normal force) (Coefficient of friction) 

The area of concrete, Ac, is critical at one-half the distance between contraction 
joints (L/2). The critical area consists of the two panels adjacent to the two transverse 
, .. u,·rH·).1 ;";'"+C" 'T'h.a lai:r.o.1 n.f "'""'.oa4-1"t.occ f... ~,.., tho ni:inolc. ·n1':.leo .o.n11':ll tn ~~() nci 'T'ho ton-pu.i.a.'-'.i. JV.i...1..1.,......,. .L.L.L'-' .... ....,.,...., ... '-".Lt" ... ...,.._..,"'...,.._....,, .._[J' .a..o.& ..,.., ... ..., l"~"''-'.&...., ,,....,..., "'"1 ..... _ .. """ ........ ~ t'~.... .... ........... wo.;.o. ... 

sile strength, ft, in the concrete is assumed to be about 500 psi. A coefficient of sub­
grade friction of 0. 5 is used since the smooth face of the panel is laid on the ground. A 
weight of 156 pcf is used for the weight of the pavement, Wc, (41/2 in. prestressed con­
crete + l 1/2 in. of asphalt). These data are used to determine the length between con­
traction joints according to the following formula: 

Ac (fp + ft) 

2 x 6 x 12 x 4. 5 (350 + 500) 

648 (850) 

We (Cf) (L/2) 

6/12 x 24 x 156 x 0. 5 x L/2 

468 L 

L 1175 ft 

It may be possible to increase this length, L, after analyzing the effects of reversed 
contraction forces in adjacent longitudinal panels (longitudinal panel arrangement). 

Relative elevations of the 15 reference markers (bolts) were determined during the 
fall and spring with an engineer's level. These elevations failed to reveal any signifi­
cant changes in the vertical alignment of the panel assembly. 

Benkelman Beam Deflections 

Benkelman beam equipment was used for the study of load-deflection characteristics 
of the composite pavement. The pavement was loaded with a 9000-lb wheel load and 
85-psi tire pressure. Measurements of pavement deflection were obtained during the 
fall of 1966 and the spring of 1967. Pavement deflections were measured at panel 
joints and panel interiors along the two wheelpaths. Locations of the Benkelman beam 
test stations are shown in Figure 8. Pavement.deflections measured at these stations 
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Figure 8. Location of Benkelman beam test stations. 

TABLE 2 

BENKELMAN BEAM DEFLECTIONS 
(Thousandths of an inch) 

Beam Deflections-Fall 1966 Beam Deflections-Spring 1967 

Panel Interior Panel Joint 

24 40 

26 38 

32 48 

32 52 

28 38 

26 38 

32 22 

Panel Interior 

24 

16 

20 

18 

24 

18 

20 

Panel Joint 

22 

28 

26 

26 

30 

30 

26 

= a 

Figure 9. Field equipment for Benkelman beam deflections. 
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Figure 10. Location of plate bearing tests. 

are given in Table 2. Figure 9 shows the equipment used to measure pavement 
deflections. 

The test data show an increase in pavement firmness during the winter months (Oc­
tober 1966-April 1967). Part of this increase in pavement firmness is attributed to 
the densification of the sand bedding course under traffic. 

Plate Bearing Tests 

A further study of the load-deflection characteristics of the pavement was made from 
plate bearing tests. The Physical Research Division of the Department of Highways 
made the tests according to ASTM Standard Method D 1196-64. The plate bearing tests 
were made at two locations during the fall of 1966 and spring of 1967 (Fig. 10). The 
center of one of the prestressed panels was selected for one of the test locations (A) 
and the other was located at a transverse panel joint (B). These two locations were 
tested with 15- and 18-in. plates. Figure 11 shows the equipment used for the plate 
bearing tests. Table 3 gives the plate load test data obtained. 

Measurements were made during the spring to determine the radius of influence for 
the 18-in. plate load. The following deflections were obtained from a 46, 000-lb plate 
load: 0.038 in., 4 ft from the plate; 0.012 in., 8 ft from the plate; and 0.003 in., 10 ft 
from the plate. These deflections indicate that the 46,000-lb plate load was distributed 
over an area approximately 24 ft in diameter. This deflection pattern reflects favorable 
structural performance . 

. u _ 
SOUi Pl.•OTA 

C(PT 0, IUGIOf~YS 

- -,,,.._ ff lC~WAY RESEARCH 

Figure 11. Field equipment for plate bearing tests. 
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TABLE 3 

PLATE LOAD TEST DATA 

15-in. Plate 18-ln. Plate 

Location Pla te Pressure Deflection Plate Pressure Deflection 
(psi) (in.) (psi) (in.) 

October 1966 

A 93 o. 053 70 0.049 
158 0.103 118 0.090 
196 0.143 162 0.135 
239 o. 187 194 o. 180 

0 0.073 0 0.041 

B 109 0. 064 43 0.048 
141 0.096 80 0. 098 
182 o. 151 116 o. 145 
229 0. 205 154 0. 200 

0 0. 074 0 0. 039 

April 1967 

A 76 0.048 47 0.038 
149 0.092 94 0.080 
218 0.140 13'/ 0.127 
280 o. 202 181 0.183 

0 0.027 0 o. 028 

B 44 0. 037 25 0.040 
90 0.083 55 0.083 

137 o. 122 84 0.128 
155 0.165 125 0.192 
194 0.214 0 0.038 

0 0.050 

The plate bearing data in Table 3 show that the pavement deflections measured at 
the panel joint during the spring were larger than the corresponding deflections mea­
sured during the fall. However, at the panel interior the deflections obtained from the 
15-in. plate test were larger in the fall than the corresponding deflections measured 
during the spring. It is believed that the deflections measured at the panel joint during 
the fall reflected the effects of bonding between the grout key and the panels. This 
bonding effect was unquestionably destroyed by the first series of plate load tests. The 
increase in pavement firmness at the panel interior may be attributed to a densifica­
tion of the base material. 

VISUAL OBSERVATIONS OF PAVEMENT PERFORMANCE 

The limited visual observations of pavement performance are considered significant 
even though the field test conditions were not severe. The test conditions were estab­
lished by collecting traffic and weather control data. 

A traffic counter was used during the fall of 1966 for a measure of the traffic car­
ried by the test section. The average daily traffic was 25 vehicles per day for the pe­
riod surveyed. A major part of the traffic consisted of vehicles weighing less than 4000 
lb. However, the South Dakota Department of Highways hauled approximately 120 
truckloads of cold mix across the test section during the last two weeks in November. 
The truck loads ranged between 22,000 and 26,000 lb (gross weight). 

The weather control data consist of maximum and minimum temperatures and aver­
ages of the maximums and minimums for the period from September 1966 through 
April 1967. These temperatures are shown in Table 4. 

The composite pavement demonstrated favorable structural performance during the 
observation period. There were no indications of joint failure or changes in the verti­
cal alignment in the test section. Reflection cracks corresponding to panel joints did 
appear in the asphalt surface about one month after the surface was applied. These 
cracks were attributed to the "hinge action" of the pavement at the panel joints. Very 
small cracks developed along the transverse grout keys due to contraction of the panels 
at lower temperatures. These cracks provide contraction joints for the pavement with-
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TABLE 4 

TEMPERATURE CONTROL DATA FOR BROOKINGSa 

Period Minimum Maximum Average Minimum Average Maximum 

Sept. 1966 30 86 46 71 

Oct. 1966 17 84 32 60 

Nov. 1966 -11 58 15 40 

Dec. 1966 -24 43 6 26 

Jan. 1967 -21 46 4 26 

Feb. 1967 -23 48 -4 20 

March 1967 -10 20 20 44 

April 1967 19 78 32 54 

0 u.s. Weather Bureau figures. 

Figure 12. Tension cracks in the grout key and reflection cracks in the asphalt surface, 

out affecting the riding characteristics of th~ asphalt surface. Figure 12 shows a crack 
along the grout key and the reflection crack in the asphalt surface. There was evidence 
of the grout spalling along the contraction crack. This was attributed to the hinge ac­
tion between the panels. 

There was some indication of pavement pumping during the time the pavement was 
subjected to heavy truckloads. This evidence appeared at the lower end of the test sec­
tion. Some of the sand was pumped through the crack that developed at the end of the 
test section. It is believed that this condition was caused primarily by impact wheel 
loads applied to the ends of the resilient panels. 

DISCUSSION 

Field placement of 4-ton prestressed concrete panels for highway construction did 
not reveal any significant placement or construction problems. The placement and fine 
grading of the sand bedding course by hand was a time-consuming operation. This 
problem may be eliminated with the use of mechanical equipment normally available 
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for a large-scale operation. The bedding course should consist of material that is not 
susceptible to pumping action. 

Field measurements indicate that the longitudinal panel arrangement facilitates a 
distribution of the pavement contraction throughout the pavement. The staggered pat­
tern of 6-ft transverse joints coupled with longitudinal friction joints precludes a sig­
nificant build-up of contraction stresses. Calculations indicate the feasibility of con­
structing sections of this type of pavement 1175 ft long without any special provisions 
for contraction. However, due consideration should be given to the maximum and min­
imum field temperatures anticipated and the temperature of the panels at the time of 
placement in order to provide panel spacings that are balanced for contraction and ex­
pansion. 

An increase in pavement firmness was observed after the first winter. Part of this 
increase was attributed to a densification of the base material and sand bedding course 
under traffic. There was no indication of a significant change in the supporting capaci­
ty of the pavement due to pumping. 

The primary purpose of the measurement of plate loadings and corresponding de­
flections was to evaluate the wheel load distributions. Test data show that the wheel 
load was distributed over the width of the 24-ft pavement. TJie flexible but spread footing 
effect, developed through the use of prestressed concrete panels, is recognized as one 
of the favorable characteristics of this type of pavement. 

The observations of the structural performance of this type of pavement during the 
first year of service were favorable. The interconnected panels demonstrated a con­
tinuous slab effect. The reflection cracking of the asphalt at the transverse panel 
joints is not considered a serious problem. 

This type of pavement holds definite promise for the increasing demand for a con­
struction method that may be used under unfavorable weather conditions and without 
causing a major disruption in the normal flow of traffic. It offers even greater promise 
for airports in view of the increasing demand for methods that may be used to reinforce 
existing airport pavements, taxiways, and aprons without disrupting the normal airport 
operation. 
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A Statewide Deflection Study of Continuously 
Reinforced Concrete Pavement in Texas 
B. F. McCULLOUGH and HARVEY J. TREYBIG 

Highway Design Division, Texas Highway Department 

This report summarizes a performance study of continuously reinforced 
concrete pavement in terms of load-deflection studies. In this study the 
following factors affecting pavement performance were considered: sub­
grade support, subbase type, concrete modulus of elasticity, concrete 
modulus of rupture, pavement thickness, season of the year, and soil 
moisture condition. The effect of each of the factors on the deflection 
and stress or curvature is discussed. 

The variables that significantly affect deflection and radius of curvature 
are correlated into model equations. The constants in the equations were 
determined from the data using multiple regression techniques. This 
study validates some initial assumptions made in the design and develop­
ment of continuously reinforced concrete pavement for Texas conditions. 

•THIS report is a part of a continuing study by the Texas Highway Department pertain­
ing to the development and design of continuously reinforced concrete pavement (CRCP) 
in Texas. The Texas Highway Department pioneered the use of CRCP in the Southwest 
with the construction of an experimental pavement in Fort Worth during 1951. Recent 
reports issued by the Concrete Reinforcing Steel Institute indicate that-Texas nqw· has 
more mileage of CRCP than any other state (1). 

During the initial design development stages of CRCP in Texas, several assumptions 
were made, which the authors wish to reiterate at this point. Among the initiah~.s­
sumptions were the following: 

1. To prevent pavement deterioration, the transverse cracks in the pavement must 
be of small enough magnitude to permit the retention of granular interlock and prevent 
the entrance of water. If sufficient granular interlock is maintained, then 100 percent 
load transfer will be experienced across the crack and thus the pavement continuitywill 
be maintained (2). 

2. The Westergaard interior loading condition was used for determining the pave­
ment thickness, with additional steel being used at the edge to compensate for the dif­
ference in required thickness between an edge and interior loading condition. This ap­
proach results in a 1- to 2-in. thinner pavement than would be obtained with normal 
procedures used in designing jointed concrete pavements ~. i). 

Although the AASHO Road Test provided valuable information for use in the design 
and construction of rigid pavements, numerous areas remain to be investigated, es­
pecially in the field of CRCP, since this pavement type was not covered at the Road 
Test ( 5). The deflection data obtained at the AASHO Road Test are difficult to extrap­
olate fO a formula for the design of continuous pavement in Texas because (a) they are 
not directly applicable to this pavement type, (b) only one natural soil type and strength 
was considered, (c) only one concrete modulus of elasticity was used, and (d) lime sta­
bilization was not included. 

To establish the effect of these parameters and verify the original design assump­
tions, the Texas Highway Department in 1963 initiated a large research project to 
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investigate the performance of continuously re­
inforced concrete pavement. This is the fifth 
report in connection with this study and the third 
relating to pavement deflection. The earlier re­
ports pertain to equipment and technique devel­
opment (6 ), deflection study on an experimental 
pavement section (7), and a 24-hour deflection 
study on several new untrafficked pavements (8). 

Since 1963, in excess of 15, 000 individual 
measurements of deflection, radius of curvature, 
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TABLE 1 

SCHEDULE OF FIELD OBSERVATIONS 

Run No . 

1 
2 
3 
4 

Season 

Fall 
Winter 
Summer 
Spring 

Date Ran 

Oct. -Dec . 1963 
Jan. -Mar . 1964 
June-July 1964 
Mar. -Apr . 1965 

crack width, and temperature have been taken on numerous continuous pavements lo­
cated throughout the state. The schedule of field observations is given in Table 1. Many 
of the procedures and teclmiques used are those developed at the AASHO Road Test or 
modifications thereof (5, 6). Much work has been done by the Texas Highway Depart­
ment in developing experimental techniques for studying CRCP. 

The overall objective of this investigation is to determine the effects of design vari­
ables on pavement deflection and radius of curvature. After establishing the param­
eters considered to be variables, a statistical expression will be derived that can be 
used for calculating the deflection and radius of curvature produced by a wheel load on 
continuous pavement. In addition, the assumptions used in the original design analysis 
of CRCP will be investigated to determine their validity. 

DESCRIPTION OF EXPERIMENT 

Factorial Design 

The entire experiment was functional through a factorial design that encompassed 
the variables involved in pavement design. The chart representing the factorial 
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Figure 2. Experiment design for jointed concrete pavement. 

experiment design in shown in Figure 1. In order to represent each entry in the facto­
rial design for one pavement thickness, 90 different test sections would be required. 
Figure 1 shows the entries in the factorial table that were filled. Each symbol repre­
sents a test section; therefore, small degree of replication was provided for. It was 
quite impossible to fully complete the table due to the closely standardized design cri­
teria. In this report the test sections will sometimes be referred to by number; e.g., 
1-6 means line 1, column 6 on the factorial. 

The variables represented in the factorial are the controlled variables-the subgrade 
support, subbase type, concrete modulus of elasticity, and concrete modulus of rupture. 
Similar charts were prepared for pavement thickness. Figure 2 shows the jointed pave­
ment test sections in factorial arrangement. 

Controlled Variables 

In this experiment each level of the subgrade support variable was grouped in accor­
dance with the Texas Triaxial Classification Chart (~ 10) . For this factorial, the sub­
grades were classified as poor, fair, and good. Only the strength parameter was used 
for classifying the subgrade support variable, with no attempt to further subdivide with 
index properties such as sand, clay, grading, plasticity, etc. For each of these clas­
sifications, the triaxial class range was as follows: 

Poor: 
Fair: 
Good: 

Class 
Class 
Class 

5.5 
5.0 
4.0 

and above 
through 5. 4 
through 4. 9 

(In the Texas Triaxial Classification Chart, the numbers range from Class 1. 0 to Class 
6. O(+). The larger the number the weaker the material.) 
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The subbase was categorized in two general divisions, stabilized or unstabilized. 
Unstabilized subbases were subdivided into two basic categories, those with fine-grain 
materials (natural sands) and granular material. The stabilized subbases were either 
lime-, cement-, or asphalt-treated base material. As was the case with subgrade sup­
port, further subdivision in accordance with index properties was not considered. 
Therefore, a cement-stabilized material may be an iron gravel, crushed limestone, 
a sand shell, etc. The subbases were generally constructed in accordance with the 
Standard Specifications of the Texas Highway Department (11). 

The modulus of elasticity (tangent modulus of elasticity)of the concrete pavement 
was based on the type of coarse aggregate used. In Texas, experience indicates that 
concretes with siliceous river gravel coarse aggregate exhibit a modulus of elasticity 
of about 5. 5 million psi, whereas concretes with crushed limestone aggregate nave a 
lower modulus of about 3. 5 million psi. Thus it was on this basis of coarse aggregate 
source within the state that the modulus of elasticity of each pavement section was 
selected. 

The modulus of rupture was divided into three categories-low, medium and high­
representing concrete flexural strength ranges of less than 580, 580 to 690, and above 
690 psi respectively (modulus of rupture obtained with mid-point loading). Each of the 
modulus of elasticity levels was subdivided into these three levels- of modulus of rupture. 
Most of the pavement sections entered in the factorial were in the medium range, which 
is considered the optimum strength for CRCP. 

Pavement thickness, also a controlled variable, could not be investigated to the ex­
tent desired because most of the CRCP in Texas is 8 in. thick. There has been some 
6-in. CRCP built, but in a limited number of designs. Thus, it has been quite difficult 
to truly examine pavements with a lesser thickness than 8 in. Two different symbols 
are used in Figure 1 to represent the two pavement thicknesses considered. 

Figure 2 shows the jointed pavement test sections. The three thicknesses are rep­
resented by symbols indicating the slab thickness. The sections represented in col­
umn 2 of Figure 2 are plain concrete and the sections in column 5 are reinforced. The 
load transfer at the transverse joints was by mechanical devices. This made it possible 
to make direct comparisons between jointed and continuous pavement. Everything was 
held constant in the factorial comparison except the pavement type. 

Semi-Controlled Variables 

Two other variables that were given due consideration but are not shown on the fac­
torial in Figure 1 are the season of the year and the general soil moisture condition. 
The field data were taken in such a manner that all pavement test sections were studied 
in each of the four seasons of the year. The second semi-controlled variable was the 
general moisture condition of the soil, which is somewhat a function of the season. Data 
taken in winter and spring were in general taken under wet conditions, the spring being 
more so. The data taken in summer and fall were taken under generally dry conditions. 

Another parameter considered to be constant was the subbase thickness, which was 
generally 6 in. ± 2 in. Studies at the AASHO Road Test found that subbase thickness has 
very little effect on pavement deflection in the range of 3 to 9 in. (5). Therefore, the 
assumption of equal thickness is reasonable for the range of thickness considered, i.e. , 
4 to 8 in. The cement factor for the concrete pavement is generally 4% sacks per cubic 
yard. The longitudinal reinforcement for the pavement was approximately 0. 5 percent 
in all cases. 

Pavement Test Sections 

The pavement sections used for test sections were essentially made up of three parts: 
the test section, the transition area, and the replicate test section. The test section 
and the replicate test section are both 1200 ft long and separated by a 100-ft transition 
area (Fig. 3). Jointed concrete pavement test sections were laid out the same as the 
CRCP. 

West of the Balcones Fault Zone through central Texas, generally all pavements are 
flexible due to a combination of traffic density and availability of high-grade flexible 
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Figure 3. Layout of test pavements. 

base construction materials. Conse­
quently, the pavement test sections for 
this experiment were scattered through­
out the eastern half of the state. Some 
of the criteria used in choosing the test 
sections were as follows: 

1. The entire test section should be 
in a 2500-ft long tangent section with no 
gra.de in excess of 1 percent. 

2. Longitudinal reinforcement should 
be approximately 0. 5 percent steel. 

3. The general soil conditions should 
be relatively constant as far as could be 
ascertained by engineering judgment and 
inspection. 

4. The entire length, 2500 ft, 
to attain uniformity. 

when in cut or fill sections should be entirely therein 

5. The structural components of the pavement must classify it into one of the 90 en­
tries in the chart in Figure 1. 

6. Tn no case were side-hill sections chosen for test sections. 
7. The subbase must extend the entire crown-width of the roadway; trench-type sec­

tions were not considered. 

Table 2 gives a brief description of materials components, location, traffic applica­
tions, etc., of the pavement test sections studied in this experiment. 

METHOD OF ANALYSIS AND ACCURACY 

The voluminous amount of data taken in this experiment required a careful and de­
tailed analysis to obtain the desired end product. The 1604-A Control Data Computer 
was used to facilitate the analysis of the data to the greatest extent possible. 

The computer program for the data reduction was written in such a fashion that all 
the pertinent data gathered would be presented for analysis. All data taken in the field 
were recorded on a data sheet, from which the data were key-punched, then processed, 
stored permanently on magnetic tape, and printed out. The print-out included the fol­
lowing: the pavement depth, identification of the test section, average crack spacing, 
general moisture condition of the soil, deflection data, crack width data, radius of cur­
vature data, temperature data, and a statistical analysis of the temperature, deflection, 
radius of curvature, and crack width data. Also included on the computer print-out 
were the average deflections corrected to a zero degree temperature differential (6) . 

It should be emphasized here that each data point used in the following discussions 
and analysis represents the average of numerous readings. For each type of data point, 
the magnitude used to represent a test section was derived from an average of at least 
14 data points. 

Method of Analysis 

The data were analyzed by investigating one variable at a time, i.e., holding all others 
constant. By using this method, it was possible to determine if the variable being studied 
was truly a variable or not. This method of having all but one variable constant in a 
comparison was made possible by the factorial design (Fig. 2). For example, in com­
paring subgrade support, any factorial entry under "poor" could be compared with a 
corresponding entry under "fair" or "good." This comparison would be clean, i.e., the 
subgrade support would be the only variable. This same procedure was used to investi­
gate each variable under consideration in this study. Analysis of variance techniques 
were used on several of the parameters; however, not enough entries were filled in 
the factorial to validate the analysis of variance results, even though some trends were 
shown. 



TABLE 2 

DESCRIPTIVE INFORMATION RELATIVE TO SUBBASE AND SUBGRADE FOR THE TEST SECTIONS 

Sub base Subgrade Fractorial 
Test Number 

Section County Highway Tri- Unconfined Triaxial Remarksa 
Line- Compres- Stabili-

Column Number Type axial sive Stabilization Type Classifi- zation 
Class Strengthb 

cationC 

1-2 8-13-1 Tarrant IH 820 Dark brown sand 1. 0 117 6% Lime Black clay 5. 5 5'.l\ Lime 6-in. CRCP 
1-2 8-13-2 Tarrant IH 820 Dark brown sand 1.0 117 6% Lime Shaley clay 5. 5 5% Lime 
1-5 675-7-1 Walker IH 45 Crushed sandstone 2. 2 16.1 None Sandy clay 5.5(1.0) 3'.l\ Lime 
1-5 675-7-2 Walker IH 45 Crushed sandstone 2.2 16.1 None Sandy clay 5.5 (1.0) 3% Lime 
2-2 95-4-1 Kaufman IH 20 Crushed limestone 1.0 50 None Taylor marl 5.5 (1.0) 4% Lime 
2-2 94-7-1 Dallas SH 183 River gravel 3. 5 15. 0 None Del borrow 5. 5 None 
2-5 739-2-4 Jefferson IH 10 6 in . Sand-shell 2. 0 65 None Clay 6. 0 (1. OJ 4% Lime 
2-6 15-2-1 McLennan IH 35 4 in . Bosque gravel 3.4 20. 9 None Silty clay 5. 5 (1. 0) 6% Lime 
3-2 739-2-7 Jefferson IH 10 6 in . Sand-shell 1. 0 600 7 .1% Cement Clay 6. 0 (1. 0) 4% Lime 
3-3 156-7-1 Wichita us 277 4 in . Sandstone 1.0 270 3. 0% Cement Clay 5. 5 None 
3-5 739-2-2 Jellerson IH 10 6 in . Sand- shell 1.0 600 7 . 1% Cement Clay 5. 9 (1. 0) 4% Lime 
3-5 500-3-3 Harris IH 45 6 in . Sand-shell 1. 0 1100 7.0% Cement Silty clay 5. 8 None 
3-6 27-13-1 Harris us 59 6 in. Sand-shell 1. 0 1100 7 . 0% Cement Silty clay 5. 6 None 
4-2 675-6-1 Walker Ill 45 4 in. Bituminous concrete 

(crushed sandstone) 1.0 226 5% OA-90 Asphalt Sandy clay 5.5 (1.0) 3% Lime 
4-3 156-7-2 Wichita us 277 Sandstone 2. 7 28 Asphalt Clay 5. 5 None 
4-5 495-10-1 Harrison IH 20 6 in. Sandy clay 30 Asphalt Silty clay 5. 5 None 
5-1 14-16-2 Tarrant Ill 35 6 in. Clay 1. 0 100 5% Lime Clay 5. 5 None 
5-2 8-13-3 Tarrant IH 820 6 in. Lime-treated 1. 0 115 None Dark brown 5. 5 None 

sub grade clay 
6-2 14-16-1 Tarrant IH 35W Red sand-gravel 3. 5 - None Black clay 5. 7 None 
6-5 495-4-2 Smith IH 20 Natural soil 4. 0 6. 5 None Sandy clay 5. 0 None 
7-2 17-10-1 Bexar Ill 35 Crushed limestone 1. 0 41. 0 None Clay 5. 5 3. 5% Lime 
7-3 16-5-1 Comal IH 35 Crushed limestone 1. 0 - 5% Lime Clay 5.6 None 
8-5 500-3-2 Harris IH 45 6 in. Sand-shell 1. 0 1100 H Cement Silty clay 5. 2 None 
8-5 739-2-1 Jefferson Ill 10 6 in. Sand-shell 1. 0 600> 7.1% Cement Clay 5. 2 (1.0) 4% Lime 
9-2 675-6-2 Walker 1H 45 4 in. Bituminous concrete 1. 0 226 5<t OA-90 Asphalt Sandy clay 5. 2 (1.0) 3% Lime 
9-5 495-10-2 Harrison Ill 20 6 in. Sandy clay 30 Asphalt Sandy clay 4. 5 None 

10-2 442-2-1 Dallas us 67 River gravel 2.0 15 . 0 3% Lime Del borrow 5. 2 None 
11-2 495-4-3 Smith Ill 20 Foundation course 3. 5 16. 9 None Sandy clay 4 . 0 None 
11-5 495-4-1 Smith 1H 20 Foundation course 4.0 6. 5 None Sandy clay 4.0 None 
11-5 675-7-3 Walker Ill 45 Crushed stone 2. 2 16. 1 None Sandy clay 4.6(1.0) 3% Lime 
12-2 9-11-1 Dallas Ill 20 River gravel 3. 5 15 None 4.0 None 
12-5 739-2-5 Jefferson Ill 10 6 in . Sand-shell 2. 0 65 None Clay 4. 5 (1.0) 4% Lime 
12-6 15-2-2 McLennan Ill 35 Austin chalk 3. 4 20. 9 None Silty clay 4 . 5 (1. 0) 6% Lime 
13-2 739-2-6 Jellerson Ill 10 6 in. Sand-shell 1. 0 600 7. 1% Cement Clay 4 . 5 (1. OJ 4% Lime 
13-5 271-14-3 Harris IH 610 6 in. Sand-shell 1. 0 1100 7.0% Cement Sandy clay 4.8 None 
13-5 535-8-1 Colorado IH 10 Sand 1. 0 492 4% Cement Silty clay 4. 6 None 
13-5 610-7-2 Bowie 1H 30 8 in. Sandy clay 1. 0 315 Cement Sandy clay 4.5 None 
13-6 271-14-1 Harris Ill 610 6 in. Sand-shell 1. 0 1100 7. 0% Cement Sandy clay 4.8 None 
14-2 675-6-3 Walker Ill 45 4 in. Bituminous concrete 1. 0 226 5% OA-90 Asphalt Sandy clay 4 . 5 (1.0) 3% Lime 
15-2 8-13-4 Tarrant 1H 820 Shaley clay 1. 0 100 5% Lime Shaley clay 4 . 5 Noae 
15-5 610-7-1 Bowie IH 30 6 in. Clay gravel 1. 0 175 Lime Sandy clay 4.5 None 
12-2 9-11-2 Dallas IH 20 River gravel 1. 0 114 3% Lime 4.0 None 
15-2 581-1-1 Dallas Loop 12 River gravel 1. 0 70 3:'Lime Houston clay 4 . 5(1.0) 4:' Lime 6-in. CRCP 
2-:! 14-16-3 Tarrant Ill 35N 6 in . Flexible base 3.5 - None Clay, rocky 5. 5 Mechanical 
2-2 1068-1-1 Tarrant Ill 20 6 in. Flexible base 3. 0 - None Clay, rocky 5. 5 Mechanical 

11-5 675-7-4 Walker IH 45 Crushed sandstone 2. 2 16.1 None Sandy clay 4. 6 (1. 0) 3'.t Lime 

aunless specified otlierwise in the "Remarks" column oll pavements are 8-in. CRCP. 
bunconfined compressive strength at an age of 7 days tested in accordance with THO procedures. 
C(lassifications in parentheses are after addition of lime to subgrade material. 
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Data 
Run 
No. 

1 
2 
3 
4 

TABLE 3 

STANDARD ERROR OF THE MEAN-DEFLECTION 
AND RADIUS OF CURVATURE 

Deflection 

Crack 

0. 000904 
o. 000818 
o. 000785 
o. 000647 

Midspan 

0. 000911 
0. 000766 
0. 000781 
0. 000675 

Radius of Curvature 

Crack 

541 
586 
583 

1013 

Midspan 

1193 
935 
861 

1172 

Accuracy of Data 

In order to qualify the data, itwas 
necessary to compare the accuracy 
of the measurements by type andposi­
tion within each test section. The 
likeness of the data taken from pave­
ment sections of identical design lo­
cated throughout the state indicates 
quality data and good experimental 
technique. The following analyses 
were made to obtain a measure of the 

accuracy within a test section and a measure of the accuracy between replicate test sec­
tions in the same factorial entry. 

Replication Within Test Section-For each individual test section, the standarderror 
of the mean was calculated for deflection and radius of curvature measurements taken 
at both the crack and midspan positions. The average of these respective measurements 
was then calculated for each of the four individual runs; the results are given in Table 3. 
The error within a section presented here is well within the measuring accuracy of the 
equipment used. The deflection replication within a section is less than 0. 001 in. inall 
cases; this magnitude is considerably less than the resolution of the Benkelman beam 
(:1: 0. 002 in.) (12). The standard errors for the radius of curvature measurements are 
somewhat larger than the resolution (80 ft) or replication error (250 ft) of the Basin 
beam (6). 

Replication Between Test Sections-To determine the error between equivalent test 
sections, the standard error of the mean for the test sections within a given factorial 
block was determined. Only factorial blocks that had replicate sections were used in 
this analysis, and the number of replicate sections varied from one to two. It should 
be pointed out that these replicate sections were sometimes in different geographical 
areas of the state, such as Houston and Tyler. After determining the standard error 
of the mean for each of the applicable factorial blocks, these values were then averaged 
for the four data runs. The standard errors found were as follows: 

Deflection: 

Radius of curvature: 

Crack position 
Midspan position 

Crack position 
Midspan position 

± 0. 00172 in. 
± 0. 00127 in. 

± 1525 ft 
± 2079 ft 

These results indicate that the error for the data in any factorial block did not sig­
nificantly exceed the measuring capability of the equipment used. Furthermore, the 
small error lends credence to assumptions that the test sections were properly classi­
fied in the factorial design for this experiment. 

ANALYSIS OF DATA 

In this section, the data analysis is presented in such a manner that one variable is 
studied at a time. The radius of curvature data were converted to stress by simple 
calculation and analyzed in terms of stress rather than the field measurement of radius 
of curvature. This method of conversion was covered in a previous report on this proj­
ect (6). The data are presented in bar graph fashion, weighted relative to the total for 
any tYPe of measurement so that the sum of the four runs is equal to 100 percent. 

Controlled Variables 

The controlled variables, as previously defined, are the first to be considered in 
this analysis. The controlled variables are broken into the categories of support prop­
erties, concrete properties, and slab thickness and type. 



Support Properties-The strength prop­
erty of the subgrade and its effect on deflec-
tion and stress at the crack and midspan posi­
tion is investigated by comparing data from 
test sections that were identical except for 
the subgrade. These comparable sections 
were taken from the factorial. The weaker 
subgrade was evaluated in comparison with 
the better subgrade. There are three basic 
comparisons for each of the identical sec­
tions (except for subbase), i.e., poor to fair, 
poorto good, and fair to good. The compari­
sons were made by season or data run and 
by the total for the four seasons. 

Figure 4 shows how the subgrade affected 
deflection in terms of the percent of the com­
parisons made. In each of the four seasons 
the pavements on the weaker subgrade de­
flected more than comparable pavements on 
better subgrades. Considering the total com­
parison, the weaker subgrade deflected more 
than the better subgrade in 67 percent of the 
comparisons. 
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Figure 4. Deflection comparison of a weaker 
subgrade with a better subgrade. 

Figure 5 shows how the subgrade affected concrete pavement stress in terms of the 
percent of comparisons made. As was the case with deflection, the pavement with the 
weaker subgrade experienced more stress than one with a better subgrade 60 percent 
of the time. In all four seasons the pavement with the weak subgrade generally had 
more stress than one with a better subgrade. 

Inspection of Figures 4 and 5 indicates that deflection and stress are directly related 
to the subgrade support quality, i.e., the better the subgrade, the less deflection and 
stress there will be. The results for each season indicate this trend. It has been shown 
that CRCP with poor subgrade deflected 19 and 25 percent more on the average than 
CRCP with fair and good subgrade respectively. Also pavement with a fair subgrade 
deflected 9 percent more on the average than did the pavement with the good subgrade. 

Calculations show that the CRCP with the 
poor subgrade had approximately the same 
stress as did the one with the fair subgrade; 
however, the pavements with the good sub­
grade had 15 percent less stress than the 
CRCP with the poor subgrade. 

The subbases that were included in this 
study were evaluated on a comparative basis 
with all other variables constant. The de­
flection of a test section was compared with 
the deflection on all other types of subbases 
on the same subgrade class. The results 
for each subbase type were evaluated for 
each of the four seasonal data runs. The 
results for each season followed the same 
general trend. Figure 6 compares the sub­
bases in terms of defiection on a percentage 
of comparisons basis (compilation of all four 
runs). The stabilized subbases appear to be 
superior to the non-stabilized materials as 
far as deflection is concerned. The stress 
analysis showed the same trends with respect 
to the subbase characteristic (Fig. 7). 
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Figure 5. Stress comparison of a weaker sub­
grade with a better subgrade. 
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Figure 6. Deflection comparison of each subbase 
with the other four types. 
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Figure 7. Stress comparison of each subbase with 
the other four types. 

Concrete Properties -The two properties of the concrete that are part of this analy­
sis are the modulus of elasticity and the modulus of rupture or flexural strength. The 
modulus of elasticity was determined from the type of coarse aggregate in the concrete. 
Concrete with siliceous river gravel is referred to as high modulus and that with crushed 
stone is referred to as low modulus of elasticity concrete. In Figure 8, for each data 
run and all runs combined the deflection is compared on the low and high modulus con­
crete. On the ordinate the percent of comparisons is plotted in which the low modulus 
of elasticity concrete deflected more or less than the high modulus of elasticity con­
crete. For each season except fall the graph has two entries. The cross-hatched bar 
shows the percent of compar isons made in which the low modulus of elasticty concrete 
deflected less than the high and the plain bar indicates the comparisons in which low 
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Figure 8. Deflection comparison of low and high 
modulus of elasticity CRCP. 
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OATA 
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Figure 9. Stress comparison of low and high mod­
ulus of elasticity CRCP. 



Figure 10, Deflection comparison of low and 
high modulus of rupture concrete. 
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modulus deflected more than the high modulus of elasticity concrete. The range of mod­
ulus of elasticity experiencing the most deflection apparently varies slightly with sea­
son. Calculations have shown that, on the average, the lower modulus of elasticity con­
crete in general deflected 7. 4 percent less than the high modulus of elasticity concrete. 
This finding, although contrary to rational reasoning, is in line with that found in another 
experiment (7). 

Figure 9 iS bar graph comparing modulus of elasticity against stress in the concrete 
slab. The graph structurally is the same as Figure 8 except that it portrays stress in 
the concrete. Inspection of Figure 9 shows that more comparisons of stress on low and 
high modulus of elasticity concrete showed less stress in the low than the high modulus 
concrete. The range of modulus of elasticity experiencing the most stress also varies 
with season. 

The second concrete property considered here is the modulus of rupture. The anal­
ysis of the modulus of rupture was made by determining whether the deflections and 
stresses were more or less for the lower modulus of rupture concrete than the higher 
modulus of rupture CRCP. The evaluation was made for each season and also the com­
bined data. Figure 10 shows in bar graph style the percentage of comparisons in which 
deflections on the high modulus of rupture concrete were more or less than those on the 
low modulus of rupture concrete. Note that the low modulus of rupture concrete deflects 
more than does the high. This was true for all seasons except for the spring. The com­
bined data also show that the average deflection for all seasons is greater on the low 
modulus of rupture concrete. 

The comparison of stresses on the low and high modulus of elasticity concrete indi­
cate that, on the average, stresses were higher in the low than the high modulus of rup­
ture concrete. Figure 11 shows the percent of comparisons in which the stress was 
higher or lower than that in the low modulus of rupture concrete. 

Slab Thickness and Type-The pavement slab thickness analysis was made by com­
paring deflection measurements from sections that had identical classifications in the 
factorial, but different slab thickness. This allows a clean comparison of thickness to 
deflection and stress. 

In each case the smaller thickness of concrete pavement was compared with a greater 
thickness. The results were combined for all four data runs. The comparison may not 
be very good because of the small number of sections compared. 
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TABLE 4 

PERFORMANCE OF RIGID PAVEMENT IN TERMS OF THICKNESS, 
PAVEMENT TYPE, AND LOAD POSITION* 

Thickness Comparison 

6-in. CRCP vs 8-in. CRCP 
8-in. CRCP vs 9-in. JCP 
8-in. CRCP vs 10-in. JCP 

Deflection 

Crack or 
Joint 

41.1 
-13.1 
-38. 0 

Midspan 

54.6 
30.8 

- 28.5 

*Numbers indicate the average percent difference for the respective condition. 

Crack or 
Joint 

11. 0 
-50. 2 
-49.6 

Stress 

Midspan 

1. 1 
-11.1 

6.9 

Table 4 is a summary of the results obtained in comparing pavements of different 
thickness and type. In comparing 6-in. CRCP with 8-in. CRCP, it was found that the 
6-in. pavement deflected 41 percent more at the crack position than did the 8-in. CRCP. 
Comparing 8-in. CRCP with 9-in. JCP, it was found that the CRCP deflected on an 
average of 13. 1 percent less than the JCP. When the 8-in. CRCP was compared to 10-
in. JCP, it was found that the CRCP deflected on an average of 38 percent less than the 
10-in. JCP. 

It has been assumed in the past that 10-in. JCP performance would be very much the 
same as that of 8-in. CRCP ( 4). Performance measured in terms of deflection shows 
that the 8-in. CRCP is superiOr to the 10-in. JCP. In Figure 12 deflections as com­
puted by the equations developed herein are plotted against deflections measured on com­
parable 10-in. JCP. The deflections for both pavement types have been corrected to 
zero temperature differential, and the deflections for CRCP were corrected to an 8-ft 
crack spacing and a 0. 014-in. crack width. The data show a remarkable relation be­
tween the two parameters. By forcing the correlation line through zero (a rational ap­
proach), the slope of the line indicates that a 10-in. JCP deflects 1. 6 times more than 
an 8-in. CRCP. 

Deflection Position-On each test section a midspan deflection (between cracks) was 
obtained each time a reading was taken at the crack position. Figures 13 through 16 
are plots of the average crack deflection versus the midspan deflection for each of the 
four runs. Although there is an offset on the vertical axis (crack deflection) greater 
than zero, it may be stated that the edge deflection and crack deflection are approxi­
mately equal on any range of support properties with continuous pavements that have 
0. 5 percent longitudinal steel or greater. 

The radius of curvature measurements were also plotted in the same manner as de­
flection measurements (Figs. 17 through 20). In the case of radius of curvature-in con­
trast to deflection-the crack position has considerably less magnitude than the midspan 
position, which means that the concrete at the crack position is experiencing consider­
ably more stress. 

In terms of deflection and radius of curvature, it is evident that the aggregate inter­
lock produces adequate load transfer across a crack, but the transverse cracks affect 
the continuity condition of the slab. 

Semi-Controlled Variables 

Two factors studied on a semi-controlled basis were the season of the year that the 
field measurements were taken and the general moisture condition of the soil. 

Season-Data were taken on a statewide basis in each of the four seasons of the year. 
The deflection and radius of curvature data taken during these four seasons were anal­
yzed by comparing each set of data with that taken during the summer. The comparison 
showed only whether the deflections and stresses were more or less in the fall, winter, 
and spring than in the ·summer. In Figure 21 these comparisons showing more or less 
deflection than the summer data are expressed as percentages. The results indicate 
that the deflections during fall and winter were generally greater than the summer, 
whereas the spring deflections were significantly smaller than the summer. Thus the 
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deflection might in some way be related to the season; however, for the fall and winter 
there was not very much difference in the data. 

The results of the stress analysis shown in Figure 22 indicate that the seasonal com­
parisons with the summer data are consistent in showing that the pavements experience 
less stress in the summer than during the other seasons. 

Soil Moisture Condition-Each time data were taken on a test section, the general 
environmental conditions of the soil adjacent to the roadway in a hole 1 ft deep was clas­
sified as dry, moist, or wet. As far as the moisture effects are concerned, it was 
found that the fourth data run, which was the spring run, measured deflections that were 
much less. During the entire spring run general rains were experienced over the state . 
Of the four runs, the spring run was by far the wettest. 

CORRELATION OF VARIABLES 

Deflection 

The variables studied that affect deflection are the crack spacing, surface crack width, 
concrete modulus of elasticity and modulus of rupture, pavement slab thickness, pave­
ment type , strength characteristics of the subgrade and subbase, and moisture condi­
tions . With the exception of the semi-controlled variables and the modulus of rupture, 
these variables will be correlated into an equation in the following. 
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A model equation was developed which encompassed the variables to be correlated. 
The model was based on previous work and also on work done at the AASHO Road Test 
(5, 8). The model chosen to relate the variables is basically an extension of the Road 
Test model and is of the following form: 

(1) 

where 
L Load in kips; 
X Surface crack width in inches; 
X Average crack spacing in feet; 
D Slab thickness in inches; 
E Concrete modulus of elasticity, psi; 

SS Soil support; 
De Deflection at crack position, inches; 
De Deflection at midspan position, inches; 

T Temperature differential between top and bottom of the slab, degrees F; and 
Ao, B1, B2, B3, B4, and B5 are constants determined from a regression analysis on 
the data. 

Slab thickness was not truly a full factorial variable, and consequently could not be 
entered as an independent variable and had to be analyzed separately. All the subse­
quent regression analyses were performed for the 8-in. pavement thickness factorial. 
The 1. 75 power for the thickness term will be established later. 

The soil support term is a combination of the subgrade and subbase strength char­
acteristics. The soil support is a calculated value developed in a previous analysis. 
In some cases the natural soil was stabilized with lime (generally clay) to facilitate con­
struction operations by providing a working platform. 

The soil support is defined as 

where 
SS 
u 

Tsg 
1, 2 

SS (2) 

Soil support; 
Unconfined compressive strength of subbase and subgrade materials in psi 
at an age of 7 days; 
Texas triaxial classification of subgrade material; and 
Subscripts denoting subbase and stabilized subgrade respectively. 

In all subsequent analysis the load, L, will be 18 kips and the pavement slab thick­
ness will be 8 in. The linear form of load used here has been qualified in another re­
port on this project (7) and in studies by others (5). The data from each run were care­
fully analyzed to screen out what might be considered erroneous. 

The power term for the temperature differential term was derived in another report 
on this overall study (8). The temperature differential, the pavement thickness, and 
the load terms were not a part of the full factorial experiment, but in order that their 
effect would be reflected in the Ao term, constant values for the 8-in. factorial were 
inserted into the equation for variables not considered in the semi-factorial experiment. 
The values inserted into the equation were an 18-kip single axle load, 8 in. for pave­
ment thickness, and zero for temperature differential. These factors were then con­
sidered as constant and moved to the left of the equation. 

A multiple regression analysis was made using the computer on each data run for 
deflection at the crack position, De, and also for deflection midway between cracks, 
De. The constants and the statistics derived from the regression analysis of each of 
the four runs are given in Table 5. 
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TABLE 5 

COMPUTED CONSTANTS AND STATISTICS FROM REGRESSION ANALYSIS* 

Load Data Computed Values 
Run Position No. Ao B2 B, B, B, r • r er 

Crack 1 6. 664 0. 334 0. 681 -0. 060 3. 222 o. 698 0.487 ±0. 0032 
2 o. 00256 -0 . 123 0. 526 0.1100 13. 437 0. 551 0. 303 ±0. 0029 
3 0. 1220 0.104 0. 690 0. 0900 13. 911 0. 662 0.438 ±0. 0030 
4 o. 1099 0. 1249 0. 6869 0. 0794 13.575 0. 694 0. 482 ±0. 0021 

Midspan 1 0.0118 -0. 0684 0. 3211 -0.1938 7. 816 0. 407 0.166 ±0. 0035 
2 0.0726 0. 0418 0. 3434 -0. 3294 7.055 0. 244 o. 060 '±0. 0032 
3 0. 00373 -0.124 0. 8709 0. 1814 11. 798 o. 733 0. 538 %0. 0027 
4 0. 0749 0. 1026 0. 7179 0.1897 4.876 0. 515 o. 265 ±0. 0031 

*FOR EQUATION 1: r =coefficient of correlation, r:a =coeffi cient of detennination, a= standard error of estimate. 

The calculated deflection was plotted against the measured deflection for each data 
run and for each load position. These graphs are shown in Figures 23 through 30. Note 
the same general pattern for runs 1, 2, and 3 for both the crack and midspan deflections. 
The deflections at both crack and midspan were very small on run 4, as discussed pre­
viously, when compared with the three previous data runs. 

In Table 5 note that several values of B4 are negative. This same result was the 
case in a previous analysis (8) . The crack spacing deflection relationship is a bowl­
shaped curve, concave upwards. When the crack spacing is greater than that at the 
point of zero slope, B4 is positive, and when it is smaller, B4 is negative. Figure 31 
is an example of the deflection-crack spacing relationship that results in a change of 
signs on B4. 

Several of the values calculated for B2 are also negative. B2 is the exponent on the 
modulus of elasticity term in the model equation. A negative B2 would be in disagree­
ment with theoretical concepts. Earlier it was pointed out that the low modulus of elas­
ticity CRCP was deflecting less than the high modulus of elasticity CRCP. Another in­
vestigation on an experimental CRCP showed this same factor between lightweight and 
conventional aggregate concrete (7). 

Note that the constants for each variable term generally have approximately the same 
magnitude, with only a few exceptions. The data from the first three runs were com­
parable, and therefore they were combined and a regression analysis was run. This 
resulted in two final equations, one for deflection at the crack position and another for 
deflection at a point midway between cracks. The computed constants and statistics 
are given in Table 6. The equation would be applicable to a dry condition; for a wet 
condition the equation for run 4 would be used. Note that the standard error is only 
slightly greater than the resolution of the Benkelman beam. 

Radius of Curvature 

The radius of curvature data have been examined thus far in terms of stress, but 
the subsequent analysis will be in terms of the radius of curvature data. 

TABLE 6 

COMPUTED CONSTANTS AND STATISTICS FOR DEFLECTION EQUATIONS 

Load Regression Analysis Computations 

Position 
Ao B, B, B, B, r' r er 

Crack 0. 3779 0.1683 o. 6513 0. 0266 6. 3407 0. 6971 0.486 ±0. 0028 

Midspan 0.1362 0. 0977 o. 5601 -0. 0462 4.1266 0. 5544 0. 307 ±0. 0033 

Note : r = coefficient of correlation, r2 = coefficient of determination, a= standard error of estimate. 
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All terms are as previously defined. 

The variables investigated that might affect 
the radius of curvature are the average crack 
spacing, soil support, concrete modulus of elas­
ticity, load, and slab thickness. Thus, radius of 
curvature is some function of all these variables: 

where 
Re 

Re, Re = f (X, SS, E, L, D) 

Radius of curvature at crack position, 
and 
Radius of curvature at midspan position. 

All other terms have been defined previously. 
A model equation for radius of curvature 

was logically derived using the same concept 
as developed in the deflection equation. The' 
following is the model with variables considered: 

(3) 

In the radius of curvature study the slab thickness again could not be entered as an 
independent variable because of a shortage of test sections on pavement thinner than 8 
in. Thus the same thickness term was used here as in the deflection analysis, nl. 75. 

Although the crack width and temperature differential are not reflected in Eq. 3, they 
were considered in this study and previous studies. Previous studies indicated that the 
effect of temperature differential on the radius of curvature was very slight or nonexis­
tent. Therefore, on this basis, the temperature differential term was deleted. With re­
gard to crack width, this term was included in the equation, but it was found that the 
statistics of correlation were improved by deleting it from the regression equation. 

The radius of curvature of the CRCP is studied at two points on the continuous slab, 
across the volume change crack and Jnidway between the cracks. The crack radius of 
curvature was analyzed for each data run except the fourth. The individual data runs 
were analyzed using multiple regression techniques. The regression constants for the 
model equation are given in Table 7. In order to obtain a more general equation for the 
radius of curvature at the crack position, the field data were examined and runs 1 and 
2 were combined to form the data for the regression that would produce the final equa­
tion for radius of curvature at the crack position. Figures 32 through 35 show the mea­
sured radius of curvature plotted against the calculated radius of curvature for the crack 
position for runs 1, 2, and 3 and the combined data. The computed constants and the sta­
tistics for the final equation are given in Table 8. 

TABLE 7 

COMPUTED CONSTANTS AND STATISTICS FROM RADIUS OF CURVATURE ANALYSIS• 

Load Data Computed Values 
Run Position 
No. Ao B2 B, B, r' r a 

Crack 1 0. 000832 o. 9819 0.6572 -0.2623 0. 9518 0. 9059 ± 962 
2 350. 5333 0. 1548 0.3429 "0.1766 0. 5574 o. 3107 ±1716 
3 53.4066 0. 2898 0. 4070 -0. 0035 0. 6900 0.4762 ±2132 

Midspan 1 0. 0742 o. 7395 0.1882 0. 0277 0 . 9527 0.9076 ± 868 
2 1779. 2667 0. 0639 0.3102 0. 0863 0. 4368 0.1908 ±2247 
3 313. 4298 0. 1736 0.5872 0. 0345 0 . 7503 0. 5630 ±2798 
4 1337. 6603 0. 0832 o. 2894 0. 1147 0.4453 0. 1983 ±2525 

*FOR EQUATION 3: r =coefficient of correlation, fii =coefficient of detenninotion, o ==standard error of estimate. 



TABLE 8 

COMPUTED CONSTANTS AND STATISTICS FOR RADIUS OF CURVATURE EQUATIONS 

Load 
Regression Analysis Computations 

Position Ao B, B, B, r r ' 

Crack 15. 3039 0 . 3312 0. 5467 -0 . 0772 0 . 6391 0. 4085 

Midspan 333. 3153 0 . 1729 o. 3579 0.0909 0 . 5957 0 . 3548 

Note: r =coefficient of correlation, r3 =coefficient of determination, cr = stondord error of estimate. 
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The midspan radius of curvature data were ana­
lyzed in like manner as the crack radius data; how­
ever, here all four data runs were used to relate 
the parameters studied to radius of curvature. The 
computed constants and statistics for the four equa­
tions are given in Table 8. Figures 36 through 39 
show the calculated radius of curvature plotted 
against the measured midspan radius of curvature. 

DISCUSSION OF RESULTS 

Deflection 

In general, the control variables considered in 
this study were found to affect the deflection of a 
CRCP. Their effect follows a pattern that can be 
expressed by a mathematical expression. Of the 
semi-controlled variables considered, it was found 
that the soil moisture condition affected the deflec-
tion, although the findings were contrary to the 
generally accepted criteria of greater deflection 

for a moist condition. In addition, the findings of this study tend to verify the assump­
tions used in the design and development of CRCP. 

Soil Moisture-The four data runs were made in different seasons over a period of 
about two years. At the times the data were taken, the general soil moisture conditions 
were not the same. The fourth run was exceptionally wet, and deflections on this run 
were all considerably less than they had been on the first three runs. Initially, this 
discrepancy between the findings and the normal assumption of more deflection for a 
wet condition caused much concern for errors that might have been made on the fourth 
run in taking the data. When the weather conditions were the same as on the fourth run, 
the pavement deflections on approximately one-third of the sections were measuredagain. 
As was the case previously, the deflections were small and for all practical purposes 
identical to those of the fourth run. 

It is now believed that when the subgrade and subbase materials are saturated 
they respond to quick loading as does a soil sample in an undrained triaxial test. The 
load applied to the pavement is supported partially by the pore water in the pavement 
foundation rather than the soil grains as is the case where the soil is not saturated (13). 

It should also be pointed out that the summer run, where the soil was the dryest, ex­
perienced slightly less deflection than periods when the subsoil was partially saturated. 
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Figure 39. Measured vs calculated 
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edge-spring. 

Of course, this latter condition could be the result 
of smaller cracks due to summer temperatures. 

Equations-The deflection equations derivedherein 
are extensions of the one developed in an earlier re­
port (8). The previous equation was based on data 
taken from only two test sections, and those herein 
are based on 20 pavements with three sets of data 
from each for the dry condition and one set for the 
wet run. Table 9 gives a comparison of the equa­
tions with the equation developed earlier (8), which 
was based on crack position data only. -

Figures 40 and 41 were prepared to illustrate 
the capability of the equation for predicting the ob­
served deflection. In each case, the regression 
equation developed from the data for both the crack 
position and midspan position was used to calculate 
the deflection for a given set of conditions on a test 
section. This calculated deflection was then com­
pared against measured deflections for the test sec­
tions as portrayed in the figures. Note the close 



agreement, in most cases, between the mea­
sured and calculated values. In some cases, both 
the measured and calculated deflection appear 
to be out of line with what is to be expected, but 
these exceptions are normally due to a lime­
stabilized subgrade and are so marked on the 
figures. These figures are typical of all runs, 
and hence, these observations support the va­
lidity of using these equations in design work. 

Modulus of Elasticity-The findings in this 
study in regard to the modulus of elasticity of 
concrete contradict the generally accepted theory 
of a lower modulus of elasticity slab deflecting 
more than a high modulus one for equal condi-
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TABLE 9 

COMPARISON OF REGRESSION ANALYSIS 
CONSTANTS 

Constant Overnight Study 

0.0106 

0.8503 
0. 0994 
4. 8997 

Statewide Study 

0. 3779 
0.1683 
0. 6513 
0.0266 
6.3407 

tions. Although the levels of the modulus are not too far apart in magnitude, another 
experiment on this same research project, wherein the levels were considerably greater 
through the use of two entirely different coarse aggregate types, indicated the same re­
sults. These two separate investigations, along with a limited laboratory investigation, 

U> UJ o.oio 

"' "' ~ ~ 0..0J6 
> 
~ © 0 .0 10 
,_ 0 

z~ 5 o.oo~ 
Q~ z 
~o ~ of-'"~_..___.-1-~~~~+--'---~~.._1-'~_..___.'-+_._~..__._~ 

0 I -i----

bJ ' ii I UJ 0.020 

"' "' Q~ ~ 0.015 

0 0 
~ 0.010 

~ ~ 
~ 5 o.ooe 

I ft 

SUB GRADE 
POOR FAIR GOOD POOR FAIR GOOD PO()tl FAl R GQOO POOR FAIR GOOD POOR FAIR GOOD 

LIME ASPHALT CEMENT 
SUB BASE 

NON-STABILIZED STABILIZED 

Figure 40, Measured and computed deflections on high modulus of elasticity concrete. 

(/) UJ Oo.tO 

"' "' ::> 
.J ~ 0 ,01, .. 
> 0 
0 ~ 0.010 v "' ,_ 0 , 

~ -;:;;/- ~ ~ ::> .. 
zo.. 0::: 0.00~ , 

o::li 0 
-0 z 
1-o ::> ·O 
Oo ~ -"' ' .J' o.o>o ... "' "' "' oj! 0 

UJ 0.019 .. 0 v 0 
~ 0.010 ~ :::/--0 0 ·~ ~ .J .. ~ "' ~ 0.00~ --

ii: 
I 

SUBGRADE 
POOR FAIR GOOD POCA ,AUii 0001:> POOR FAIR GOOD POOR FAIR GOOD POOR FAIR GOOD 

FINE GRAIN ~:t::Jt;,DA{:r LIME ASPHALT CEMENT 
SUB BASE 

NON-STABILIZED STABILIZED 

Figure 41. Measured and computed deflections on low modulus of elasticity concrete. 



170 

lend credence to the observations of less deflection with a lower modulus of elasticity 
concrete (14). It should be emphasized, however, that this observation can only be re­
lated to CRCP at this time and should not be translated to JCP, which may react 
differently. 

There is a good possibility that this controversial observation attributed to modulus 
of elasticity could be an indirect effect of a combination of variables not considered in 
this experiment. 

It may be hypothesized that generally speaking, a low modulus of elasticity concrete 
has a lower coefficient of thermal expansion. In this case the transverse volume change 
cracks would be smaller, and hence a greater degree of load transfer would be available. 
Therefore, with a greater load transfer less deflection would be experienced. 

Furthermore, in the normal theoretical analyses of this condition, such as those of 
Westergaard, Pickett, Spangler, etc. , the basic assumption is made that the subgrade 
reaction forces are vertical. An actual pavement on a subgrade deflecting under a wheel 
load develops a complicated interaction of shear forces and vertical forces, which may 
result in these field observations rather than those developed in a simplified theoretical 
approach. 

Final Equation-The equations developed contain the term soil support, which was 
defined by Eq. 2. The soil support term can be eliminated from the deflection equations 
by substitution of Eq. 2 into Eq. 1. The dry or partially saturated condition was used 
as the level for selecting the final equation. Thus, the equation for deflection takes the 
form 

0. 3779 L 106. 3407 ~ XO. 0266 TsgO. 1628 

nl. 75 Eo. 1683 (U1 + Ua)O. 1628 100. 0147 T 

where all terms are as previously defined. 

Radius of Curvature 

The radius of curvature data show that the average radius of curvature at the cracked 
edge for all data is about 52 percent less than the radius of curvature at the uncracked 
edge. The radius of curvature at the crack and midspan was correlated by linear re­
gression analysis for each of the four data runs, and the graphs were shown in Figures 
17 through 20. 

Figures 42 and 43 show calculated and measured radius of curvatures plotted against 
the subgrade classifications for each subbase material type that was available. 
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Figure 43. Measured and computed radius of curvatures on low modulus of elasticity concrete. 

Final Equation-The radius of curvature equations determined for combined data con­
tained the soil support term. Here again, the definition of soil support can be substituted 
and the radius of curvature equation will then take the form 

15. 3039 nl. 75 Eo. 3312 (U1 + U2)0. 1367 

L T 0. 1367 x O. 0772 
sg 

where all terms are as previously described. 
An attempt was made to add the crack width as another variable but the results were 

such that it would be better not to include the crack width. 

Accuracy of Regression Equations 

Nineteen sets of deflection and radius of curvature data were analyzed by multiple 
regression methods. For each analysis a value of r, the correlation coefficient, was 
obtained. These values of r were checked against a table for their significance for the 
number of points and degrees of freedom (15). Table 10 gives the results of the r check. 

The regression results appear to substantiate 
the form of the model equations. All checks on 
the correlation coefficients from the analysis of 
combined data were above that required to be 
significant. Previous discussions showed that 
the standard error of these equations is compat­
ible with the accuracy of the equipment used. 
Thus the equations are in most cases statisti­
cally sound. 

Validation of Design Assumptions 

The findings of this study provide validity for 
the assumptions used in the original design anal­
ysis of CRCP. The equal magnitude of deflection 
at the crack position and midspan position indi­
cates that sufficient granular interlock is pro­
vided so that approximately 100 percent load 
transfer is experienced across a crack. This 
finding is applicable only where the pavements 
have 0. 5 percent longitudinal steel or more, 

TABLE 10 

INVESTIGATING THE SIGNIFICANCE OF 
CORRELATION COEFFICIENTS 

Analysis 

Deflection: 
Run No. 1 
Run No . 2 
Run No . 3 
Run No. 4 
Combined data 

Radius of Curvature: 
Run No . 1 
Run No. 2 
Run No . 3 
Run No. 4 
Combined data 

Crack 

G 
G 
G 
G 
G 

G 
G 
G 

G 

Midspan 

F 
F 
G 
G 
G 

G 
F 
G 
F 
G 

G-The coefficient of correlation is greaterthanaminimum 
value required for significance. 

F-The coefficient of correlation is less than a minimum 
value required for significance. 
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although there is a possibility that the lower limit on percent steel may be less than the 
minimum used in this experiment. Considering these aspects, this finding is applicable 
over a wide range of support conditions and concrete properties and components. 

Furthermore, the use of the Westergaard interior loading conditions for determining 
the pavement thickness is a satisfactory procedure. The findings of this experiment in­
dicate a 2-in. differential between CRCP and JCP and are in agreement with field per­
formance from a deflection standpoint. This finding also has validity over a wide range 
of support conditions and concrete properties. 

Design Equations 

The final equations presented here for both deflection and radius of curvature provide 
excellent criteria for developing equations to be used in the design of concrete pavements. 
Although there are numerous factors other than deflection and stress to consider in the 
design of concrete pavements, this material will present another guideline for a designer 
to use in selecting the final pavement structure design for a given roadway. 

Although percent longitudinal steel and pavement type are not enumerated in these de­
sign equations, they may be inserted on the basis of other material and studies developed 
in connection with this project. These are empirical equations and care should be taken 
not to extrapolate beyond the limits used in this analysis. The following are some sug­
gested boundary conditions for extrapolation : 

De 0. 003 in. to 0. 030 in. 
E 3 x 106 psi to 6 x 106 psi 
D 6 to 8 in. for CRCP 
D 8 to 10 in. for JCP 
X 3 to 12 ft 

CONCLUSIONS 

This deflection study of CRCP has encompassed a wide variety of conditions and a 
considerable part of the geographical area of the state. The study was conducted over 
a 3-year period and over 15, 000 separate measurements of various types were used. 
As a result of this field study and analysis, the following conclusions are warranted: 

1. The variables studied herein that were found to affect the deflection of CRCP were 
concrete modulus of elasticity, modulus of rupture, crack spacing, surface crackwidth, 
pavement slab thickness, pavement type, strength characteristics of the subgrade and 
subbase, and subsurface moisture conditions. An empirical equation was derived using 
these variables, except modulus of rupture and moisture condition, to predict the de­
flection of a continuously reinforced concrete pavement under a given wheel load. 

2. An equation was also derived from the study that predicts the radius of curvature 
of a pavement, i.e. , related to pavement stress, in terms of the same variables with 
the exception of crack width. 

3. It is recommended that the final equations derived herein be used to develop a 
nomograph predicting the deflection and radius of curvature for the variables studied. 
Through the use of this nomograph along with a maximum allowable deflection, pave­
ments may be designed and/or checked in terms of the conditions existing on each project. 

4. For the design equation mentioned, the variables of pavement type and percent 
longitudinal steel may be added to the equation on the basis of the studies herein andpre­
vious studies made in connection with this research project. 

5. For continuous pavements, longitudinally reinforced with 0. 5 percent steel or 
greater, it was found under a wide variation of support and environmental conditions 
that the transverse cracks in CRCP are small enough to retain sufficient aggregate in­
terlock to maintain approximately 100 percent load transfer across the crack. 

6. The transverse cracks were found to affect the continuity of a CRCP, since mea­
surements indicated that the radius of curvature was smaller, i.e., there was greater 
stress at the crack than at a midspan point between cracks. 

7. From a deflection and stress standpoint, pavements with stabilized subbases are 
superior in performance to pavements with non-stabilized subbases. All three of the 
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stabilizing agents considered in this study were found to give excellent performance from 
a deflection standpoint, but as a result of other studies that will be presented in the fu­
ture, it is recommended that lime-stabilized subbases be protected with a non-erosive 
material. 

8. From a deflection standpoint, the present practice of using a 2-in. thinner pave­
ment for CRCP in relation to JCP as indicated by current design procedures is correct 
and conservative. For a given set of conditions, it was found that the deflection for an 
8-in. CRCP is equal to or less than for a 10-in. JCP. 

9. This study indicated that a reduction in thickness for CRCP had slightly more ef­
fect on deflection than an equal reduction in thickness for jointed pavement as found at 
the AASHO Road Test. Although there is a slight variation, the effect of pavement thick­
ness on deflection as found by (a) this study, (b) the AASHO Road Test, and (c) Wester­
gaard's theoretical analysis are in approximately the same range. 

10. The use of a lime-stabilized subgrade, as practiced in Texas, for a working 
platform or moisture control was found to give an additional benefit of substantially re­
ducing the deflections of a continuous pavement. Under certain conditions, the support­
ing characteristics of this layer may be considered in design. 

11. From a deflection and stress standpoint, the design details presently being used 
by the Texas Highway Department for CRCP appear to be more than adequate for the 
conditions found in Texas. 

12. This study developed two findings that contradict widely accepted beliefs con­
cerning deflection of concrete pavement: (a) It was found that pavement on moist or sa­
turated foundations deflected less than when the support was dry or partially saturated; 
These observations were confirmed during two different wet periods and three dry peri­
ods. (b) Although the difference is small, deflections and stresses are lower on low 
modulus CRCP than on high modulus concrete. 
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Fatigue Tests of Prestressed Concrete Pavements 
A. P. CHRISTENSEN and B. E. COLLEY, Paving Development Section, 

Portland Cement Association, Skokie, Illinois 

The fatigue characteristics of prestressed concrete pavements were 
studied by repetitive moving load tests on 16 reduced scale prestressed 
concrete slabs. Each slab was 16 ft long, 12 ft wide, and 1 in. thick. 
Variables were magnitude of load, amount of longitudinal and trans­
verse prestress, and subgrade strength. 

Relationships were established between load magnitude, prestressed 
pavement properties, and the number of load coverages causing failure. 
Data from tests on slabs with varying magnitudes of prestress indicate 
that a minimum prestress of approximately 30 psi in both longitudinal 
and transverse directions is required to avoid top surface cracking when 
relatively few moving loads greater than those causing bottom surface 
cracking are applied repeatedly at interior locations. Data from tests 
on slabs cast on foundations of different strengths indicated that an in­
crease in the foundation strength resulted in an increase in the number 
of load coverages causing failure. 

•THE LOAD response of prestressed concrete pavements is being studied at the Re­
search and Development Laboratories of the Portland Cement Association. The first 
published result of this study was a theoretical procedure (1) for determining the magni­
tude and distribution of stresses and deflections in pre stressed concrete pavements for 
loads beyond cracking of the bottom surface. This procedure is specifically applicable 
to a centrally loaded infinite slab supported by a "dense liquid" foundation and pre­
stressed equally in longitudinal and transverse directions. 

To test the validity of the assumptions made in the theoretical procedure, load tests 
(2) were conducted on three reduced scale prestressed concrete slabs supported on a 
coil spring subgrade. Measurements of strain and deflection were made at a number 
of locations and load increments. Comparisons between test data and theory indicated 
fair agreement for values of deflection; however, measured strains were significantly 
smaller than those predicted by theory. The theoretical assumption that the moment­
curvature relationship can be represented by two straight lines, an elastic portion with 
a constant slope followed by a plastic portion in which curvature increases under con­
stant moment, was shown to be conservative for the static type of loading used. 

strain and deflection data were also reported (3) from static load tests conducted on 
three concrete slabs post-tensioned,with steel strands. Each slab was 30 ft long, 12 ft 
wide, and 5 in. thick. Results again indicated that a prestressed concrete pavement 
can adequately support an edge or interior load of greater magnitude than that causing 
bottom surface cracking. Crack patterns were similar to those predicted by the theo­
retical procedure. Bottom surface cracks extended radially from the center of the load; 
top surface cracks were approximately circular for interior loads and semicircular for 
edge loads. However, applications of repeated moving loads cause the development of 
a random pattern of bottom surface cracks. To obtain information on the fatigue char -
acteristics of prestressed concrete pavements with numerous working bottom surface 
cracks, a program of repetitive moving load tests was initiated on reduced scale pre-
stressed concrete slabs. · 

Paper sponsored by Committee on Rigid Pavement Design and presented at the 47th Annual Meeting. 
175 



176 

SCOPE AND OBJECTNES 

The test program was designed to study the behavior of 16 prestressed concrete slabs 
subjected to repetitive moving loads. Variables were magnitude of load, amount oflon­
gitudinal and transverse prestress, and subgrade strength. Because it was necessary 
to test a number of slabs to obtain sufficient data for a fatigue diagram, a reduced scale 
size was selected for the test slabs and the loading apparatus. The slabs were preten­
sioned and cast in place on either a clay subgrade, granular subbase, or cement-treated 
subbase. 

The specific objectives of the program were (a) to determine a relationship between 
the load magnitude and the number of coverages causing pavement failure, (b) to deter­
mine the influence of prestress magnitude and foundation strength on fatigue properties 
of prestressed pavements, and (c) to observe the characteristics of a prestressed pave­
ment failure and determine the factors that cause its development. 

TEST FACILITIES AND MATERIALS 

Data are reported from load tests on 16 concretE! slabs 16 ft long, 12 ft wide, and 1 
in. thick. Prestressing was accomplished with pretensioned high-strength steel wire. 
The slabs were cast in place and tested with a moving load apparatus designed for this 
program. 

Test Area, Subgrade, and Subbase Materials 

The prestressed slabs were cast and tested in the area shown in Figure 1. This area 
is enclosed in a 24-ft wide concrete building equipped with thermostatically controlled 
heaters to provide uniform temperature during the heating season. The test area was 
excavated 4 ft below grade to the bottom of the wall footings, and a 5-in. reinforced 
concrete floor was cast to form an enclosure for a subgrade material. A waterproofing 
compound was applied to the floor and walls to protect the subgrade from moisture 
changes. A clay material was compacted into this enclosure to a depth of 4 ft. Prop­
erties of the clay subgrade are given in Table 1. The modulus of subgrade reaction, k, 
is given in Table 5. It will be shown later that the average radius of relative stiffness 
for the 16 test slabs was 7. 3 in. Therefore the subgrade depth was 6. 6 times the radius 
of relative stiffness, and behavior should approximate a subgrade of infinite depth. The 
radius of relative stiffness, L, is a ratio of the stiffness of the slab to the stiffness of 
the subgrade (Eq. 3). 

Figure l. Test area and moving load apparatus. 



Property 

Material 
Gravel 
Coarse sand 
Fine sand 
Silt 
Clay 

Liquid limit 
Plasticity index 
Maximum dry density 

(AASHO standard) 
Optimum moisture 

Property 

Gravel 
Coarse sand 
Fine sand 
Silt 
Clay 
Plasticity index 
Maximum dry density 

(AASHO standard) 
Optimum moisture 

Gravel 
Coarse sand 
Fine sand 
Silt 
Clay 
Plasticity index 
Maximum dry density 

(AASHO standard) 
Optimum moisture 
Cement content 

TABLE 1 

SUBGRADE PROPERTIES 

Particle Size 
(mm) 

76.2 -2.0 
2.0 -0.42 
0.42 -0.074 
0.074-0.005 

smaller than 0. 005 

TABLE 2 

SUBBASE PROPERTIES 

Particle Size 
(mm) 

Granular Material 

76.2 -2.0 
2.0 -0.42 
0.42 -0.074 
0.074-0.005 

smaller than 0. 005 

Cement-Treated Material 

76.2 -2.0 
2.0 -0.42 
0.42 -0.074 
0.074-0.005 

smaller than 0. 005 

Percent 

0 
6 
8 

48 
38 

36 
19 

16 

Percent 

46 
24 
17 
10 
3 
0 

7 

27 
23 
32 
16 
2 
0 

10 
5.5 

177 

PCF 

112 

PCF 

141 

125 

Thirteen of the test slabs were cast on the clay subgrade without a subbase layer. 
The top surface of the clay was carefully finished to grade with a metal screed to obtain 
a level casting surface for uniform slab depth. After leveling, the subgrade was covered 
with two sheets of 4..;mil thick polyethylene to retain moisture in the clay subgrade and 
to reduce stresses resulting from restraint to horizontal slab movement. The clay sub­
grade was removed to a depth of about 1 ft after each test and the soil was pulverized, 
reworked to optimum, and recompacted. 

A 6-in. granular subbase was used under two of the test slabs, and a 6-in. cement­
treated subbase was used under another. The properties of these subbases are given in 
Table 2. The modulus of subgrade reaction, k, is given in Table 5. For these tests 
the top 6 in. of clay subgrade was removed and replaced with subbase material. Poly­
ethylene sheets were placed between the subbase and the concrete. 

Pre stressing 

Test slabs 'were pre stressed by the pretensioning method, i.e., the wires were ten­
sioned prior to placing the concrete. After the concrete had attained sufficient strength, 
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Figure 2. Devices used for tensioning the steel 
wires. 

the wires were released and stress was 
transferred to the concrete through bond. 

Uncoated, stress-relieved No. 12 steel 
wire was used for applying prestress at 
the mid-depth of the slabs. Wires in one 
direction alternated above and below those 
extending at right angles. The wire diam­
eter was 0.1055 in., area 0. 00875 sq. in., 
modulus of elasticity 27, 600, 000 psi, and 
ultimate strength 260, 000 psi. 

The reaction frame used for tensioning 
the wires had inside dimensions of 14 by 
17 ft. Each side of the frame was formed 
by a pair of 15-in. steel channels between 
which the wires were inserted. Bolted 
moment connections were used at the frame 
corners. Concrete beams resting on the 
clay subgrade supported the reaction frame 
in a horizontal plane at the proper eleva­
tion for tensioning the wires at slab 
mid-depth. 

Each prestressing wire was tensioned 
individually by the extension of a telescop­
ing threaded spacer placed between the 
wire anchor and the reaction frame (Fig. 
2). The force in the wire was measured 
by a transducer ( 4) placed between the wire 
anchor and the rea ction frame at the side 
opposite the spacer. After tensioning the 

wires, a minimum of one day was allowed before casting the concrete slab. The force 
in each wire was checked and, if necessary, adjusted to the selected magnitude prior to 
casting. 

To insure full prestress neat the slab edges, a 1-in. split steel cube was fastened to 
each wire at the point where the wire entered the steel side forms. The two halves of 
the cube were grooved slightly under size for the wire used and were clamped on the wire 
by countersunk machine screws. 

Casting of Concrete 

The cement factor of the concrete was 7. 0 sk/cu yd; water-cement ratio was 0. 52 
by weight, and the sand-aggregate ratio was 0. 59 by weight . Type 3 cement was used 
to obtain a high eal'ly strength, and the maximum size of gravel aggregate was% in. 
The slump averaged 4. 7 in. and vinsol resin was added to provide an average air content 
of 6. 9 percent. Concrete was compacted with a vibrating screed. 

After casting, each slab was covered with polyethylene sheeting. The next day, ap­
proximately 16 hours later, the sheeting was removed and the top slab surface was 
coated with a curing compound to reduce moisture losses and thereby minimize curling. 
Prestressing wires were released after the concrete had cured for 7 days. 

Beam specimens 1 by 4 by 22 in. were made at the time of casting from samples of 
concrete placed in the center portion of each test slab. The beams were cured in a 70 
F, 100 percent relative humidity room until tested in flexure with third-point loading on 
a span of 12 in. It was usually possible to obtain two flexural tests from each beam. A 
minimum of nine beams was tested for each slab, including three tested when repetitive 
slab loading was started and three when each failure occurred. Repetitive load tests 
were started 12 to 14 days after casting. Duration of each test depended on the number 
of loadings necessary to cause failure and averaged 13 calendar days for all slabs. Dur­
ing the test period, there was relatively little change in the flexural strength of each 
slab; average values are given in Table 3. 
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TABLE 3 

CONCRETE FLEXURAL STRENGTH 

Slab No . Modulus of Rupture Slab No. Modulus of Rupture 
(psi) (psi) 

970 9 966 

2 880 10 957 

882 11 970 

4 897 12 952 

952 13 930 

6 905 14 9(53 

7 890 15 936 

8 916 16 927 

A limited number of beams were instrumented with two SR-4 type A9-4 (2-in. length) 
strain gages on the bottom surface between the third-point loads. strain measurements 
during flexural testing of these beams indicated that the average modulus of elasticity 
for the test slabs was 4, 100, 000 psi. 

Load Apparatus 

A special load apparatus was constructed for applying repetitive moving loads to the 
prestressed concrete test slabs. The load apparatus was not designed to simulate traf­
fic operations but rather to develop a random pattern of bottom surface cracks at the 
interior of each slab. Loads were applied through a single wheel traveling in a number 
of wheel paths over an interior area 32 in. wide (including the width of the wheel) by 98 
in. long. The distances between the loading area and the longitudinal and transverse 
edges of the 12 by 16-ft slabs were 56 and 47 in. respectively. These edge distances 
were 7. 7 and 6. 4 times the average radius of relative stiffness of the test slabs, i.e., 
sufficient for load behavior to be similar to a slab of infinite surface area. 

The equipment used to apply repetitive moving loads is shown in Figure 1. Load was 
applied through a 16-in. diameter wheel with a 4-in. wide solid rubber tire. The tire 
had longitudinal and transverse measurements scaled to represent the prototype. The 

contact area of the tire increased with 
increasing load as shown in Figure 3. 
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Figure 3. Contact area of solid rubber tire. 

The paths traveled by the load wheel 
during the repetitive moving load tests 
are shown in Figure 4. starting at lo­
cation A, the wheel traveled 98 in. in a 
longitudinal path to location B. After 
returning in the same wheelpath to loca­
tion A, the wheel was driven transverse­
ly a distance of 2 in . or half the width of 
the tire to a second longitudinal wheel­
path. After returning to location C, the 
wheel was again driven transversely a 
distance of 2 in. to a third wheelpath. 
During each transverse movement of 2 
in. the wheel traveled approximately 10 
in. longitudinally. After traveling in 15 
longitudinal wheelpaths or a total of 28 
in. transversely to location D, the direc ­
tion of transverse travel was reversed. 

The Corps of Engineers (5) defines a 
load coverage as a sufficienCnumber of 
vehicle operations or passes to produce 
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Figure 5. Load box. 

Figure 4. Wheelpaths during load testing. statistically one application of the design load-
ing over the entire traffic area. By this defini­
tion, 4 load coverages were applied each time 

the wheel traveled 28 in. transversely or from location A to D. The average wheel 
speed was 1. 68 ft/ sec and 106 coverages were applied per hour. Because this rate of 
loading is greater than that normally encountered on highway and airfield pavements, 
the data represent conditions more severe than those encountered in actual pavement 
service. 

The load wheel was mounted in the center of a load box. To reduce transverse thrust 
on the test slabs when the wheel turned to change wheelpaths, the wheel was mounted as 
a caster with a swivel bearing. A r.pring mechanism was used to prevent the wheel from 
rotating 180 degrees on each return trip, as for example, from location B to A. 

The load box, as represented by frame A in Figure 5, was made of steel angles welded 
together to form a frame 4 ft 5 in. by 4 ft 1 in. by 1 ft 5 in. deep. A pair of roller bear­
ings that operated within a vertical channel at the center of each side of the load box en­
abled it to move freely in the vertical direction within frame B. The desired wheel load 
was obtained by placing concrete weights inside the load box. 

Frame B was designed to move transversely within frame C by means of roller bear­
ings that traveled on transverse bars bolted to the inside of the inside of the span beams 
of frame A. Power for driving frame B in the transverse direction was supplied by a 
1/2-hp electric motor mounted on frame C. As shown in Figure 5, the motor acted through 
an electric clutch to drive a pinion gear over a rack mounted on frame B. Length of 
transverse travel was controlled by a number of stops contacting an electrical switch 
that regulated current to the clutch. 

Frame C had a transverse span of 18 ft and a longitudinal length of 5 ft . A flanged 
crane wheel mounted near each corner traveled on longitudinal rails that were supported 
by steel beams independent of the subgrade and prestressing frame. Power for driving 
frame C in the longitudinal direction was supplied by a 5-hp electric motor. Operating 
through a gear reducer to obtain proper speed, the motor rotated a transverse steel 
shaft located near one end of the rails. Two steel drums were mounted on the shaft, one 
near each end between the flanges of the rail support beams. Each drum pulled a steel 
cable that traveled around a fixed pulley at the opposite end of the rails. Frame C was 
attached to the two cables to obtain longitudinal motion when the electric motor was 
operating. Length of longitudinal travel was controlled by an electrical switch that was 
activated when the load device passed either of two selected rail locations. This switch 
disconnected current and applied an electric brake to the motor. By regulating the elec­
tric current to the brake, the load device could be smoothly decelerated. An electrical 
switch on the motor shaft was used to determine when the load device had stopped and to 
start travel in the opposite longitudinal direction. 
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Instrumentation 

Slab deflections were measured by a 
resistance bridge deflectometer (6)buried 
in the clay subgrade 2 ft below the test 
slabs. The deflectometer was restrained 
from vertical movement by a steel rod 
that extended between the deflectometer 
casing and the concrete slab under the clay 
subgrade. A second steel rod extended 
upward from the measurement control pin 
of the deflectometer to a fitting cast in the 
slab. An electrical connection between 
the deflectometer and chart recording 
equipment enabled deflections to be con­
tinuously measured as the load wheel ap­
proached and passed over the deflectome -
'ter location. 

Figure 6. Failure in top surface of slab 2. Strains were measured by pairs of SR-
4 type A9-4 (2-in. long) strain gages ce­
mented to the top surface of the test slabs, 

one in the longitudinal and one in the transverse direction at the same location. Strains 
were also recorded continuously as the load wheel approached and passed over the gages. 

TEST RESULTS 

Data are reported for load tests on 16 prestressed slabs. The spacing between pre­
stressing wires, amount of tensile force in each wire, and resultant concrete prestress 
of each test slab are given in Table 4. 

Moving loads were applied repeatedly to 15 of the test sLabs until failure occurred. 
Wheel loads and number of coverages at failure are given in Table 5. Failure was char­
acterized by a crumbling of the concrete in the top surface of the slab within a circular 
area approximately 12 in. in diameter (Fig. 6). These failures occurred very suddenly. 
Only a few additional load coverages were necessary for the top surface of the slab to 
deteriorate from the initial cracked condition to the failed condition shown. Failures 
occurred at random locations within the loaded areas. For most slabs, a thin steel plate 
was placed over the failed area and repetitive loading was continued until a second fail­
ure occurred. A bottom surface view of one of the slabs after a failure had occurred 
is shown in Figure 7. This photograph shows only a cut out interior portion of the slab 
where the moving loads were applied. Visual bottom surface cracks were indicated by 
black ink. Loose concrete was removed at the failure location to expose the prestress­
ing wires. There were no wire failures during any of the load tests. After load testing 

TABLE 4 

REINFORCEMENT AND PRESTRESS PROPERTiES OF TEST SLABS 

Wire Spacing Wire Tensile Concrete Prestress 

Slab No. (in.) 
Force 

(psi) 

Long. Trans. 
(lb) 

Long. Trans. 

1-8 12 12 1200 100 100 

9 36 36 1200 33 33 

10 None None 0 0 0 

11 12 12 140 12 12 

12 12 0 1200 100 0 

13-16 12 12 1200 100 100 
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TABLE 5 

PROPERTIES OF TEST SLABS 

Slab Wheel Coverages h k L a me 
No. Load at Failure (in.) (pci) (in.) (in.) a (in. lb. / in.) (lb) 

1730 5730 1. 02 70 8.53 1. 66 0.195 185 
7270 1.02 70 8.53 1. 66 0. 195 185 

2 1571 2444 1. 00 80 8. 13 1. 62 0.199 165 
3010 1. 01 80 8. 19 1. 62 0 . 198 168 

3 1571 2116 1. 01 100 7.75 1. 62 0.2011 167 
2780 1. 02 100 7.80 1. 62 0.208 171 

4 1410 2098 0. 97 100 7.52 1. 58 0. 210 156 
3816 0.98 100 7.58 1. 58 0.208 159 

1410 25060 1. 02 105 7. 71 1. 58 0.205 182 

6 1730 330 0.96 110 7.28 1. 66 0.228 155 
342 0.95 110 7.23 1.fifi 0. 230 152 

7 1571 472 0.92 120 6.90 1. 62 0.235 140 
946 0.93 120 6.96 1. 62 0.233 143 

8 1571 6160 1. 00 120 7.35 1. 62 0.220 169 
7700 0.99 120 7. 29 1. 62 0.222 166 

9 1571 7506 1. 01 120 7.40 1. 62 0.219 170 
8538 1. 02 120 7.46 1. 62 0. 217 173 

10 1571 860 1. 01 120 7.40 1. 62 0.219 163 

11 1571 1676 1. 02 120 7 . 46 1. 62 0. 217 170 

12 1571 3226 1. 00 120 7.35 1. 62 0.220 159 

13 Static Load Test 1.02 125 7.38 2.00 0. 271 179 

14 1730 18500 1. 01 170 6.78 1. 66 0. 245 181 
Static Load Test 1. 03 170 6. 91 2.00 0.289 188 

15 2049 1022 0. 97 180 6.49 1. 72 0.265 163 
1164 0.98 180 6.53 1. 72 0.263 166 

16 2206 0 to 
14500a 1. 00 320 5. 75 1. 76 0. 306 171 

3478 14500 to 
33700a 1. 00 320 5. 75 1. 99 0. 246 171 

0 Siab 16 did not fail. 

was completed, slab thickness at each failed area was measured with a vernier caliper. 
Average thicknesses are given in Table 5. 

A previous theoretical analysis (1) of prestressed concrete pavements indicated that 
strength is a function of O! and me, where 

a 
L (i) 

• 
Figure 7. Crack pattern in bottom surface of slab 5. 



and 

in which 

L =radius of relative stiffness (in.), i.e., 

L = 

a =radius of loaded area (in .), 
E = concrete elastic modulus (psi), 
µ = Poisson's ratio, 
h = slab thickness (in.), 
k = subgrade modulus (pci), 

crc =cracking stress (psi) = modulus of rupture plus prestress, and 
me =cracking moment (in . lb/in. of width). 
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(2) 

(3) 

Computed me and a-values for each slab are'given in Table 5. The radius of the 
loaded area, a, used to compute a-values was the radius of a circle having an areaequal 
to that shown in Figure 3 for the loaded tire at the test load. The radius of relative stiff­
ness, L, was computed using the measured value of 4, 100, 000 psi for the modulus of 
elasticity, E, and an assumed value of 0. 15 for Poisson's ratio. The subgrade modulus, 
k, was determined with a 30-in. diameter plate at 0.05 in . deflection. The k-value given 
in Table 5 is the average of the values determined prior to the construction and after the 
testing of each slab. When computing me-values, cracking stresses were assumed to 
be equal to the summations of the modulus of rupture values given in Table 3 and the 
prestress values given in Table 4. 

Analyses 

To analyze the test data given in Table 5 and develop a design method for prestressed 
pavements, it is necessary to relate me and a-values with wheel loads and coverages 
causing failures. This may be done by using the me and a-values to compute either the 
bottom or the top surface cracking load of each slab, then establishing a relationship be­
tween the ratio of such cracking load to applied wheel load and the coverages causing 
failure. 

Bottom Cracking 

The following equation, based on Westergaard's (7) theoretical analysis for loads ap­
plied in the interior of the area of a panel, can be used to compute the bottom cracking 
load, Pc: 

= 2 0. 275 (1 + µ) log10 
CYx} p [ 
Oy h 

Eba =r 0. 239 (1 - µ.) a - b] 
k(a; br a+b 

(4) 

where ax and cry =principal tensile stresses in the directions of x and y at the bottom of 
the slab under the center of the load, and a and b = semiaxes of an ellipse representing 
the footpr int of a tire. For a circular loading area where a = b and letting µ. = 0. 15, 

4 Eh 3 a a h2 

L = ( 2 ) , a=-, and me= ~6 , Eq. 4 becomes: 
12 1 - µ k L 

(5) 

0. 0527 ( 4 log10 ~ + 1. 069) 
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Figure 8. Radial and tangential moment curves-PCA theoretical method for a= 0.2. 

Top Cracking 

The top surface cracking load of a pre stressed pavement may be computed by the 
PCA theoretical method (1). This method is limited to a load applied at an interior 
position of a slab supported by a dense liquid foundation and prestressed equally in the 
longitudinal and transverse directions. By use of this method, radial and tangential 
moment diagrams were developed for loads greater than those causing bottom surface 
cracking, i.e., beyond conditions to which the elastic theory is applicable. Example 
moment diagrams for a = 0.2 are shown in Figure 8. Bottom surface cracks begin to 
form under the load when the positive moment, m, equals the cracking moment, me, 
or when m/mc = 1. A small increase in load beyond that initiating bottom cracking will 
cause these cracks to extend radially from the center of the load. As additional load is 
applied, there is an increase in the positive tangential moment and negative radial mo­
ment. The bottom surface radial cracks become longer, and the point of zero radial 
moment moves nearer the center of loading. At a load, PF, equal to 17 .22 times the 
cracking moment, me, the negative radial moment equals the cracking moment and a 
circular crack occurs in the top surface of the slab. Other top surface cracking loads 
predicted by the PCA method for a-values varying from 0.1 to 0. 5 may be determined 
from the diagram shown in Figure 9. 

Another method for computing top surface cracking loads is that used by the Corps 
of Engineers. Based on the results of previous static load tests on Hydrocal model 
slabs 16. 6 in. square by 0. 20 in. thick and supported on a 12-in. thick layer of natural 
r ubber, the following empirical equation was developed (.!!_): 

0.5 

0.1 
L = Rodiu s of Relat ive St iffne ss, in 

PF= Top Surface Croc king Load, lb 

me;= Crackin~ Mom ent , In · lb / in 

Figure 9. Top surface cracking loads for prestressed 
concrete pavements . 

where 

Pp (6) 

PF =top surface cracking load (lb), 
h = slab thickness (in.), 
R =flexural strength of the con­

crete (psi), 
Rp = concrete prestress (psi), 

C = radial moment correction 
factor, 

Mo/ P 0 =moment coefficient under 
center of loaded area, and 

MR/ P 0 =moment coefficient at point 
of negative moment cracking. 
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TABLE 6 

DESIGN FACTORS BASED ON TOP CRACKING LOADS 

Wheel Bottom Top Cracking Load (lb ) PF Fatigue Factors 
Slab Load Coverages Cracking 
No. (lb) at Failure Load (lb) 

PCA C of E Average 
p PF 

p Pc ~ I> 
1730 5730 898 3170 3080 3125 1. 93 1. Bl 

7270 898 3170 3080 3125 1. 93 1. 81 

2 1571 2444 809 2800 2730 2765 1. 94 1. 76 
3010 824 2860 2790 2825 1. 91 1. 80 

1571 2116 835 2900 2870 2885 1. 88 1. 84 
2780 855 2950 2910 2930 1. 84 1. 87 

4 1410 2098 784 2730 2700 2715 1. BO 1. 93 
3816 795 2780 2740 2760 1. 77 1. 96 

5 1410 25060 905 3150 3100 3125 1. 56 2.22 

6 1730 330 807 2720 2760 2740 2. 14 1. 5B 
342 796 2680 2720 2700 2. 17 1. 56 

1571 472 741 2500 2540 2520 2. 12 1. 60 
946 753 2540 25BO 2560 2.09 1. 63 

B 1571 6160 867 2960 2960 2960 1. 81 1. BB 
7700 856 2920 2930 2925 1. 84 1. 86 

9 1571 7506 870 2990 2990 2990 1. B 1 1. 90 
8538 881 3060 3000 3030 1. 78 1. 93 

10 1571 860 834 2920 2930 2925 1. B8 1. 86 

11 1571 1676 866 2980 29BO 29BO 1. 81 1. 90 

12 1571 3226 815 2940 2940 2940 1. 93 1. 87 

13 Static Load Test 1017 331(1 3420 3365 

14 1730 18500 978 3260 3340 3300 1. 77 1. 91 

Static Load Test 1106 3530 3660 3595 

15 2049 1022 916 2980 3080 3030 2.24 1. 48 
1164 927 3040 3140 3090 2. 21 1. 51 

16 2206 _a 1036 3270 3390 3330 2. 13 1. 51 
3478 a 1118 3390 3510 3450 3. 11 0.99 

0
Slab 16 did not fail. 

In using this equation, values of C, M0 /P0 , and MR/Po must be obtained from ap­
propriate curves (8). These values are plotted as functions of either A/L 2 or a/L where 
A is the area of the loaded area, a is the radius of the loaded area, and L is the radius 
of relative stiffness, so that it is possible to develop a relationship between PF/me and 
a/L where me is equal to h2 (R + Rp)/6. The resultant curve for circular loading areas 
is compared to the PCA method in Figure 9. It is seen that the two methods are in fair 
agreement. 

Slabs on Clay Subgrade 

Data are presented from tests on the nine slabs cast on a clay subgrade and pre­
stressed to 100 psi in both longitudinal and transverse directions. Comparisons will 
later be made with the four slabs that had reduced amounts of prestress and with the 
three slabs cast on granular and cement-treated subbases. 

Using the me and a-values given in Table 5, bottom surface cracking loads were com­
puted by Westergaard's Eq. 5, and top surface cracking loads were computed by both 
the PCA and Corps of Engineers method using Figure 9. Top cracking loads by the two 
methods were nearly equal for each slab failure, and average values were used to de­
termine ratios of computed top surface cracking loads divided by repetitive moving wheel 
loads. Also, ratios of repetitive moving loads divided by bottom surface cracking loads 
were determined. These ratios are given in Table 6 and in this report are defined as 
fatigue factors. Fatigue factors are plotted in Figure lOA and lOB vs the number of load 
coverages causing failure. 



186 

2.4 

2 .2 

a: 
0 
t; 2.0 
<I 
"-
w 1.8 :'.) 
l') 

i= 
<I 
"- I 6 • 

1.4 

2 4 

2 .2 

a: 

~ 2 .0 
u 
<I 
"-
w 1.8 
:'.) 

':'! 
I-

~ 1.6 

1.4 

10 

A- Fa t igue Factor Defined 
05 Computed Top Surface 
Crocking 
Load Divided by 
MovinQ Wheel Load 

8-Fotigue Factor Defined 
05 Moving Wheel Load 
Divided by Computed 
8o1tom Surface 
Cracking Load 

100 1,000 10,000 100,000 

COVERAGES TO FAILURE 

Figure 10. Fatigue relationships for prestressed concrete pavements. 

The results of these tests may be compared with data from a similar moving load 
test program conducted by the Corps of Engineers (5). The essential differences be-
tween these two programs were as follows: -

Characteristic Corps of Engineers PCA 

Casting Technique Pre cast Cast in place 
Prestressi ng: Method Pretensioned Pretensioned 

Amount 250 psi 100 psi 
Size of Slab: Length 15 ft 16 ft 

Width 6 ft 12 ft 
Thickness I in. 1 in. 

Size of Loaded Area: Length 120 in. 98 in. 
Width 24 in. 32 in. 

Avg. Cone. Mod. of Rupt. 905 psi 914 psi 
Avg. Cone. Elas. Mod. 4,500,000 psi 4, 100,000 psi 
Avg. Subgrade Modulus 65 pci 105 pci 

In analyzing their data, the Corps of Engineers plotted a curve that related a design 
factor for repetitive loading to the number of load coverages causing failure. Their 
design factor was defined as the computed top surface cracking load for a single appli­
cation divided by the repetitive moving wheel load. This curve is shown on the appro­
priate diagram in Figure lOA. For a given fatigue ratio, it indicates a greater number 
of coverages at failure than the PCA curve. 
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Figure 10. Deflection comparison of low and 
high modulus of rupture concrete. 
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Figure 11. Stress comparison of low and high 
modulus of rupture concrete. 

modulus deflected more than the high modulus of elasticity concrete. The range of mod­
ulus of elasticity experiencing the most deflection apparently varies slightly with sea­
son. Calculations have shown that, on the average, the lower modulus of elasticity con­
crete in general deflected 7. 4 percent less than the high modulus of elasticity concrete. 
This finding, although contrary to rational reasoning, is in line with that found inanother 
experiment (7). 

Figure 9 iS bar graph comparing modulus of elasticity against stress in the concrete 
slab. The graph structurally is the same as Figure 8 except that it portrays stress in 
the concrete. Inspection of Figure 9 shows that more comparisons of stress on low and 
high modulus of elasticity concrete showed less stress in the low than the high modulus 
concrete. The range of modulus of elasticity experiencing the most stress also varies 
with season. 

The second concrete property considered here is the modulus of rupture. The anal­
ysis of the modulus of rupture was made by determining whether the deflections and 
stresses were more or less for the lower modulus of rupture concrete than the higher 
modulus of rupture CRCP. The evaluation was made for each season and also the com­
bined data. Figure 10 shows in bar graph style the percentage of comparisons in which 
deflections on the high modulus of rupture concrete were more or less than those on the 
low modulus of rupture concrete. Note that the low modulus of rupture concrete deflects 
more than does the high. This was true for all seasons except for the spring. The com­
bined data also show that the average deflection for all seasons is greater on the low 
modulus of rupture concrete. 

The comparison of stresses on the low and high modulus of elasticity concrete indi­
cate that, on the average, stresses were higher in the low than the high modulus of rup­
ture concrete. Figure 11 shows the percent of comparisons in which the stress was 
higher or lower than that in the low modulus of rupture concrete. 

Slab Thickness and Type-The pavement slab thickness analysis was made by com­
paring deflection measurements from sections that had identical classifications in the 
factorial, but different slab thickness. This allows a clean comparison of thickness to 
deflection and stress. 

In each case the smaller thickness of concrete pavement was compared with a greater 
thickness. The results were combined for all four data runs. The comparison may not 
be very good because of the small number of sections compared. 
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TABLE 4 

PERFORMANCE OF RIGID PAVEMENT IN TERMS OF THICKNESS, 
PAVEMENT TYPE, AND LOAD POSITION* 

Thickness Comparison 

6-in . CRCP vs 8-in . CRCP 
8-in. CRCP vs 9-in. JCP 
8-in . CRCP vs 10-in. JCP 

Deflection 

Crack or 
Joint 

41.1 
-13.1 
-38. 0 

Midspan 

54.6 
30.8 

-28.5 

*Numbers indicate the avero~ percent difference for the respective condition. 

Crack or 
Joint 

11. 0 
-50. 2 
-49.6 

Stress 

Midspan 

1.1 
-11.1 

6.9 

Table 4 is a summary of the results obtained in comparing pavements of different 
thickness and type. In comparing 6-in. CRCP with 8-in. CRCP, it was found that the 
6-in. pavement deflected 41 percent more at the crack position than did the 8-in. CRCP . 
Comparing 8-in. CRCP with 9-in. JCP, it was found that the CRCP deflected on an 
average of 13. 1 percent less than the JCP. When the 8-in. CRCP was compared to 10-
in. JCP, it was found that the CRCP deflected on an average of 38 percent less than the 
10-in. JCP. 

It has been assumed in the past that 10-in. JCP performance would be very much the 
same as that of 8-in. CRCP (4). Performance measured in terms of deflection shows 
that the 8-in. CRCP is superiOr to the 10-in. JCP. In Figure 12 deflections as com­
puted by the equations developed herein are plotted against deflections measured on com­
parable 10-in. JCP. The deflections for both pavement types have been corrected to 
zero temperature differential, and the deflections for CRCP were corrected to an 8-ft 
crack spacing and a 0. 014-in. crack width. The data show a remarkable relation be­
tween the two parameters. By forcing the correlation line through zero (a rational ap­
proach), the slope of the line indicates that a 10-in. JCP deflects 1. 6 times more than 
an 8-in. CRCP. 

Deflection Position-On each test section a midspan deflection (between cracks) was 
obtained each time a reading was taken at the crack position . Figures 13 through 16 
are plots of the average crack deflection versus the midspan deflection for each of the 
four runs. Although there is an offset on the vertical axis (crack deflection) greater 
than zero, it may be stated that the edge deflection and crack deflection are approxi­
mately equal on any range of support properties with continuous pavements that have 
0. 5 percent longitudinal steel or greater. 

The radius of curvature measurements were also plotted in the same manner as de­
flection measurements (Figs. 17 through 20). In the case of radius of curvature-in con­
trast to deflection-the crack position has considerably less magnitude than the midspan 
position, which means that the concrete at the crack position is experiencing consider­
ably more stress. 

In terms of deflection arid radius of curvature, it is evident that the aggregate inter­
lock produces adequate load transfer across a crack, but the transverse cracks affect 
the continuity condition of the slab. 

Semi-Controlled Variables 

Two factors studied on a semi-controlled basis were the season of the year that the 
field measurements were taken and the general moisture condition of the soil. 

Season-Data were taken on a statewide basis in each of the four seasons of the year. 
The deflection and radius of curvature data taken during these four seasons were anal­
yzed by comparing each set of data with that taken during the summer. The comparison 
showed only whether the deflections and stresses were more or less in the fall, winter, 
and "lpring than in the ·summer. In Figure 21 these comparisons showing more or less 
deflection than the summer data are expressed as percentages. The results indicate 
that the deflections during fall and winter were generally greater than the summer, 
whereas the spring deflections were significantly smaller than the summer. Thus the 
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deflection might in some way be related to the season; however, for the fall and winter 
there was not very much difference in the data. 

The results of the stress analysis shown in Figure 22 indicate that the seasonal com­
parisons with the summer data are consistent in showing that the pavements experience 
less stress in the summer than during the other seasons. 

Soil Moisture Condition-Each time data were taken on a test section, the general 
environmental conditions of the soil adjacent to the roadway in a hole 1 ft deep was clas­
sified as dry, moist, or wet. As far as the moisture effects are concerned, it was 
found that the fourth data run, which was the spring run, measured deflections that were 
much less. During the entire spring run general rains were experienced over the state. 
Of the four runs, the spring run was by far the wettest. 

CORRELATION OF VARIABLES 

Deflection 

The variables studied that affect deflection are the crack spacing, surface crack width, 
concrete modulus of elasticity and modulus of rupture, pavement slab thickness , pave­
ment type, strength characteristics of the subgrade and subbase, and moisture condi­
tions. With the exception of the semi-controlled variables and the modulus of rupture, 
these variables will be correlated into an equation in the following. 
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A model equation was developed which encompassed the variables to be correlated. 
The model was based on previous work and also on work done at the AASHO Road Test 
(5, 8). The model chosen to relate the variables is basically an extension of the Road 
Test model and is of the following form: 

(1) 

where 
L Load in kips; 
X Surface crack width in inches; 
X Average crack spacing in feet; 
D Slab thickness in inches; 
E Concrete modulus of elasticity, psi; 

SS Soil support; 
De. Deflection at crack position, inches; 
De Deflection at midspan position, inches; 

T Temperature differential between top and bottom of the slab, degrees F; and 
Ao, B1, B2, B3, B4, and B5 are constants determined from a regression analysis on 
the data. 

Slab thickness was not truly a full factorial variable, and consequently could not be 
entered as an independent variable and had to be analyzed separately. All the subse­
quent regression analyses were performed for the 8-in. pavement thickness factorial. 
The 1. 75 power for the thickness term will be established later. 

The soil support term is a combination of the subgrade and subbase strength char­
acteristics. The soil support is a calculated value developed in a previous analysis. 
In some cases the natural soil was stabilized with lime (generally clay) to facilitate con­
struction operations by providing a working platform. 

The soil support is defined as 

where 
SS 
u 

Tsg 
1, 2 

Soil support; 

SS = (U1 + Ua) 
Tsg 

(2) 

Unconfined compressive strength of subbase and subgrade materials in psi 
at an age of 7 days; 
Texas triaxial classification of subgrade material; and 
Subscripts denoting subbase and stabilized subgrade respectively . 

In all subsequent analysis the load, L, will be 18 kips and the pavement slab thick­
ness will be 8 in. The linear form of load used here has been qualified in another re­
port on this project (7) and in studies by others (5). The data from each run were care­
fully analyzed to screen out what might be considered erroneous. 

The power term for the temperature differential term was derived in another report 
on this overall study (8). The temperature differential, the pavement thickness, and 
the load terms were not a part of the full factorial experiment, but in order that their 
effect would be reflected in the Ao term, constant values for the 8-in. factorial were 
inserted into the equation for variables not considered in the semi-factorial experiment. 
The values inserted into the equation were an 18-kip single axle load, 8 in. for pave­
ment thickness, and zero for temperature differential. These factors were then con­
sidered as constant and moved to the left of the equation. 

A multiple regression analysis was made using the computer on each data run for 
deflection at the crack position, De, and also for deflection midway between cracks, 
De. The constants and the statistics derived from the regression analysis of each of 
the four runs are given in Table 5. 
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TABLE 5 

COMPUTED CONSTANTS AND STATISTICS FROM REGRESSION ANALYSIS• 

Load Data Computed Values 
Run Position No . Ao Bz B, B• B, r' r er 

Crack 1 6.664 0. 334 o. 681 -0.060 3. 222 0. 698 0.487 ±0. 0032 
2 0.00256 -0.123 0. 526 0.1100 13. 437 0. 551 0. 303 ±0. 0029 
3 0. 1220 0.104 0. 690 0. 0900 13. 911 0.662 0. 438 ±0. 0030 
4 0.1099 0. 1249 0. 6869 0 . 0794 13. 575 0.694 0. 482 ±0. 0021 

Midspan 1 0. 0118 -0. 0684 0. 3211 -0.1938 7.816 0.407 0.166 ±0, 0035 
2 0. 0726 o. 0418 o. 3434 -0.3294 7.055 0. 244 0.060 %0. 0032 
3 o. 00373 -0. 124 o. 8709 0.1814 11. 798 0.733 o. 538 %0. 0027 
4 0. 0749 0.1026 0. 7179 0.1897 4.876 o. 515 0.265 ±0. 0031 

*FOR EQUATION 1: r =coefficient of correlation, r3 ~ coefficient of detennination, a= standard error of estimate. 

The calculated deflection was plotted against the measured deflection for each data 
run and for each load position. These graphs are shown in Figures 23 through 30. Note 
the same general pattern for runs 1, 2, and 3 for both the crack and midspan deflections. 
The deflections at both crack and midspan were very small on run 4, as discussed pre­
viously, when compared with the three previous data runs. 

In Table 5 note that several values of B4 are negative. This same result was the 
case in a previous analysis @. The crack spacing deflection relationship is a bowl­
shaped curve, concave upwards. When the crack spacing is greater than that at the 
point of zero slope, B4 is positive, and when it is smaller, B4 is negative. Figure 31 
is an example of the deflection-crack spacing relationship that results in a change of 
signs on B4. 

Several of the values calculated for B2 are also negative. B2 is the exponent on the 
modulus of elasticity term in the model equation. A negative B2 would be in disagree­
ment with theoretical concepts. Earlier it was pointed out that the low modulus of elas­
ticity CRCP was deflecting less than the high modulus of elasticity CRCP. Another in­
vestigation on an experimental CRCP showed this same factor between lightweight and 
conventional aggregate concrete (7). 

Note that the constants for each variable term generally have approximately the same 
magnitude, with only a few exceptions. The data from the first three runs were com­
parable, and therefore they were combined and a regression analysis was run. This 
resulted in two final equations, one for deflection at the crack position and another for 
deflection at a point midway between cracks. The computed constants and statistics 
are given in Table 6. The equation would be applicable to a dry condition; for a wet 
condition the equation for run 4 would be used. Note that the standard error is only 
slightly greater than the resolution of the Benkelman beam. 

Radius of Curvature 

The radius of curvature data have been examined thus far in terms of stress, but 
the subsequent analysis will be in terms of the radius of curvature data. 

TABLE 6 

COMPUTED CONSTANTS AND STATISTICS FOR DEFLECTION EQUATIONS 

Load Regression Analysis Computations 

Position 
Ao B, B, B• B• r' r " 

Cr~k 0 . 3779 0.1683 0. 6513 0.0266 6. 3407 0. 6971 0.486 ±0. 0028 

Midspan 0. 1362 0. 0977 0. 5601 - 0.0462 4. 1266 0. 5544 0. 307 ±0.0033 

Note: r = coefficient of correlation, ~ = coefficient of detennination, a= standard error of estimate. 
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All terms are as previously defined. 

The variables investigated that might affect 
the radius of curvature are the average crack 
spacing, soil support, concrete modulus of elas­
ticity, load, and slab thickness. Thus, radius of 
curvature is some function of all these variables: 

where 
Re 

Re, Re = f (X, SS, E, L, D) 

Radius of curvature at crack position, 
and 
Radius of curvature at midspan position . 

All other terms have been defined previously . 
A model equation for radius of curvature 

was logically derived using the same concept 
as developed in the deflection equation. The' 
following is the model with variables considered: 

(3) 

In the radius of curvature study the slab thickness again could not be entered as an 
independent variable because of a shortage of test sections on pavement thinner tha17

5
s 

in. Thus the same thickness te.r m was used here as in the deflection analysis, nl. . 
Although the crack width and temperature differential are not reflected in Eq. 3, they 

were considered in this study and previous studies. Previous studies indicated that the 
effect of temperature differential on the radius of curvature was very slight or nonexis­
tent. Therefore, on this basis, the temperature differential term was deleted. With re­
gard to crack width, this term was included in the equation, but it was found that the 
statistics of correlation were improved by deleting it from the regression equation. 

The radius of curvature of the CRCP is studied at two points on the continuous slab, 
across the volume change crack and Jnidway between the cracks. The crack radius of 
curvature was analyzed for each data run except the fourth. The individual data runs 
were analyzed using multiple regression techniques. The regression constants for the 
model equation are given in Table 7. In order to obtain a more general equation for the 
radius of curvature at the crack position, the field data were examined and runs 1 and 
2 were combined to form the data for the regression that would produce the final equa­
tion for radius of curvature at the crack position. Figures 32 through 35 show the mea­
sured radius of curvature plotted against the calculated radius of curvature for the crack 
position for runs 1, 2, and 3 and the combined data. The computed constants and the sta­
tistics for the final equation are given in Table 8. 

TABLE 7 

COMPUTED CONSTANTS AND STATISTICS FROM RADIUS OF CURVATURE ANALYSIS• 

Load Data Computed Values 
Run Position 
No. Ao B, B, B• r' r a 

Crack 1 0. 000832 0 . 9819 0. 6572 -0. 2623 0. 9518 o. 9059 ± 962 
2 350. 5333 0 . 1548 0. 3429 "0. 1766 0.5574 o. 3107 ±1716 
3 53. 4066 0.2898 0. 4070 -0. 0035 0. 6900 0. 4762 ±2132 

Midspan 1 o. 0742 0 . 7395 0. 1882 0. 0277 0 . 9527 0. 9076 ± 868 
2 1779.2667 0. 0639 0. 3102 0. 0863 0. 4368 0.1908 ±2247 
3 313. 4298 0. 1736 0. 5872 0. 0345 0.7503 0.5630 ±2798 
4 1337. 6603 0.0832 o. 2894 0. 1147 o. 4453 0.1983 ±2525 

*FOR EQUATION 3: r = c:oeffic::ient of corre lation,~= coefficient of determination, a = standard error of estimate. 



TABLE 8 

COMPUTED CONSI'ANTS AND STATISI'ICS FOR RADIUS OF CURVATURE EQUATIONS 

Load Regression Analysis Computations 

Position Ao B, B, B, r r' 

Crack 15. 3039 0. 3312 0. 5467 -0 . 0772 0. 6391 0 . 4085 

Midspan 333. 3153 0. 1729 0. 3579 0. 0909 0 . 5957 o. 3548 

Note: r =coefficient of correlation, i'I =coefficient of detennination, a= standard el'TOr of estimate. 
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Figure 38. Measured vs calculated 
radius of curvature at uncracked 

edge-summer. 

The midspan radius of curvature data were ana­
lyzed in like manner as the crack radius data; how­
ever, here all four data runs were used to relate 
the parameters studied to radius of curvature. The 
computed constants and statistics for the four equa­
tions are given in Table 8. Figures 36 through 39 
show the calculated radius of curvature plotted 
against the measured midspan radius of curvature. 

DISCUSSION OF RESULTS 

Deflection 

In general, the control variables considered in 
this study were found to affect the deflection of a 
CRCP. Their effect follows a pattern that can be 
expressed by a mathematical expression. Of the 
semi-controlled variables considered, it was found 
that the soil moisture condition affected the deflec-
tion, although the findings were contrary to the 
generally accepted criteria of greater deflection 

for a moist condition. In addition, the findings of this study tend to verify the assump­
tions used in the design and development of CRCP. 

Soil Moisture-The four data runs were made in different seasons over a period of 
about two years. At the times the data were taken, the general soil moisture conditions 
were not the same. The fourth run was exceptionally wet, and deflections on this run 
were all considerably less than they had been on the first three runs. Initially, this 
discrepancy between the findings and the normal assumption of more deflection for a 
wet condition caused much concern for errors that might have been made on the fourth 
run in taking the data. When the weather conditions were the same as on the fourth run, 
the pavement deflections on approximately one-third of the sections were measured again. 
As was the case previously, the deflections were small and for all practical purposes 
identical to those of the fourth run. 

It is now believed that when the subgrade and subbase materials are saturated 
they respond to quick loading as does a soil sample in an undrained triaxial test. The 
load applied to the pavement is supported partially by the pore water in the pavement 
foundation rather than the soil grains as is the case where the soil is not saturated (13). 

It should also be pointed out that the summer run, where the soil was the dryest, ex­
perienced slightly less deflection than periods when the subsoil was partially saturated. 
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Figure 39. Measured vs calculated 
radius of curvature at uncracked 

edge-spring. 

Of course, this latter condition could be the result 
of smaller cracks due to summer temperatures. 

Equations-The deflection equations derivedherein 
are extensions of the one developed in an earlier re­
port (8). The previous equation was based on data 
taken 1rom only two test sections, and those herein 
are based on 20 pavements with three sets of data 
from each for the dry condition and one set for the 
wet run. Table 9 gives a comparison of the equa­
tions with the equation developed earlier (8), which 
was based on crack position data only. -

Figures 40 and 41 were prepared to illustrate 
the capability of the equation for predicting the ob­
served deflection. In each case, the regression 
equation developed from the data for both the crack 
position and midspan position was used to calculate 
the deflection for a given set of conditions on a test 
section. This calculated deflection was then com­
pared against measured deflections for the test sec­
tions as portrayed in the figures. Note the close 



agreement, in most cases, between the mea­
suredand calculated values. In some cases, both 
the measured and calculated deflection appear 
to be out of line with what is to be expected, but 
these exceptions are normally due to a lime­
stabilized subgrade and are so marked on the 
figures. These figures are typical of all runs, 
and hence, these observations support the va­
lidity of using these equations in design work. 

Modulus of Elasticity-The findings in this 
s tudy in r egard to the modulus of elasticity of 
concrete contradict the generally accepted theory 
of a lower modulus of elasticity slab deflecting 
more than a high modulus one for equal condi-
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TABLE 9 

COMPARISON OF REGRESSION ANALYSIS 
CONSTANTS 

Constant 

Ao 
B, 
B, 
a. 
B, 

Overnight Study 

0.0106 

0. 8503 
0. 0994 
4. 8997 

Statewide Study 

0. 3779 
0.1683 
0. 6513 
0.0266 
6. 3407 

tions. Although the levels of the modulus are not too far apart in magnitude, another 
experiment on this same research project, wherein the levels were considerably greater 
through the use of two entirely different coarse aggregate types, indicated the same re­
sults. These two separate investigations, along with a limited laboratory investigation, 
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Figure 40. Measured and computed deflections on high modulus of elasticity concrete. 
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lend credence to the observations of less deflection with a lower modulus of elasticity 
concrete (14). It should be emphasized, however, that this observation can only be re­
lated to CRCP at this time and should not be translated to JCP, which may react 
differently. 

There is a good possibility that this controversial observation attributed to modulus 
of elasticity could be an indirect effect of a combination of variables not considered in 
this experiment. 

It may be hypothesized that generally speaking, a low modulus of elasticity concrete 
has a lower coefficient of thermal expansion. In this case the transverse volume change 
cracks would be smaller, and hence a greater degree of load transfer would be available. 
Therefore, with a greater load transfer less deflection would be experienced. 

Furthermore, in the normal theoretical analyses of this condition, such as those of 
Westergaard, Pickett, Spangler, etc. , the basic assumption is made that the subgrade 
reaction forces are vertical. An actual pavement on a subgrade deflecting under a wheel 
load develops a complicated interaction of shear forces and vertical forces, which may 
result in these field observations rather than those developed in a simplified theoretical 
approach. 

Final Equation-The equations developed contain the term soil support, which was 
defined by Eq. 2. The soil support term can be eliminated from the deflection equations 
by substitution of Eq. 2 into Eq. 1. The dry or partially saturated condition was used 
as the level for selecting the final equation. Thus , the equation for deflection takes the 
form 

O. 3779 L 106. 3407 t.X x O· 0266 TsgO. 1628 

ol. 75 E o. 1683 (U1 + U2)0. 1628 100. 0147 T 

where all terms are as previously defined. 

Radius of Curvature 

The radius of curvature data show that the average radius of curvature at the cracked 
edge for all data is about 52 percent less than the radius of curvature at the uncracked 
edge. The radius of curvature at the crack and midspan was correlated by linear re­
gression analysis for each of the four data runs, and the graphs were shown in Figures 
17 through 20. 

Figures 42 and 43 show calculated and measured radius of curvatures plotted against 
the subgrade classifications for each subbase material type that was available. 
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Figure 42. Measured and computed radius of curvatures on high modulus of elasticity concrete. 
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Figure 43. Measured and computed radius of curvatures on low modulus of elasticity concrete. 

Final Equation-The radius of curvature equations determined for combined data con­
tained the soil support term. Here again, the definition of soil support can be substituted 
and the radius of curvature equation will then take the form 

15. 3039 nl. 75 Eo. 3312 (U1 + U2)0. 1367 

L T 0. 1367 xO. 0772 
sg 

where all terms are as previously described. 
An attempt was made to add the crack width as another variable but the results were 

such that it would be better not to include the crack width. 

Accuracy of Regression Equations 

Nineteen sets of deflection and radius of curvature data were analyzed by multiple 
regression methods. For each analysis a value of r, the correlation coefficient, was 
obtained. These values of r were checked against a table for their significance for the 
number of points and degrees of freedom (15). Table 10 gives the results of the r check. 

The regression results appear to substantiate 
the form of the model equations. All checks on 
the correlation coefficients from the analysis of 
combined data were above that required to be 
significant. Previous discussions showed that 
the standard error of these equations is compat­
ible with the accuracy of the equipment used. 
Thus the equations are in most cases statisti­
cally sound. 

Validation of Design Assumptions 

The findings of this study provide validity for 
the assumptions used in the original design anal­
ysis of CRCP. The equal magnitude of deflection 
at the crack position and midspan position indi­
cates that sufficient granular interlock is pro­
vided so that approximately 100 percent load 
transfer is experienced across a crack. This 
finding is applicable only where the pavements 
have 0. 5 percent longitudinal steel or more, 

TABLE 10 

INVESTIGATING THE SIGNIFICANCE OF 
CORRELATION COEFFICIENTS 

Analysis 

Deflection: 
Run No . 1 
Run No. 2 
Run No. 3 
Run No . 4 
Combined data 

Radius of Curvature: 
Run No. 1 
Run No. 2 
Run No. 3 
Run No. 4 
Combined data 

Crack 

G 
G 
G 
G 
G 

G 
G 
G 

G 

Midspan 

F 
F 
G 
G 
G 

G 
F 
G 
F 
G 

G-The coefficient of correlation is greater than a minimum 
value required for significance. 

F-The coefficient of correlation is less than a minimum 
value required for significance. 
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although there is a possibility that the lower limit on percent steel may be less than the 
minimum used in this experiment. Considering these aspects, this finding is applicable 
over a wide range of support conditions and concrete properties and components. 

Furthermore, the use of the Westergaard interior loading conditions for determining 
the pavement thickness is a satisfactory procedure. The findings of this experiment in­
dicate a 2-in. differential between CRCP and JCP and are in agreement with field per­
formance from a deflection standpoint. This finding also has validity over a wide range 
of support conditions and concrete properties. 

Design Equations 

The final equations presented here for both deflection and radius of curvature provide 
excellent criteria for developing equations to be used in the design of concrete pavements. 
Although there are numerous factors other than deflection and stress to consider in the 
design of concrete pavements, this material will present another guideline for a designer 
to use in selecting the final pavement structure design for a given roadway. 

Although percent longitudinal steel and pavement type are not enumerated in these de­
sign equations, they may be inserted on the basis of other material and studies developed 
in connection with this project. These are empirical equations and care should be taken 
not to extrapolate beyond the limits used in this analysis. The following are some sug­
gested boundary conditions for extrapolation: 

De 0. 003 in. to 0. 030 in. 
E 3 x 106 psi to 6 x 106 psi 
D 6 to 8 in. for CRCP 
D 8 to 10 in. for JCP 
X 3 to 12 ft 

CONCLUSIONS 

This deflection study of CRCP has encompassed a wide variety of conditions and a 
considerable part of the geographical area of the state. The study was conducted over 
a 3-year period and over 15, 000 separate measurements of various types were used. 
As a result of this field study and analysis, the following conclusions are warranted: 

1. The variables studied herein that were found to affect the deflection of CRCP were 
concrete modulus of elasticity, modulus of rupture, crack spacing, surface crackwidth, 
pavement slab thickness, pavement type, strength characteristics of the subgrade and 
subbase, and subsurface moisture conditions. An empirical equation was derived using 
these variables, except modulus of rupture and moisture condition, to predict the de­
flection of a continuously reinforced concrete pavement under a given wheel load. 

2. An equation was also derived from the study that predicts the radius of curvature 
of a pavement, i.e. , related to pavement stress, in terms of the same variables with 
the exception of crack width. 

3. It is recommended that the final equations derived herein be used to develop a 
nomograph predicting the deflection and radius of curvature for the variables studied. 
Through the use of this nomograph along with a maximum allowable deflection, pave­
ments may be designed and/or checked in terms of the conditions existing on each project. 

4. For the design equation mentioned, the variables of pavement type and percent 
longitudinal steel may be added to the equation on the basis of the studies herein andpre­
vious studies made in connection with this research project. 

5. For continuous pavements, longitudinally reinforced with 0. 5 percent steel or 
greater, it was found under a wide variation of support and environmental conditions 
that the transverse cracks in CRCP are small enough to retain sufficient aggregate in­
terlock to maintain approximately 100 percent load transfer across the crack. 

6. The transverse cracks were found to affect the continuity of a CRCP, since mea­
surements indicated that the radius of curvature was smaller, i.e., there was greater 
stress at the crack than at a midspan point between cracks. 

7. From a deflection and st~ess standpoint, pavements with stabilized subbases are 
superior in performance to pavements with non-stabilized subbases. All three of the 
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stabilizing agents considered in this study were found to give excellent performance from 
a deflection standpoint, but as a result of other studies that will be presented in the fu­
ture, it is recommended that lime-stabilized subbases be protected with a non-erosive 
material. 

8. From a deflection standpoint, the present practice of using a 2-in. thinner pave­
ment for CRCP in relation to JCP as indicated by current design procedures is correct 
and conservative. For a given set of conditions, it was found that the deflection for an 
8-in. CRCP is equal to or less than for a 10-in. JCP. 

9. This study indicated that a reduction in thickness for CRCP had slightly more ef­
fect on deflection than an equal reduction in thickness for jointed pavement as found at 
the AASHO Road Test. Although there is a slight variation, the effect of pavementthick­
ness on deflection as found by (a) this study, (b) the AASHO Road Test, and (c) Wester­
gaard's theoretical analysis are in approximately the same range. 

10. The use of a lime-stabilized subgrade, as practiced in Texas, for a working 
platform or moisture control was found to give an additional benefit of substantially re­
ducing the deflections of a continuous pavement. Under certain conditions, the support­
ing characteristics of this layer may be considered in design. 

11. From a deflection and stress standpoint, the design details presently being used 
by the Texas Highway Department for CRCP appear to be more than adequate for the 
conditions found in Texas. 

12. This study developed two findings that contradict widely accepted beliefs con­
cerning deflection of concrete pavement: (a) It was found that pavement on moist or sa­
turated foundations deflected less than when the support was dry or partially saturated; 
These observations were confirmed during two different wet periods and three dry peri­
ods. (b) Although the difference is small, deflections and stresses are lower on low 
modulus CRCP than on high modulus concrete. 
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Fatigue Tests of Prestressed Concrete Pavements 
A. P. CHRISTENSEN and B. E. COLLEY, Paving Development Section, 

Portland Cement Association, Skokie, Illinois 

The fatigue characteristics of prestressed concrete pavements were 
studied by repetitive moving load tests on 16 reduced scale prestressed 
concrete slabs. Each slab was 16 ft long, 12 ft wide, and 1 in. thick. 
Variables were magnitude of load, amount of longitudinal and trans­
verse prestress, and subgrade strength. 

Relationships were established between load magnitude, prestressed 
pavement properties, and the number of load coverages causing failure. 
Data from tests on slabs with varying magnitudes of prestress indicate 
that a minimum prestress of approximately 30 psi in both longitudinal 
and transverse directions is required to avoid top surface cracking when 
relatively few moving loads greater than those causing bottom surface 
cracking are applied repeatedly at interior locations. Data from tests 
on slabs cast on foundations of different strengths indicated that an in­
crease in the foundation strength resulted in an increase in the number 
of load coverages causing failure. 

•THE LOAD response of prestressed concrete pavements is being studied at the Re­
search and Development Laboratories of the Portland Cement Association. The first 
published result of this study was a theoretical procedure (1) for determining the magni­
tude and distribution of stresses and deflections in pre stressed concrete pavements for 
loads beyond cracking of the bottom surface. This procedure is specifically applicable 
to a centrally loaded infinite slab supported by a "dense liquid" foundation and pre­
stressed equally in longitudinal and transverse directions. 

To test the validity of the assumptions made in the theoretical procedure, load tests 
(2) were conducted on three reduced scale prestressed concrete slabs supported on a 
coil spring subgrade. Measurements of strain and deflection were made at a number 
of locations and load increments. Comparisons between test data and theory indicated 
fair agreement for values of deflection; however, measured strains were significantly 
smaller than those predicted by theory. The theoretical assumption that the moment­
curvature relationship can be represented by two straight lines, an elastic portion with 
a constant slope followed by a plastic portion in which curvature increases under con­
stant moment, was shown to be conservative for the static type of loading used. 

Strain and deflection data were also reported (3) from static load tests conducted on 
three concrete slabs post-tensioned.with steel strands. Each slab was 30 ft long, 12 ft 
wide, and 5 in. thick. Results again indicated that a pre stressed concrete pavement 
can adequately support an edge or interior load of greater magnitude than that causing 
bottom surface cracking. Crack patterns were similar to those predicted by the theo­
retical procedure. Bottom surface cracks extended radially from the center of the load; 
top surface cracks were approximately circular for interior loads and semicircular for 
edge loads. However, applications of repeated moving loads cause the development of 
a random pattern of bottom surface cracks. To obtain information on the fatigue char­
acteristics of prestressed concrete pavements with numerous working bottom surface 
cracks, a program of repetitive moving load tests was initiated on reduced scale pre-
stressed concrete slabs. · 

Paper sponsored by Committee on Rigid Pavement Design and presented at the 47th Annual Meeting. 
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SCOPE AND OBJECTIVES 

The test program was designed to study the behavior of 16 prestressed concrete slabs 
subjected to repetitive moving loads. Variables were magnitude of load, amount oflon­
gitudinal and transverse prestress, and subgrade strength. Because it was necessary 
to test a number of slabs to obtain sufficient data for a fatigue diagram, a reduced scale 
size was selected for the test slabs and the loading apparatus. The slabs were preten­
sioned and cast in place on either a clay subgrade, granular subbase, or cement-treated 
subbase. 

The specific objectives of the program were (a) to determine a relationship between 
the load magnitude and the number of coverages causing pavement failure, (b) to deter­
mine the influence of prestress magnitude and foundation strength on fatigue properties 
of prestressed pavements, and (c) to observe the characteristics of a prestressed pave­
ment failure and determine the factors that cause its deveiopment. 

TEST FACILITIES AND MATERIALS 

Data are reported from load tests on 16 concrete! slabs 16 ft long, 12 ft wide, and 1 
in. thick. Prestressing was accomplished with pretensioned high-strength steel wire. 
The slabs were cast in place and tested with a moving load apparatus designed for this 
program. 

Test Area, Subgrade, and Subbase Materials 

The prestressed slabs were cast and tested in the area shown in Figure 1. This area 
is enclosed in a 24-ft wide concrete building equipped with thermostatically controlled 
heaters to provide uniform temperature during the heating season. The test area was 
excavated 4 ft below grade to the bottom of the wall footings, and a 5-in. reinforced 
concrete floor was cast to form an enclosure for a subgrade material. A waterproofing 
compound was applied to the floor and walls to protect the subgrade from moisture 
changes. A clay material was compacted into this enclosure to a depth of 4 ft. Prop­
erties of the clay subgrade are given in Table 1. The modulus of subgrade reaction, k, 
is given in Table 5. It will be shown later that the average radius of relative stiffness 
for the 16 test slabs was 7. 3 in. Therefore the subgrade depth was 6. 6 times the radius 
of relative stiffness, and behavior should approximate a subgrade of infinite depth. The 
radius of relative stiffness, L, is a ratio of the stiffness of the slab to the stiffness of 
the subgrade (Eq. 3). 

Figure l. Test area and moving load apparatus. 



Property 

Material 
Gravel 
Coarse sand 
Fine sand 
Silt 
Clay 

Liquid limit 
Plasticity index 
Maximum dry density 

(AASHO standard) 
'.)ptimum moisture 

Property 

Gravel 
Coarse sand 
Fine sand 
Silt 
Clay 
Plasticity index 
Maximum dry density 

(AASHO standard) 
Optimum moisture 

Gravel 
Coarse sand 
Fine sand 
Silt 
Clay 
Plasticity index 
Maximum dry density 

(AASHO standard) 
Optimum moisture 
Cement content 

TABLE 1 

SUBGRADE PROPERTIES 

Particle Size 
(mm) 

76.2 -2.0 
2.0 -0.42 
0.42 -0.074 
0.074-0.005 

smaller than 0. 005 

TABLE 2 

SUBBASE PROPERTIES 

Particle Size 
(mm) 

Granular Material 

76.2 -2.0 
2.0 -0. 42 
0.42 -0.074 
0.074-0.005 

smaller than 0. 005 

Cement-Treated Material 

76 . 2 -2.0 
2. 0 -0.42 
0. 42 -0.074 
0. 074-0.005 

smaller than 0. 005 

Percent 

0 
6 
8 

48 
38 

36 
19 

16 

Percent 

46 
24 
17 
10 

3 
0 

7 

27 
23 
32 
16 
2 
0 

10 
5. 5 

177 

PCF 

112 

PCF 

141 

125 

Thirteen of the test slabs were cast on the clay subgrade without a subbase layer. 
The top surface of the clay was carefully finished to grade with a metal screed to obtain 
a level casting surface for uniform slab depth. After leveling, the subgradewascovered 
with two sheets of 4..,;mil thick polyethylene to retain moisture in the clay subgrade and 
to reduce stresses resulting from restraint to horizontal slab movement. The clay sub­
grade was removed to a depth of about 1 ft after each test and the soil was pulverized, 
reworked to optimum, and recompacted. 

A 6-in. granular subbase was used under two of the test slabs, and a 6-in. cement­
treated subbase was used under another. The properties of these subbases are given in 
Table 2. The modulus of subg;rade reaction, k, is given in Table 5. For these tests 
the top 6 in. of clay subgrade was removed and replaced with subbase material. Poly­
ethylene sheets were placed between the subbase and the concrete. 

Pre stressing 

Test slabs 'were pre stressed by the pretensioning method, i.e., the wires were ten­
sioned prior to placing the concrete. After the concrete had attained sufficient strength, 
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Figure 2. Devices used for tensioning the steel 
wires. 

the wires were released and stress was 
transferred to the concrete through bond. 

Uncoated, stress-relieved No. 12 steel 
wire was used for applying prestress at 
the mid-depth of the slabs. Wires in one 
direction alternated above and below those 
extending at right angles. The wire diam­
eter was 0.1055 in., area 0. 00875 sq. in., 
modulus of elasticity 27, 600, 000 psi, and 
ultimate strength 260, 000 psi. 

The reaction frame used for tensioning 
the wires had inside dimensions of 14 by 
17 ft. Each side of the frame was formed 
by a pair of 15-in. steel channels between 
which the wires were inserted. Bolted 
moment connections were used at the frame 
corners. Concrete beams resting on the 
clay subgrade supported the reaction frame 
in a horizontal plane at the proper eleva­
tion for tensioning the wires at slab 
mid-depth. 

Each prestressing wire was tensioned 
individually by the extension of a telescop­
ing threaded spacer placed between the 
wire anchor and the reaction frame (Fig. 
2). The force in the wire was measured 
by a transducer (4) placed between the wire 
anchor and the reaction frame at the side 
opposite the spacer. After tensioning the 

wires, a minimum of one day was allowed before casting the concrete slab. The force 
in each wire was checked and, if necessary, adjusted to the selected magnitude prior to 
casting. 

To insure full prestress near the slab edges, a 1-in. split steel cube was fastened to 
each wire at the point where the wire entered the steel side forms. The two halves of 
the cube were grooved slightly undersize for the wire used and were clamped on the wire 
by countersunk machine screws. 

Casting of Concrete 

The cement factor of the concrete was 7. 0 sk/cu yd; water-cement ratio was 0. 52 
by weight, and the sand-aggregate ratio was 0. 59 by weight. Type 3 cement was used 
to obtain a high early strength, and the maximum size of gravel aggregate was % in. 
The slump averaged 4. 7 in. and vinsol resin was added to provide an average air content 
of 6. 9 percent. Concrete was compacted with a vibrating screed. 

After casting, each slab was covered with polyethylene sheeting. The next day, ap­
proximately 16 hours later, the sheeting was removed and the top slab surface was 
coated with a curing compound to reduce moisture losses and thereby minimize curling. 
Prestressing wires were released after the concrete had cured for 7 days. 

Beam specimens 1 by 4 by 22 in. were made at the time of casting from samples of 
concrete placed in the center portion of each test slab. The beams were cured in a 70 
F, 100 percent relative humidity room until tested in flexure with third-point loading on 
a span of 12 in. It was usually possible to obtain two flexural tests from each beam. A 
minimum of nine beams was tested for each slab, including three tested when repetitive 
slab loading was started and three when each failure occurred. Repetitive load tests 
were started 12 to 14 days after casting. Duration of each test depended on the number 
of loadings necessary to cause failure and averaged 13 calendar days for all slabs. Dur­
ing the test period, there was relatively little change in the flexural strength of each 
slab; average values are given in Table 3. 
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TABLE 3 

CONCRETE FLEXURAL STRENGTH 

Slab No. Modulus of Rupture 
Slab No. Modulus of Rupture 

(psi) (psi) 

1 970 9 966 

2 880 10 957 

882 11 970 

4 897 12 952 

5 952 13 930 

6 905 14 9\)3 

890 15 936 

8 916 16 927 

A limited number of beams were instrumented with two SR-4 type A9-4 (2-in. length) 
strain gages on the bottom surface between the third-point loads. Strain measurements 
during flexural testing of these beams indicated that the average modulus of elasticity 
for the test slabs was 4, 100, 000 psi. 

Load Apparatus 

A special load apparatus was constructed for applying repetitive moving loads to the 
prestressed concrete test slabs. The load apparatus was not designed to simulate traf­
fic operations but rather to develop a random pattern of bottom surface cracks at the 
interior of each slab. Loads were applied through a single wheel traveling in a number 
of wheel paths over an interior area 32 in. wide (including the width of the wheel) by 98 
in. long. The distances between the loading area and the longitudinal and transverse 
edges of the 12 by 16-ft slabs were 56 and 47 in. respectively. These edge distances 
were 7. 7 and 6. 4 times the average radius of relative stiffness of the test slabs, i.e., 
sufficient for load behavior to be similar to a slab of infinite surface area. 

The equipment used to apply repetitive moving loads is shown in Figure 1. Load was 
applied through a 16-in. diameter wheel with a 4-in. wide solid rubber tire. The tire 
had longitudinal and transverse measurements scaled to represent the prototype. The 

contact area of the tire increased with 
increasing load as shown in Figure 3. 
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Figure 3. Contact area of solid rubber tire. 

The paths traveled by the load wheel 
during the repetitive moving load tests 
are shown in Figure 4. ·Starting at lo­
cation A, the wheel traveled 98 in. in a 
longitudinal path to location B. After 
returning in the same wheelpath to loca­
tion A, the wheel was driven transverse­
ly a distance of 2 in. or half the width of 
the tire to a second longitudinal wheel­
path. After returning to location C, the 
wheel was again driven transversely a 
distance of 2 in. to a third wheelpath. 
During each transverse movement of 2 
in. the wheel traveled approximately 10 
in. longitudinally. After traveling in 15 
longitudinal wheelpaths or a total of 28 
in. transversely to location D, the direc­
tion of transverse travel was reversed. 

The Corps of Engineers (5) defines a 
load coverage as a sufficienCnumber of 
vehicle operations or passes to produce 
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Figure 5. Load box. 
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Figure 4. Wheelpaths during load testing. statistically one application of the design load-
ing over the entire traffic area. Dy this defini­
tion, 4 load coverages were applied each time 

the wheel traveled 28 in. transversely or from location A to D. The average wheel 
speed was 1. 68 ft/ sec and 106 coverages were applied per hour. Because this rate of 
loading is greater than that normally encountered on highway and airfield pavements, 
the data represent conditions more severe than those encountered in actual pavement 
service. 

The load wheel was mounted in the center of a load box. To reduce transverse thrust 
on the test slabs when the wheel turned to change wheelpaths, the wheel was mounted as 
a caster with a swivel bearing. A spring mechanism was used to prevent the wheel from 
rotating 180 degrees on each return trip, as for example, from location B to A. 

The load box, as represented by frame A in Figure 5, was made of steel angles welded 
together to form a frame 4 ft 5 in. by 4 ft 1 in. by 1 ft 5 in. deep. A pair of roller bear­
ings that operated within a vertical channel at the center of each side of the load box en­
abled it to move freely in the vertical direction within frame B. The desired wheel load 
was obtained by placing concrete weights inside the load box. 

Frame B was designed to move transversely within frame C by means of roller bear­
ings that traveled on transverse bars bolted to the inside of the inside of the span beams 
of frame A. Power for driving frame B in the transverse direction was supplied by a 
%-hp electric motor mounted on frame C. As shown in Figure 5, the motor acted through 
an electric clutch to drive a pinion gear over a rack mounted on frame B. Length of 
transverse travel was controlled by a number of stops contacting an electrical switch 
that regulated current to the clutch. 

Frame C had a transverse span of 18 ft and a longitudinal length of 5 ft. A flanged 
crane wheel mounted near each corner traveled on longitudinal rails that were supported 
by steel beams independent of the subgrade and prestressing frame. Power for driving 
frame C in the longitudinal direction was supplied by a 5-hp electric motor. Operating 
through a gear reducer to obtain proper speed, the motor rotated a transverse steel 
shaft located near one end of the rails. Two steel drums were mounted on the shaft, one 
near each end between the flanges of the rail support beams. Each drum pulled a steel 
cable that traveled around a fixed pulley at the opposite end of the rails. Frame C was 
attached to the two cables to obtain longitudinal motion when the electric motor was 
operating. Length of longitudinal travel was controlled by an electrical switch that was 
activated when the load device passed either of two selected rail locations. This switch 
disconnected current and applied an electric brake to the motor. By regulating the elec­
tric current to the brake, the load device could be smoothly decelerated. An electrical 
switch on the motor shaft was used to determine when the load device had stopped and to 
start travel in the opposite longitudinal direction. 



181 

Instrumentation 

Slab deflections were measured by a 
resistance bridge deflectometer (6)buried 
in the clay subgrade 2 ft below the test 
slabs. The deflectometer was restrained 
from vertical movement by a steel rod 
that extended between the deflectometer 
casing and the concrete slab under the clay 
subgrade. A second steel rod extended 
upward from the measurement control pin 
of the deflectometer to a fitting cast in the 
slab. An electrical connection between 
the deflectometer and chart recording 
equipment enabled deflections to be con­
tinuously measured as the load wheel ap­
proached and passed over the deflectome -
'ter location. 

Figure 6. Fai I ure in top surface of slab 2, Strains were measured by pairs of SR-
4 type A9-4 (2-in. long) strain gages ce­
mented to the top surface of the test slabs, 

one in the longitudinal and one in the transverse direction at the same location. Strains 
were also recorded continuously as the load wheel approached and passed over the gages. 

TEST RESULTS 

Data are reported for load tests on 16 prestressed slabs. The spacing between pre­
stressing wires, amount of tensile force in each wire, and resultant concrete prestress 
of each test slab are given in Table 4. 

Moving loads were applied repeatedly to 15 of the test sLabs until failure occurred. 
Wheel loads and number of coverages at failure are given in Table 5. Failure was char­
acterized by a crumbling of the concrete in the top surface of the slab within a circular 
area approximately 12 in. in diameter (Fig. 6). These failures occurred very suddenly. 
Only a few additional load coverages were necessary for the top surface of the slab to 
deteriorate from the initial cracked condition to the failed condition shown. Failures 
occurred at random locations within the loaded areas. For most slabs, a thin ste·elplate 
was placed over the failed area and repetitive loading was continued until a second fail­
ure occurred . A bottom surface view of one of the slabs after a failure had occurred 
is shown in Figure 7. This photograph shows only a cut out interior portion of the slab 
where the moving loads were applied. Visual bottom surface cracks were indicated by 
black ink. Loose concrete was removed at the failure location to expose the prestress­
ing wires. There were no wire failures during any of the load tests. After load testing 

TABLE 4 

REINFORCEMENT AND PRESTRESS PROPERTiES OF TEST SLABS 

Wire Spacing 
Wire Tensile 

Concrete Prestress 

Slab No. 
(in.) 

Force 
(psi) 

Long. Trans. 
(lb) 

Long. Trans. 

1-8 12 12 1200 100 100 

9 36 36 1200 33 33 

10 None None 0 0 0 

11 12 12 140 12 12 

12 12 0 1200 100 0 

13-16 12 12 1200 100 100 
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TABLE 5 

PROPERTIES OF TEST SLABS 

Slab Wheel Coverages h k L a 
Load me 

No. al Fal lur e (in.) (pc!) (in.) (in. ) Q! 
(In. lb. / ln . ) (lb) 

1730 5730 1. 02 70 8.53 1. 66 0. 195 185 
7270 1. 02 70 8. 53 1. 66 o. 195 185 

2 1571 2444 1. 00 80 8. 13 1. 62 0. 199 165 
3010 1. 01 80 8.19 1. 62 0. 198 168 

1571 2116 1. 01 100 7. 75 1. 6'2 0. 209 167 
2780 1. 02 100 7. 80 1. 62 0. 208 171 

4 1410 2098 0. 97 100 7.52 1. 58 0. 210 156 
3816 o. 98 100 7.58 1. 58 0. 208 159 

5 1410 25060 1. 02 105 7. 71 1. 58 0. 205 182 

6 1730 330 0.96 110 7.28 1. 66 0. 228 155 
342 0.95 110 7.23 1. 66 0. 230 152 

7 1571 472 0. 92 120 6. 90 1. 62 0. 235 140 
946 0. 93 120 6. 96 1. 62 0.233 143 

8 1571 6160 1. 00 120 '1. 35 1. 62 0.220 169 
7700 0. 99 120 7. 29 1. 62 0. 222 166 

9 1571 7506 1. 01 120 7.40 1. 62 0. 219 170 
8538 1. 02 120 7.46 1. 62 0. 217 173 

10 1571 860 1. 01 120 7. 40 1. 62 0. 219 163 

11 1571 1676 1. 02 120 7.46 1. 62 o. 217 170 

12 1571 3226 1. 00 120 7.35 1. 62 0. 220 159 

13 Static Load Test 1. 02 125 7.38 2.00 0. 271 179 

14 1730 18500 1. 01 170 6.78 1. 66 0. 245 181 
Static Load Test 1. 03 170 6.91 2.00 0. 2R9 188 

15 2049 1022 0. 97 180 6. 49 1. 72 0. 265 163 
1164 o. 98 180 6.53 1. 72 0. 263 166 

16 2206 0 to 1. 00 320 5. 75 1. 76 0. 306 171 14500a 

34'78 14500 to 
33700a 1. 00 320 5, 75 1. 99 0.246 171 

0
Slab 16 did not fai I. 

was completed, slab thickness at each failed area was measured with a vernier caliper. 
Average thicknesses are given in Table 5. 

A previous theo1·etical analysis (1) of prestressed concrete pavements indicated that 
strength is a function of QI and me, where 

a 
L (1) 

• • 
Figure 7. Crack pattern in bottom surface of slab 5 . 
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and 

in which 

crc h2 
- 6-

L = radius of relative stiffness (in.), i.e., 

a =radius of loaded area (in.), 
E = concrete elastic modulus (psi), 
µ. = Poisson's ratio, 
h = slab thickness (in.), 
k = subgrade modulus (pci), 

crc = cracking stress (psi) = modulus of rupture plus prestress, and 
me =cracking moment (in. lb/in. of width). 

(2) 

Computed me and a-values for each slab are'given in Table 5. The radius of the 
loaded area, a, used to compute a -values was the radius of a circle having an area equal 
to that shown in Figure 3 for the loaded tire at the test load. The radius of relative stiff­
ness, L, was computed using the measured value of 4, 100,000 psi for the modulus of 
elasticity, E, and an assumed value of 0.15 for Poisson's ratio. The subgrade modulus, 
k, was determined with a 30-in. diameter plate at 0.05 in. deflection. The k-value given 
in Table 5 is the average of the values determined prior to the construction and after the 
testing of each slab. When computing me-values, cracking stresses were assumed to 
be equal to the summations of the modulus of rupture values given in Table 3 and the 
prestress values given in Table 4. 

Analyses 

To analyze the test data given in Table 5 and develop a design method for prestressed 
pavements, it is necessary to relate me and a-values with wheel loads and coverages 
causing failures. This may be done by using the me and a-values to compute either the 
bottom or the top surface cracking load of each slab, then establishing a relationship be­
tween the ratio of such cracking load to applied wheel load and the coverages causing 
failure. 

Bottom Cracking 

The following equation, based on Westergaard's (7) theoretical analysis for loads ap­
plied in the interior of the area of a panel, can be used to compute the bottom cracking 
load, Pc: 

= 2 0. 275 (1 + µ) log10 
O'x} p [ O'y h 

Eh3 'f 0. 239 (1 - µ) a - b] 
k(a; br a + b 

(4) 

where ax and cry = principal tensile stresses in the directions of x and y at the bottom of 
the slab under the center of the load, and a and b = semiaxes of an ellipse representing 
the footprint of a tire. For a circular loading area where a = b and letting µ = 0.15, 

4 Eh3 a a h2 

L = ( 2) , a=-, andmc =~6 , Eq. 4becomes: 
. 12 1-µ k L 

(5) 

0. 0527 ( 4 log10 ~ + 1. 069) 
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Figure 8. Radial and tangential moment curves-PCA theoretical method for a= 0.2. 

Top Cracking 

The top surface cracking load of a prcstressed pavement may be computed by the 
PCA theoretical method (1). This method is limited to a load applied at an interior 
position of a slab supported by a dense liquid foundation and prestressed equally in the 
longitudinal and transverse directions. By use of this method, radial and tangential 
moment diagrams were developed for loads greater than those causing bottom surface 
cracking, i. e ., beyond condi tions to which the elastic theory i s applicable. Example 
moment diagrams for a. = 0.2 are shown in Figure 8. Bottom surface cracks begin to 
form under the load when the positive moment, m, equals the cracking mumenl, me, 
or when m/mc = 1. A small increase in load beyond that initiating bottom cracking will 
cause these cracks to extend radially from the center of the load. As additional load is 
applied, there is an increase in the positive tangential moment and negative radial mo­
ment. The bottom surface radial cracks become longer, and the point of zero radial 
moment moves nearer the center of loading. At a load, PF, equal to 17 .22 times the 
cracking moment, me, the negative radial moment equals the cracking moment and a 
circular crack occurs in the top surface of the slab. Other top surface cracking loads 
predicted by the PCA method for a-values varying from 0.1 to 0. 5 may be determined 
from the diagram shown in Figure 9. 

Another method for computing top surface cracking loads is that used by the Corps 
of Engineers. Based on the results of previous static load tests on Hydrocal model 
slabs 16. 6 in. square by 0. 20 in. thick and supported on a 12-in. thick layer of natural 
rubber, the following empirical equation was developed (~): 

0.5 

0.4 

0.1 
L =Ra dius of Relat ive St if fne ss, in. 

PF= To p Surface Crocking Load, lb 

me= Cro ck im~ Moment, in -l b /In 

Figure 9. Top surface cracking loads for prestressed 
concrete pavements. 

where 

(6) 

PF =top surface cracking load (lb), 
h = slab thickness (in.), 
R =flexural strength of the con­

crete (psi), 
Rp = concrete prestress (psi), 

C = radial moment correction 
factor, 

Mo/P 0 = moment coefficient under 
center of loaded area, and 

MR/ P 0 = moment coefficient at point 
of negative moment cracking. 
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TABLE 6 

DESIGN FACTORS BASED ON TOP CRACKING LOADS 

Wheel Bottom Top Cracking Load (lb) PF Fatigue Factors 
Slab Load Coverages Cracking 
No. (lb) at Failure Load (lb) PCA C of E Average 

p PF 
p Pc Pc I' 

1730 5730 898 3170 3080 ~125 1. 93 1. 81 
7270 898 3170 3080 3125 1. 93 1. 81 

2 1571 2444 809 2800 2730 2765 I. 94 1. 76 
3010 824 2860 2790 2825 1. 91 1. 80 

1571 2116 835 2900 2870 2885 1. 88 I. 84 
2780 855 2950 2910 2930 1. 84 I. 87 

4 1410 2098 784 2730 2700 2715 1. 80 1. 93 
3816 795 2780 2740 2760 I. 77 I. 96 

1410 25060 905 3150 3100 3125 I. 56 2.22 

6 1730 330 807 2720 2760 2740 2. 14 I. 58 
342 796 2680 2720 2700 2. 17 I. 56 

7 1571 472 741 2500 2540 2520 2. 12 I. 60 
946 753 2540 2580 2560 2.09 I. 63 

8 1571 6160 867 2960 2960 2960 I. 81 I. 88 
7700 856 2920 2930 2925 I. 84 1. 86 

9 1571 7506 870 2990 2990 2990 1. 81 I. 90 
8538 881 3060 3000 3030 I. 78 I. 93 

10 1571 860 834 2920 2930 2925 I. 88 I. 86 

11 1571 1676 866 2980 2980 2980 I. 81 I. 90 

12 1571 3226 815 2940 2940 2940 I. 93 1. 87 

13 Static Load Test 1017 331(\ 3420 3365 

14 1730 18500 978 3260 3340 3300 I. 77 1. 91 

Static Load Test 1106 3530 3660 3595 

15 2049 1022 916 2980 3080 3030 2.24 1. 48 
1164 927 3040 3140 3090 2. 21 I. 51 

16 2206 _a 1036 3270 3390 3330 2. 13 I. 51 
3478 a 1118 3390 3510 3450 3. 11 0.99 

0
slab 16 did not fail. 

In using this equation, values of C, Mo/P0 , and MR/Po must be obtained from ap­
propriate curves (8) . These values are plotted as functions of either A/ L 2 or a/L where 
A is the area of the loaded ai·ea, a is the radius of the loaded area, and L is the radius 
of relative stiffness, so that it is possible to develop a relationship between Pp/me and 
a/L where me is equal to h2 (R + Rp)/6. The resultant curve for circular loading areas 
is compared to the PCA method in Figure 9. It is seen that the two methods are in fair 
agreement. 

Slabs on Clay Subgrade 

Data are presented from tests on the nine slabs cast on a clay subgrade and pre­
stressed to 100 psi in both longitudinal and transverse directions. Comparisons will 
later be made with the four slabs that had reduced amounts of prestress and with the 
three slabs cast on granular and cement-treated subbases. 

Using the me and a-values given in Table 5, bottom surface cracking loads were com­
puted by Westergaard's Eq. 5, and top surface cracking loads were computed by both 
the PCA and Corps of Engineers method using Figure 9. Top cracking loads by the two 
methods were nearly equal for each slab failure, and average values were used to de­
termine ratios of computed top surface cracking loads divided by repetitive moving wheel 
loads. Also, ratios of repetitive moving loads divided by bottom surface cracking loads 
were determined. These ratios are given in Table 6 and in this report are defined as 
fatigue factors. Fatigue factors are plotted in Figure 10A and lOB vs the number ofload 
coverages causing failure. 
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Figure 10. Fatigue relationships for prestressed concrete pavements. 

The r esults of the se tests may be compared with data from a similar moving load 
test program conducted by the Corps of Engineers (5). The essential differences be-
tween these two programs were as follows: -

Characteristic Corps of Engineers PCA 

Casting Technique Precast Cast in place 
Prestressing: Method Pretensioned Pretensioned 

Amount 250 psi 100 psi 
Size of Slab: Length 15 ft 16 ft 

Width 6 ft 12 ft 
Thickness l in. 1 in. 

Size of Loaded Area: Length 120 in. 98 in. 
Width 24 in. 32 in. 

Avg. Cone. Mod. of Rupt. 905 psi 914 psi 
Avg. Cone. Elas. Mod. 4,500,000 psi 4, 100,000 psi 
Avg. Subgrade Modulus 65 pci 105 pci 

In analyzing their data, the Corps of Engineers plotted a curve that related a design 
factor for repetitive loading to the number of load coverages causing failure. Their 
design factor was defined as the computed top surface cracking load for a single appli­
cation divided by the repetitive moving wheel load. This curve is shown on the appro­
priate diagram in Figure lOA. For a given fatigue ratio, it indicates a greater number 
of coverages at failure than the PCA curve. 
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TABLE 7 

CRACKING LOADS FROM PREVIOUS STATIC LOAD TEST PROGRAM (~ ) 

Measured Cracking Theoretical Cracking 
Slab 

a me Loads (lb) Loads (lb) 
No . (in. lb. / in.) 

Bottom Top Bottom Top 

0.315 155 880 4140 900 2950 

2 0.525 155 1220 4820 1270 3570 

3 0. 315 130 850 4180 780 2470 

In designing a prestressed pavement using the data shown in Figure lOA and lOB, the 
fatigue factor may be based on either the top or bottom cracking load. However, it will 
be shown that top cracking loads measured during static load tests on prestressedpave­
ments are usually greater than those predicted by either the PCA or Corps of Engineers 
method, whereas measured bottom cracking loads can be accurately predicted by elastic 
theory analysis. Also, to measure the strength of an in-service prestressed pavement, 
the bottom cracking load can be more readily determined by a static load test than the 
top cracking load, which would result in permanent damage to the pavement. Therefore, 
in analyzing the remaining data in this report, fatigue factors will be based only on the 
bottom surface cracking loads. 

Static Load Tests 

A previously reported (2) program of static load tests on prestressed concrete slabs 
indicated that the PCA theoretical method (1) provided conservative top surface crack­
ing loads . In that program, reduced scale slabs, 8 ft by 8 ft by 1 in. thick, were loaded 
through centrally located circular plates while supported on a coil spring subgrade. A 
summary of bottom and top surface cracking loads from these tests is given in Table 7. 
Measured and theoretical bottom cracking loads were in agreement but measured top 
cracking loads were an average of 46 percent greater than theoretical values. 

The theory assumed that the moment-curvature relationship could be represented by 
two straight lines, i.e., an elastic portion with a constant slope, followed by a plastic 
portion where curvature increased at a constant maximum moment equal to the cracking 
moment. The experimental slabs did not react in accordance with this assumption; mo­
ments greater than the initial cracking moment occurred after bottom surface cracking. 
This was the major reason that experimental top cracking loads were greater than those 
predicted theoretically. 

The theory also assumed that bottom surface cracks extend radially from the center 
of the loaded area as load is increased. This assumption was confirmed by experimental 
data for static loading. However, under traffic load conditions the radial cracking is 
altered, and the assumed theoretical moment-curvature relationship may possibly be 
more appropriate. To study the effects of a random pattern of bottom surface cracks 
on load behavior, static load tests were conducted on slabs 13 and 14. The only test 
conducted on slab 13 was with a static load, so that the slab was in an uncracked condi­
tion prior to loading. The static load test on slab 14 was made after one failure had 
occurred from applications of repetitive moving load. The static load was applied 
through a 2-in. radius steel plate in 500-lb increments until top surface cracking oc­
curred. A 1h -in. thick rubber pad was placed between the plate and slab to aid in ob­
taining uniform load distribution. Both slabs were instrumented to measure maximum 
deflection at the load as w~ll as radial and tangential strains at the load and at locations 
7, 10, and 13 in. from the load. 

Stresses were computed from the measured strains using 

_E_ (Er + uq) 
1 - 1l 

(7) 
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in which 

crr = radial stress, 
crt = tangential stress, 
Er =measured radial strain, 
q = measured tangential strain, 
E =concrete modulus of elasticity, 4, 100, 000 psi, and 
u =Poisson's ratio, assumed 0.15. 

(8) 

Maximum top surface compressive stresses resulting from positive moment at the 
center of the loaded area and maximum top surface tensile stresses resulting from 
negative radial moment beyond the point of contraflexure were determined for each load 
increment. These stresses together with maximum deflections are plotted in Figures 
11and12. 

Experimental top surface compressive stresses at the load center were used to de­
termine the bottom surface cracking load for slab 13. Assuming that, before cracking 
occurred, top surface compressive stresses equaled bottom surface tensile stresses 
and that the cracking stress was 1030 psi, the experimental data indicated a bottom 
cracking load of 960 lb for slab 13. At this load, there was a slight change in the slope 
of the experimental load-stress curve. In comparison, the theoretical bottom cracking 
load as determined by Westergaard's analysis using Eq. 5 was 1018 lb for slab 13. Be­
fore bottom cracking, there was good agreement between experimental and theoretical 
stresses for slab 13; however, for slab 14 experimental stresses were approximately 
40 percent greater than theoretical stresses. This expected difference was due to the 
extensive bottom surfac6 cracking that had already occurred in slab 14 during 18, 500 
coverages of a 1730-lb moving wheel load. 

For the PCA theoretical method, curves shown in Figure 13 indicate the relationship 
between maximum theoretical deflection, y, subgrade modulus, k, radius of relative 
stiffness, L, cracking moment me, radius of loaded area, a, and applied load, P. The 
curves in Figure 14 indicate the relationship between maximum theoretical negative 
radial moment, mn, radius of relative stiffness, L, cracking moment, me, radius of 
loaded area, a, and applied load, P. Using these curves and the slab properties given 
in Table 5, maximum theoretical deflections and maximum theoretical top surface ten­
sile stresses resulting from negative radial moments were determined for loads less 
than theoretical top cracking loads. Theoretical curves are compared with experimental 
data in Figures 11 and 12. 

Experimental and theoretical deflections were in good agreement, but experimental 
top surface tensile stresses were generally greater than theoretical values. As a re­
sult, experimental top surface cracking loads were 4300 and 5000 lb for slabs 13 and 14, 
respectively, or an average of 36 percent greater than theoretical top cracking loads of 
3310 and 3530 lb. Also, measured radii of the top surface cracks were an average of 
10 in. compared with a theoretical average of 7 in. There did not appear to be any re­
duction in either top surface tensile stresses or top cracking loads as a result of the 
bottom surface cracking that occurred in slab 14 during repetitive moving load testing 
prior to the static test. 

From these data it was concluded that, by existing methods of analysis for pre stressed 
concrete pavement, bottom cracking loads can be more accurately predicted than top 
cracking loads. Therefore, for a prestressed pavement it appears more rational to base 
a fatigue factor for traffic load conditions on the bottom cracking load. 

fufluence of Prestress 

The influence of magnitude and distribution of prestress on the load behavior of pre­
stressed concrete pavements was studied by reducing the prestress in four of the test 
slabs. As shown in Table 4, all slabs except 9, 10, 11, and 12 had a concrete pre­
stress of 100 psi in both longitudinal and transverse directions. In slab 9, the spacing 
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of the steel wires was tripled from 12 to 36 in.; with a for ce of 1200 lb on each wire, 
the resulting prestress was reduced from 100 to 33 psi. Slab 10 did not contain any 
steel wires and was therefore neither reinforced nor prestressed. In slab 11, a spac­
ing of 12 in. was used for the steel wires. However, the force on each wire was re­
duced to that needed for straightening the wires . This force was 140 lb on each wire 
and resultant p1·estress was 12 psi. Slab 12 did not contain any transverse steel wires; 
longitudinal wires were spaced 12 in. apart and had a force of 1200 lb on each wire, re­
sulting in a longitudinal prestress of 100 psi. 

Slabs 9 to 12 were tested with a 1571-lb repetitive moving wheel load until at least 
one slab failure occurred. Slabs 10 and 12 did not fail in the same manner as the other 
slabs, 1. e., with a sudden crumbling of the concrete in the top surface of the i:;lab. Slab 
10 with neither reinforcement nor prestress showed distress earlier than the other test 
slabs, and top surface cracking developed over the entire loaded area after only a few 
load coverages, although it required 860 coverages before failure. Slab 12, with only 
longitudinal prestress, developed a longitudinal crack over each wire in the loaded area 
after a few hundred load coverages, although 3226 coverages were required before fail­
ure . Therefore, it was concluded that two-way prestress is required to avoid top sur­
face cracking when relatively few moving loads greater than those causing bottom sur­
face cracking are applied repeatedly at interior locations . 

Fatigue factors were determined for slabs 9 and 11 by dividing the 1571-lb wheelload 
by the bottom cracking load computed from Westergaard's equation (Eq. 5). These fa-
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Figure 15. Effect of magnitude of prestress on 
fatigue. 

tigue factors are given in Table 6 and are 
plotted in Figure 15 as a function of the 
number of load coverages causing failure. 
Data from slab 9 (33 psi, 2-way prestress) 
were in better agreement than slab 11 (12 
psi, 2-way prestress) with the curve de­
termined from tests on slabs 1 through 8 
(100 psi, 2-way prestress) . Because of 
this it was considered that a prestress of 
33 psi is approximately the minimum re­
quired for prestressed concrete pavements 
to support repeated moving loads greater 
than those causing bottom surface cracking. 

fufluence of Foundation Strength 

The influence of foundation streng;th 011 

the load behavior of prestressed concrete 
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pavements was studied by casting three 
of the test slabs on 6-in. thick subbases. 
A granular subbase was used under slab.s 
14 and 15, and a cement-treated subbase 
was used under slab 16. 

Slabs 14 and 15 failed in the same 
manner as slabs 1 through 8, i.e., with 
a sudden crumbling of the concrete in the 
top surface of the slab. Fatigue factors 
were determined by dividing the applied 
moving wheel load by the bottom cracking 
load computed from Westergaard's equa­
tion (Eq. 5). These fatigue factors are 
given in Table 6 and a.re plotted in Figu1·e 
16 as a function of the number of load 
coverages causing failure. Results are 
compared with the curve determined for 

slabs 1 through 8. Each of these slabs was prestressed to 100 psi in both longitudinal 
and transverse directions. However, the average subgrade modulus of the clay sub­
grade under slabs 1 through 8 was 100 pci compared to the modulus of 175 pci for the 
granular sub base under slabs 14 and 15. As would be expected, the curve determined 
for slabs 1 through 8 predicted a conservative number of load coverages for slabs 14 
and 15 with the stronger foundation. 
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Slab 16, cast on a cement-treated subbase with a modulus of 320 pci, did not fail af­
ter 14, 500 coverages of a 2206-lb load. The load was then increased to 3478 lb, or ap ­
proximately that predicted by the PCA theoretical method as the top surface cracking 
load for a single, static application. After 19, 200 additional coverages, failure of the 
slab had not occurred and the test was discontinued. This demonstrates the advantage 
of a high-strength subbase under tl1in pavements. Stresses and deflections of slab 16 
were much less than those predicted by theory. Measured strains at the load center in­
dicated a bottom surface cracking load of 1570 lb as compai:ed to the 1035-lb load pre­
dicted by Eq. 5. Therefore, the load behavior of slab 16 was not in agreement with 
Westergaard's theoretical analysis. 

Strain and Deflection Data 

strain gages and deflectometers were connected to chart i·ecording equipment to ob­
tain continuous measurements as the load -wheel approached and passed over theil· loca­
tions. At intervals of approximately 1000 moving load coverages on each slab, strains 
and deflections were continuously i·ecorded as the load wheel traversed the entire loaded 
area. From these recordings, it was possible to determine (a) the maximum longitudi ­
nal and transverse compressive strain as the load wheel passed over the st1·ain gages, 
(b) the maximum longitudinal tensile strain resulting from negative radial moment as the 
load wheel approached the strain gages, (c) the maximum transverse tensile strain re­
sultmg from negative radial moment as the load wheel passed the strain gages in an ad­
jacent wheelpath, and (d) the maximum deflection as the load wheel passed over the de­
flectometer location. Stresses were computed from the measured strains using Eqs. 
7 and 8. 

Typical stress and deflection diagrams are shown in Figui·e 17. During the initial 
moving load coverage on slab 8, the top surface compressive stresses when the load 
wheel passed over the strain gages were 2000 and 21-60 psi in the longitudinal and trans­
verse directions respectively. These stresses were both greater than the theu1·etical 
value of 1880 psi ·omputed by Westergaard's equation. Measured and theoretical values 
for the other test slabs are given in Table 8. As all slabs were loaded beyond elastic 
conditions, the measured values except for slab 16 were, as expected, greater than those 
computed by Westergaa.i·d' s equations based on elastic ·theory. As previously discussed, 
the load behavior of slab 16 on the cement-treated subbase was not in agreement with 
Westergaard's theoretical analysis. Maximum top surface radial tensile stresses during 
the initial moving load covera.ge on slab 8 (Fig . 17) were 2 ~l0 psi when the load wheel 
was in line with the strain gages and 156 psi when the load wheel was adjacent to the 
strain gages . These stresses \\!'ere both less than the theoretical value of 246 psi com­
puted by the PCA method using the relationships shown in Figure 14. Measured values 
for the other test slabs, as given in Table 8, were also generally less than the theoreti­
cal values with the exception of slab 10, which was unreinforced, and slab 12, which had 
only longitudinal prestress. 

The initial measured deflection of slab 8 was 0.030 in., compared with a theoretical 
deflection of 0.037 in. computed by the PCA method using the relationships shown in 
Figure 13. Measured and theoretical deflections for the othe1· test slabs are given in 
Table 8. As expected, measured moving load deflections were generally less than the­
oretical values based on static load conditions. 

It can also be seen in Figure 17 that stresses and deflections increased with the num­
ber of load coverages. The average rate of increase was determined by computing the 
slope of the best-fit straight line for each set of data. For example, deflections of slab 
8 increased at an average rate of 0.003 in. per 1000 load coverages until failuxe oc­
curred. Rates of increase for the other test slabs ax·e given in Table 8. These rates 
of increase were compared with fatigue factors computed by dividing the moving wheel 
load by the bottom surface cracking load of each slab. As shown in Figure 18 slabs 
tested at greater fatigue factors had generally greater rates of stress and deflection in­
creases. It i.s also seen that the rates of increase for slabs 10 through 12 were much 
greater than those for slabs 1 through 9. Slab 10 was unreinforr.ed, slab 11had12 psi, 
two-way prest1·ess, and slab 12 had only longitudinal pre stress, whereas slabs 1 through 
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TABLE 8 

STRESSES AND DEFLECTIONS MEASURED DURING INITIAL COVERAGE OF MOVING LOAD 

Top Surface Compressive Max. Top Surface Tensile Stress 

Stress at Load Center From Negative Radial Moment 
Max. Transient Deflection 

Wheel Increase 
Load Measured (psi) Increase Measured (psi) 

(psi/ 1000 cov .) Measured Theor. Increase 
(lb) Theor. (psi/1000 cov.) Theor. 

(in.) (in.) (in. / 1000 COV.) (psi) In (psi) 
Long . Trans. Long. Trans . Line Adj . In Adj . 

Line 

1730 2500 2940 2050 282 226 244 147 260 10 48 0. 051 0.053 0.008 

1571 2050 2170 1910 534 723 206 210 240 319 188 0.051 0.046 0.012 

1571 2970 3590 1830 1057 515 131 189 230 28 172 0.043 0.039 0.003 

1410 2210 2450 1780 385 650 101 105 220 13 37 N. G. 0.037 N. G. 

1410 1930 1800 1640 17 140 156 110 190 6 63 0. 028 0. 031 0.001 

1730 2600 3160 2160 6140 4980 391 269 340 361 563 0.051 0.049 0.080 

1571 2490 2420 2090 1712 1692 298 214 320 148 257 0.038 0. 044 0.024 

1571 2000 2160 1880 214 336 240 156 240 46 35 0.030 0.037 0.003 

1571 2240 2980 1790 193 276 160 210 230 37 63 0.034 0.035 0.006 

1571 2390 4030 1810 1990 2650 357 436 240 618 1240 0. 036 0. 037 0.022 

1571 2100 1820 1780 1328 1930 260 198 230 511 295 0.029 0. 035 0.014 

1571 1960 1900 1840 858 3520 252 341 250 266 1300 0.031 0.038 0. 011 

Static Load Te st 

1730 2080 2040 1880 84 68 134 227 260 11 15 0.029 0.033 0.001 

2049 2940 2850 2310 1150 1700 332 357 430 122 207 0.044 0.045 0.025 

2206 1560 1320 2110 14 19 101 88 410 2 11 0.016 0.034 0.004 

---
Deflectometer inoperable. 

,_.. 
co 
c,.) 
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Figure 18. Effect of fatigue factor on rate of increase of slab stresses and deflections. 

9 contained at least 33-psi, two-way prestress. In contrast, the rates of increase for 
slabs 14 and 15 were much less than those for slabs 1 through 9. These slabs were cast 
on a 6-in. thick granular subbase with an average k-value of 175 pci, whereas slabs 1 
through 9 were cast on a clay subgrade with an average k-value of 100 pci. 

Test data from all slabs were studied to determine the causes of prestressed con­
crete pavement failures. As shown in Table 8, none of the top surface tensile stresses 
resulting from negative radial moment was more than half the cracking stress during 
initial moving load applications. Therefore, slab failures were. probably not caused by 
fatigue of the concrete in the top surface of the slab due to a repetition of radial tensile 
stresses . Rather, there appeared to be a progressive deterioration of the pavements 
caused by bottom surface cracks extending upward toward the top surface accompanied 
by increased deflections and a reduction in the concrete area needed to resist externally 
applied moments. 

Relationship Between Model and Prototype 

The mudel-size prestressed slabs used in this test program were purposely over­
loaded to obtain early failures. To indicate the degree of overloading, a comparison is 
made with a prototype prestressed concrete pavement. The following loading conditions 
and pavement properties are considered: 



Load = 50, 000 lb applied repeatedly at interior locations, 
Loaded area = 267 sq in., 
Slab thickness = 6 in., 
Concrete strength = 700 psi, 
Minimum concrete prestress = 100 psi longitudinally and transversely, 
Elastic modulus = 4, 000, 000 psi, 
Poisson's ratio = 0.15, and 
Subgrade modulus = 120 pci. 
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This prototype pavement has a radius of relative stiffness, L = 28.0 in., radius ofloaded 
area, a= 9.2 in., O! = a/L = 0.328, and cracking moment, me= 4800 in. lb/in. From 
Eq. 5, where me = 0.0527 Pc(4 log10 1/0! + 1.069), the bottom cracking load, Pc, equals 
30,200 lb and the fatigue factor , P / P c, equals 1. 66. F r om the curve in Figure lOB, ap­
proximately 13,500 coverages can be applied before failure occurs. Maximum deflec­
tions for initial load applications can be determined from Figure 13, because deflections 
predicted by these curves were in good agreement with measured deflections. For P/mc 
= 10. 4 and O! = 0.328, the deflection, y, equals 0.077 in. 

In this comparison, it should be noted that the fatigue curve shown in Figure lOB is 
based on an ultimate failure caused by loads applied at interior locations. A safety fac­
tor should be included in a practical design method for prestressed concrete pavements. 

SUMMARY 

To obtain information on the fatigue characteristics of prestressed concrete pave­
ments, 16 pretensioned, cast-in-place slabs were load tested. The slabs were purpose­
ly overloaded to cause failure under repeated loading. The results are summarized in 
the following: 

1. Moving loads with magnitudes greater than those causing bottom surface cracking 
were applied repeatedly to an interior area of 15 of the test slabs until failure occurred. 
Failure was characterized by a crumbling of the concrete in the top surface of the slab. 
For slabs that had sufficient longitudinal and transverse prestress, failures occurred 
soon after top surface cracking became visible. Only a few additional load coverages 
were necessary for the top slab surface to deteriorate from an uncracked to a complete 
failure condition. Relationships were established between load magnitude, prestressed 
pavement properties, and the number of coverages causing failure. 

2. Strain and deflection data indicated that failures from the application of repeated 
moving loads were probably not caused by fatigue of the concrete in the top surface of 
the slab due to a repetition of radial tensile stresses. Rather, there appeared to be a 
progressive deterioration of the pavements caused by bottom surface cracks extending 
upward toward the top surface accompanied by increased deflections and a reduction in 
the concrete area needed to resist externally applied moments. 

3. static loads sufficient to cause top surface cracking were applied to two of the test 
slabs. Measured bottom surface cracking loads were accurately predicted by Wester­
gaard's equation based on elastic theory. However, measured top surface cracking loads 
were greater than those predicted by existing methods of analysis for prestressed 
pavements. 

4. Data from tests on slabs with varying magnitudes of prestress indicated that two­
way pre stress is required to avoid top surface cracking when relatively few moving loads 
greater than those causing bottom surface cracking are applied repeatedly at interior 
locations. Also, the minimum prestress required for prestressed concrete pavements 
to support repeated moving loads greater than those causing bottom surface cracking is 
approximately 30 psi. 

5. Data from exploratory tests on slabs cast on foundations of different strengths 
indicated that an increase in the foundation strength resulted in an increase in the num­
ber of load coverages causing failure. 

6. A fatigue factor, defined as moving wheel load divided by computed bottom sur­
face cracking load, is suggested for evaluation of fatigue life of prestressed concrete 
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pavements. In practical design, this fatigue factor should be augmented by a suitable 
safety factor. 
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A Twenty-Year Report on the Illinois 
Continuously Reinforced Pavement 
JOHN E. BURKE and JAGAT S. DHAMRAIT, Illinois Division of Highways 

•THE possibility that continuous reinforcement could serve in portland cement concrete 
pavements as a means for eliminating or greatly reducing the numbers of transverse 
joints and open cracks that too often have become points of weakness in otherwise sound 
pavements was suggested many years ago. Continuous reinforcement was used as early 
as 1921 in the Columbia Pike experimental pavement near Washington, D. C. The next 
recorded use was in an experimental pavement built on US 40 west of fudianapolis in 
1938. 

With this background of experience to draw upon, the Illinois Division of Highways, 
in cooperation with the U.S. Bureau of Public Roads, in 1946 undertook an experimental 
study to develop more definite information on the relationships between performance and 
slab dimensions and steel amounts of continuously reinforced pavements. The establish­
ment of the project in Illinois was generated largely through the efforts of W. R. Wooley 
of the Bureau of Public Roads and J. D. Lindsay of the Illinois Division of Highways. 

The Illinois study has centered on an experimental continuously reinforced pavement 
constructed in 1947 and 1948 on US 40 west of Vandalia. The study was first described 
by Russell and Lindsay in a 1947 report (1). A second and third report were subse­
quently published (2, 3). The present paper, which covers a 20-year span of service of 
the pavement, is intended to be the final report of the study. While most of the experi­
mental pavement is structurally capable of continuing to serve the heavy traffic nowbeing 
served, the construction of paralleling pavements on the futerstate system soon will di­
vert all but local traffic from the experimental pavement . 

Construction of the Illinois experimental pavement began on September 25, 1947, and 
was completed on May 20, 1948. It was opened to traffic immediately upon completion. 
The experimental section of cont inuously reinforced pavement is 51/2 miles long and di­
vided into eight test sections, six of which are about 3500 ft long and two of which are 
about 4200 ft long. The pavement is 22 ft wide, and placed directly on natural fine­
grained soil. The longitudinal reinforcement is continuous through each test section but 
not between sections. It consists of round deformed bars (ASTM 305-47T) meeting the 
requirements of ASTM designation A 16 for rail-steel bars. Transverse reinforcement 
consists of round deformed bars meeting ASTM designation A 15 for intermediate grade 
billet steel, chosen to permit welding of supporting steel to the bars. The transverse 
bars extend through the entire width of the pavement and the customary center joint has 
been omitted. Various details of the test sections, including the size and spacing of the 
steel reinforcement, are given in Table 1. The results of mill tests of the reinforcing 
steel are given in Table 2. 

Four of the test sections are uniformly 7 in. thick and four are 8 in. in thickness. 
Four percentages of longitudinal steel, 0. 3, 0. 5, 0. 7, and 1. 0 percent, based on the 
gross cross-sectional area of the pavement, were used with each thickness of pavement. 
Both bar size and spacing were varied to obtain the different percentages of steel. The 
reinforcement bars were assembled as a continuous mat on the subgrade by means of 
chairs extending upward to approximately 3 in .' below the finished surface of the pave­
ment. Splice laps were maintained at a length equivalent to 30 bar diameters. Air­
entrained concrete was deposited to full pavement thickness in a single operation and 
finished by means of a conventional spreader and finishing machine followed by the usual 
hand operations. 

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

TEST SECTION DETAILS 

Longitudinal Steel 

Section Len~th Thickness 
(ft (In.) Diameter Spacing 

(in.l (in.) Percent 

3504 '!. 5y. 0.3 

2 3504 y, 5•; •• o. 5 

3 3504 7 % sY. o. 7 

4 3504 8 '!. 4•; •• 0. 3 

5 3504 y, 4•:y,. 0.5 

6 3508 8 % 57/10 o. 7 

7 4233 8 :Y. 57/,. 1. 0 

8 4233 :y. sY. 1. 0 

Note: Transverse reinforcement %-in. diameter round defonned ban at 12-in. centers in half of 
each section and at 18-in. centers in other halL 

Bar No.* 

3 

4 

5 

6 

3 

TABLE 2 

RESULTS OF MILL TESTS OF REINFORCING STEEL 

No. of 
Tests 

6 

14 

17 

21 

7 

Yield 
Point (psi) 

Tensile 
Strength (psi) 

(a) Longitudinal Reinforcement 

78, 701 119,469 

66,223 107,355 

70, 778 127,759 

70, 157 124, 888 

(b) Transverse Reinforcement 

43, 498 77, 356 

*Normal diometen of o/a, 1h:, o/e , % in., respectively. 

Elongation 
('.t) 

14. 3 

14. 5 

12. 5 

11. 7 

21. 5 

A conventional concrete pavement constructed immediately west of the experimental 
pavement at about the same time and carrying approximately the same traffic has been 
used as a control section. This pavement was built to the Illinois standard design of the 
period and consists of a 10-in. slab reinforced with welded wire fabric at the rate of 78 
lb per 100 sq ft, with doweled contraction joints spaced at 100-ft intervals and no ex­
pansion joints. Unlike the continuously reinforced pavement, which was placed directly 
on the natural fine-grained soil, the conventional pavement was placed on a 6-in. thick­
ness of granular subbase. 

The continuously reinforced pavement has been the subject of many observations and 
measurements from the time of its construction, and a relatively thorough record of its 
performance has been obtained. Certain pertinent observations and measurements have 
also been made on the adjoining conventional pavement. 

TRANSVERSE CRACKING 

Characteristic of continuously reinforced pavement are stress-relieving transverse 
cracks that develop at very close intervals. Crack development begins shortly after 
placement of the concrete as shrinkage takes place during setting and drying. It is an 
flRRential fP.ature in the rle.sie;n of continuoi1sly reinforced pavement that the longitudinal 
steel reinforcement be properly distributed and of sufficient area to maintain the struc­
tural integrity of the slab by preventing the cracks from opening excessively durL11g con­
traction of the concrete. 

The crack frequencies near the free ends of long, continuously reinforced slabs would 
be expected to be similar to those in conventionally reinforced slabs. This proved to be 
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the case in the Illinois experiment and has been de­
scribed in the earlier reports. The crack frequency 
was found to increase gradually away from the ends 
up to a distance of about 500 ft, to decrease over the 
next few hundred feet, then to become fairly stable 
through the longer center portion of the pavement. 
This is demonstrated in Figure 1. 

Two relationships are of special significance in 
the consideration of transverse cracking of continu­
ously reinforced pavement~. One of these is that 
which exists between cracR: frequency and age, the 
other is that between crack frequency and steel per -
centage. Both are shown in Figures 2 and 3 for the 
20-year period that the pavement has been under ob­
servation. With regard to the crack frequency and 
age relationship, it will be seen that the average 
crack interval decreased rather rapidly during the 
first 3 or 4 years following construction, after which 
the rate of decrease became and stayed very slow 
through the remainder of the 20 years of observation. 
It will be noted also that the rate of decrease has 
been slowest for the higher steel percentages. 

A definite relationship between crack frequency 
and steel content is also obvious from Figures 2 and 
3. At all ages at which observations of crack fre­
quency have been made up to 20 years, the average 
crack frequency is consistently higher for each in­

cremental increase in steel percentage. This relationship is in accord with theory re­
garding the behavior of long, continuously reinforced slabs subjected to temperature 
and moisture changes. 

The magnitudes of the average crack intervals and of the changes in the average in­
tervals that have taken place through the years are of interest. In Figures 2 and 3 it will 
be seen that, with the exception of the 0. 3 percent steel sections, which have proven to 
be inadequate, average crack intervals ranged from about 5 to 9 ft at the end of 4 years 
and from about 5 to 8 ft at the end of 20 years. 

Transverse Crack Width 

It is essential that the steel reinforcement of continuously reinforced pavements hold 
the cracks to a narrow width if these pavements are to function properly. Open cracks 
can be expected to destroy the continuity afforded by aggregate interlock, a continuity 
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Figure 5. Crack width data, 8-in. pavements. 

that is needed to prevent excessive flexing under traffic with resultant spalling of the 
concrete and rupture of the steel. Excessive openings can lead also to the infiltration 
of incompressible material, causing spalling and blowups; and to the entrance of water 
to reduce subgrade support and ca.use rusting of the steel. Failures that have taken 
place at some of the construction joints on the experimental project give ample evidence 
of the importance of aggregate interlock and the need for narrow crack openings. 

Transverse crack openings in continuously reinforced pavements have been found to 
be not the same width for the entire thickness of the pavement and are difficult to mea­
sure. The apparent width observed by looking at the surface of the pavement is charac­
teristically greater than the width through most of the depth of the crack. 

Early in the study 60 transverse cracks were selected from each test section for 
periodic measurements of crack width with a measuring microscope capable of measur­
ing to 0.001 in. Ten cracks were selected to represent the cracks at each end of each 
test section, another 10 to represent those at each quarter point, and 20 to represent 
those at the center of each section. The first crack width readings were made in 
July 1948. 

In an attempt to obtain width readings most nearly representative of the true width of 
the cracks, the microscope was focused some distance down the crack. While the meth­
od is not considered to be extremely accurate, it is believed to have given fairly reliable 
results, although the widths may be somewhere in between those visible at the surface 
and the actual widths through the major portion of the pavement depth. 

Average crack width data for the transverse cracks measured in each section are 
shown in Figure 4 for the 7-in. sections and in Figure 5 for the 8-in. sections for the 
years 1948, 1957, and 1967. Averages are for 60 cracks measured in each section, ex­
cept for the 1967 measurements in which some patching and resurfacing removed a few 
cracks in the 0. 3 percent steel sections from the observation. It will be noted that a 
correlation has existed between crack width and the percentage of longitudinal steel 
through 20 years of observation of the experimental pavement. Crack widths become 
progressively smaller as the percent of steel increases. It is also apparent that crack 
openings have become wider with time. The rate of increase, however, seems to have 
decreased with time. 

The 7-in. sections, except for the 1. 0 percent steel section, in 1948 showed some­
what wider crack openings than did the 8-in. sections. In 1967 this trend had hecome 
reversed. No explanation for these observed conditions is apparent. 
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Figure 7. Condition of transverse cracks as seen in cores sawed to expose clean face of concrete. 

The pavement surface at most of the cracks now shows occasional slight spalling. 
The amount and severity of the spall is related to the percentage of longitudinal rein­
forcement, and is most pronounced in the sections having 0.3 percent of steel. Little 
increase in spall has taken place after the first few years, and that which is visible 
after 20 years of service does not detract appreciably from the general appearance of 
the pavement, nor require any maintenance. The cracks are not visible to occupants 
of vehicles traveling the pavement at ordinary speeds. Photographs of a typical trans­
verse crack in each of the sections of 7-in. pavement taken in 1950, 1957, and 1967are 
shown in Figure 6. 

The performance of the pavement at transverse cracks is considered to have been 
satisfactory except at a few locations in the 0. 3 percent longitudinal steel sections, at 
two isolated locations in the 0.5 percent steel section of 7-in. thickness, and at cracks 
associated with the joints that have failed. Structural continuity at these locations ob­
viously was lost; elsewhere, it has been maintained. While the crack openings are such 
that evidence of the infiltration of very fine material that might be speculated to have 
been moisture-deposited has been found, no signs of serious structural damage attrib­
utable to this source have been observed. 

Photographs of cores taken through typical transverse cracks in 1967 are shown in 
Figure 7. It is apparent in the photographs that the crack openings become very fine a 
short distance below the surface, at about the level of the steel reinforcement, and re­
main fine to the bottom of the pavement. An examination of the cores showed a dis­
coloration of the slab faces at the cracks, indicative of the infiltration of fine material. 
An examination of the condition of the steel reinforcement in the cores showed only a 
negligible amount of rusting. 

The need to remove a portion of the experimental pavement in 1965 as part of a new 
construction contract provided an opportunity to observe closely the condition of the steel 
of a continuously reinforced pavement after 18 years of service. The new construction 
required the removal of 957 lineal feet of section 7, which is the 8-in. pavement with 
1.0 percent of longitudinal steel. 

The pavement of section 7 was considered to be in excellent condition at the time of 
removal. Transverse cracks appeared to be tight and showed only a minor amount of 
spalling at the edges. The longitudinal cracks that had formed through most of the sec­
tion in the absence of a constructed center joint were somewhat wider than the transverse 
joints and showed somewhat more spalling. 



Figure Bo Condition of longitudinal reinforcement 
bars in the vicinity of transverse cracks. 
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Removal of the concrete confirmed 
previous observations that transverse 
cracks assume hair-like widths below the 
surface of the pavement. It was evident, 
too, that a thin layer of soil accumulates 
in most cracks. 

Very slight rusting was found commonly 
to occur on the surface of the steel at trans­
verse cracks. The rust stains imprinted 
on removed concrete appeared generaily 
to progress no more than from 1 to 3 in. 
beyond the cracks. Beyond this point, no 
rust stain was evident. Observations of 
the condition of the steel deformation im­
prints in the concrete showed no evidence 
of slip between steel and concrete. No 
evidence of slippage was found in lap areas. 
The degree of rusting of the longitudinal 
steel at the transverse cracks was consid­
ered to be minor. Typical conditions of 
bars removed at transverse cracks are 
shown in Figure 8. 

LONGITUDINAL CRACKS 

As stated previously, the conventional 
center joint was omitted from the Illinois 

experimental continuously reinforced pavement. The No. 3 round deformed bars that 
were used as transverse reinforcement were extended across the entire width of the 
pavement spaced at 12-in. centers in half of each test section and at 18-in. centers in 
the other half. 

Longitudinal cracks began to form in some of the test sections soon after construc­
tion and now involve most of the experimental pavement. Most of the longitudinal crack­
ing does not coincide with the center of the pavement; however, it rarely meanders more 
than 3 ft away from the center. Jn a few instances two parallel longitudinal cracks are 
present; more rar.ely, there are three present. 

Previous reports have described a relationship that appeared to exist between the 
time of year of construction and the extent of longitudinal cracking. The pavement con­
structed during the fall of 1947 showed a much earlier development of longitudinal crack­
ing than did that constructed in the spring of 1948. As will be seen from Table 3, this 
relationship was still apparent at the end of 10 years. At the end of 20 years, longitu­
dinal cracking has progressed to the extent that the relationship becomes less distinct. 
No explanation can be offered for the slower development of longitudinal cracks in the 
spring construction. No other consistent relationships between longitudinal cracking 
and the variables under consideration, including the two spacings of transverse steel, 
have been observable. 

A considerable amount of surface spall is visible at some of the longitudinal cracks, 
and the cracks have the general appearance of being open wider than most of the trans­
verse cracks. 

Jn the removal of pavement from section 7 mentioned previously, the concrete was 
found to have been less protective of the steel, both transverse and longitudinal, at the 
longitudinal cracks. Transverse bars were often found to be quite severely rusted and 
sometimes broken at the longitudinal cracks. A "necking down" of the bars and an ac­
companying fracture in the form of a cup and cone noted in many instances indicate the 
possibility of tensile deformation before fracture. The stage of rusting of the fracture 
faces indicated in many instances that the steel had been broken for some time. Longi­
tudinal bars exposed by the formation of longitudinal cracks also showed some rusting. 
An example appears in Figure 9. 
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TABLE 3 

LONGITUDINAL CRACKING IN TEST SECTIONS 

Percent of Section Length 
Pavement Section Dates Longitudinal Showing Longitudinal Cracking 
Thickness No. Constructed Steel (\() 

(in.) (inclusive) March Dec. Sept. June 
1948 1948 1957 1967 

9/25/47 0.3 0 22 57 77 
9/30/47 

2 9/30/47 0. 5 0 30 81 91 
10/ 3/47 

3 10/ 3/47 0. 7 0 39 63 76 
10/ 7/47 

8 10/14/47 1. 0 44 72 81 92 
10/17/47 

8 4 V3o/48 0.3 0 6 56 
5/20/48 

5 4/26/48 0.5 0 6 84 
4/30/48 

6 11/ 6/47 o. 7 0 13 52 
12/ 3/47 
4/22/48 
4/26/48 

10/14/47 1.0 48 68 76 87 
10/17/47 

The concrete that was removed was found to be of good quality and uniformly well 
consolidated around the steel. No durability defects were evident. Experience with the 
formation of longitudinal cracks and the subsequent behavior of the pavement at these 
cracks indicates that the center joint used in conventional pavement should be used also 
in continuously reinforced pavement. 

Figure 9, Condition of longitudinal reinforcement bar in the vicinity of a longitudinal crack. 
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PAVEMENT PUMPING 

When the Illinois experimental continuously reinforced pavement was being planned 
over 20 years ago, it was believed that the absence of joints at closely spaced intervals, 
the tightness of the cracks, and an inherent flexibility, which would allow the pavement 
to adjust to minor subgrade movement, would be sufficient to control pumping of fine­
grained soils and eliminate the need for a granular subbase. This was of special inter­
est in reducing the total cost of construction. The pavement was therefore constructed 
on the natural fine-grained subgrade to test this belief. Most of the subgrade soils of 
the project are of the A-7-4, A-4, A-4-2, and A-6 groups, all known to be capable of 
pumping under the rainfall conditions (about 38 in. average annual precipitation) that 
exist at the location of the experimental project. The anticipated volume of heavy truck 
traffic is sufficient to produce pumping of conventional pavements. 

At the time of preparation of the 10-year report, serious pumping had been noted at 
the expansion joints that were placed between the experimental sections, and at most of 
the construction joints placed at the end of each day's run in the sections with 0.3 and 
0.5 percent steel. The construction joints in sections with 0.7 and 1.0 percent steel 
showed neither pumping nor faulting. The pumping, where found, was associated with 
considerable pavement distress that made patching necessary. Pumping also has been 
excessive at wide transverse cracks in the low-steel-content sections where the longi­
tudinal reinforcement obviously had fractured. 

A small amount of edge pumping not associated with joints or open transverse cracks 
has been observed on the 0.3 and 0.5 percent steel sections. No pavement failures have 
been observed that can be attributed to this pumping. 

The expansion joints were installed in the pavement as part of the experimentation to 
assure that each test section would act independently. This usage would not be a part of 
normal construction of continuously reinforced pavement. However, the inherent weak­
ness that is present at unprotected slab ends needs to be recognized when designing ter­
minal systems at such locations as bridges and the ends of construction projects. 

Construction work was terminated each day by the placing of a wood header. When 
concrete placement was resumed, the header was removed and the new concrete placed 
against the older concrete. No longitudinal reinforcement in addition to that of the nor­
mal design of the section was placed at these joints. 

Pumping that was visible at construction joints in the 0.3 and 0.5 percent reinforce­
ment sections at the time of the 10-year survey (at all construction joints in the 0.3 per­
cent steel sections and two of seven in the 0. 5 percent steel sections) has led subse­
quently to failure of the pavement at most of these locations, making patching necessary. 
The joints in the 0.7 and 1.0 percent reinforcement sections are still in good condition 
after 20 years of service. 

The behavior of the pavement at the construction joints is interpreted as indicating a 
need for additional reinforcement at construction joints if performance equal to that 
away from the joints is to be achieved. 

It has long been known that even slight pumping is likely to progress to a severe stage, 
and cannot be depended on to remain slight through the ordinary life of a pavement. Al­
though pumping of serious consequence has been confined principally to joints and open 
cracks in the sections in which the steel content might be considered inadequate, it would 
appear prudent to include a protective subbase with continuously reinforced pavement 
where the use of a subbase would seem warranted with conventional pavement. 

CHANGE IN LENGTH 

The 4-in. expansion joints that were installed between test sections allowed each con­
siderable freedom to change length. In the early years following construction, seasonal 
movements of 1 to 2 in. between summer and winter, with the sections being larger in 
the summer, were recorded. By the Slimmer of 1957 all of the joints that were 4 in. 
wide when constructed were tightly closed. Large spalls indicative of excessive com­
pression were observable at several of the joints and major repairs were required. 
Subsequently, patching has been required at almost all of these joints. 
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The cause of the growth of the pavement cannot be stated with certainty. Growth of 
the concrete itself cannot be excluded entirely as a possibility. However, some read­
ings taken in 1957 between gage plugs which were not influenced by transverse cracks 
did not show much variation from initial readings, giving indication that growth of the 
concrete was not a major factor. The most logical explanation of the growth seems to 
be an incomplete closure of transverse cracks once they form. The finding of slight 
coatings of soil in crack openings supports this explanation. 

The experience gained on this research project, · where expansion joints were placed 
at 3, 500 to 4, 200-foot intervals, has not been sufficient to allow prediction of the be­
havior of larger runs, or of the requirements for expansion space. Nor can predictions 
be made of the amount of restraint that would be required to prevent growth of the pave­
ment. Theoretical considerations suggest that considerable restraint is already present. 

STRESSES IN LONGITUDINAL STEEL 

For successful performance of continuously reinforced pavements, stresses in the 
steel must remain below the yield point; otherwise, the cracks would become exces­
sively wide. 

During the construction of the Illinois experimental pavement, SR-4 strain gages 
were mounted on selected longitudinal bars in the 7- and 8-in. sections containing 0.7 
percent steel. Many stress readings were taken during the first month following con­
struction, and periodically but less frequently thereafter. 

In the fall 1947 construction, a maximum average stress of 62,400 psi was measured 
at a preformed transverse crack in January 1948. This is within a critical range of the 
70, 000-psi yield point of the rail steel bars of Lhe secliuu. Slrei;i;es away from the 
crack never measured higher than 10,000 psi. In the spring 1948 construction, a maxi­
mum average stress of 42,000 psi was recorded the following January . 

The strain gages became inoperable in a relatively short period of time and did not 
yield usable data beyond one season of contraction. During their period of operation, 
the gages showed that the tensile stress of the steel bears an mverse relationship to slab 
temperature, being high when the temperature is low and low when the temperature is 
high. The stress in the steel was seen to respond rapidly to daily changes in tempera­
ture, and to show considerable variation in a 24-hour period. 

The strain gage study is reported in more detail in earlier reports, particularly in 
the 3-year performance report. 

RIDING QUALITY 

The Illinois experimental continuously reinforced pavement was judged from the be­
ginning by Illinois Division of Highways engineers to offer better-than-average riding 
quality. As the years passed, it was agreed generally that the pavement was retaining 
this characteristic. Roughness measurements that were begun in 1957 when the Divi­
sion of Highways acquired a Bureau of Public Roads-type roughometer have confirmed 
the earlier judgments. 

The results of roughometer measurements made in 1957, and again in 1962, 1964, 
and 1967, are given in Table 4. Each value of the roughness index shown is the average 
for measurements made in each of the four wheelpaths of the two-lane pavement. It will 
be noted that, with the exception of the r oughness index reading of 92 recorded for sec­
tion 1 (7-in. t hick, 0. 3 percent steel) in 1967, all readings, including those for the con­
ventional pavement, indicate riding surfaces in the "smooth" and "very smooth" cate­
gories. It will be noted also that, with the exception of section 1, little change in riding 
quality has taken place during the 10 years that roughometer measurements have been 
made. Most of the experimental sections have been, and have remained, somewhat 
smoother than the conventional pavement. 

PERFORMANCE 

Carey and Irick (4) describe a system for estimating pavement ratings of service­
ability and for determining performance by summarizing the serviceability record over 



TABLE 4 

ROUGHNESS INDEXES FOR EXPERIMENTAL PAVEMENT AND 
ADJOINING CONVENTIONAL PAVEMENT 

Steel Pavement Roughness Index 
Test 

Content Thickness 
(in. per mi) 

Section (f) (in.l 
19 57 1962 1964 

0.3 73 87 78 

2 0. 5 70 81 72 

3 o. 7 7 68 70 79 

4 o. 3 71 75 74 

0.5 74 79 73 

0. 7 79 79 76 

I. 0 71 71 71 

8 I. 0 70 70 71 

Conventional pavement 81 85 78 

Note: Illinois Adjective Ratings for Ro ughness of Rigid Pavements: 

Roughness Index 
Range 

Less than 75 
75-89 

90-124 
125-169 
170-219 
220 or more 

Adiective 
Roting 

Very smooth 
Smooth 
Slightly rough 
Rough 
Very rough 
Unsatisfactory 

1967 

92 

74 

70 

78 

80 

81 

70 

75 

81 

a period of time. The system, for concrete pavements, involves measurements of 
riding quality, cracking, and patching. 
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Under the serviceability performance conc.ept, the term "present serviceability" was 
chosen to represent how well a pavement is serving high-volume, high-speed, mixed 
truck and passenger vehicle traffic at a specific time. A mathematical index (present 
serviceability index) was developed for estimating subjective ratings of present service­
ability through objective measurements taken on. the pavement. The relationship, modi­
fied to make use of the roughness index as provided by the Illinois roughometer, can be 
expressed as follows: 

p 12.0 - 4.27 log RI 0.09 vc + p 

where 

P = Present serviceability index; 
RI =Roughness index in inches per mile as obtained by the Illinois roughometer; 
C =Cr acking in lineal feet per 1000 sq ft of pavement area, cons idering only those 

cr acks that are open or spalled at the surface to a width of 1/.i. in. or more for at 
least half the crack length, and sealed cracks; and 

P =Bituminous patching in square feet per 1000 sq ft of pavement area. 

Under the present serviceability concept, the present serviceability rating is ex-
pressed on a scale between 0 and 5 as follows: 

5 Very good 4 Good 3 Fair 
~ Poor 

0 
Very poor 
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TABLE 5 

PRESENT SERVICEABILITY PERFORMANCE OF EXPERIMENTAL PAVEMENT AND 
ADJOINING CONVENTIONAL PAVEMENT 

Steel Pavement Cracking Patching Roughness Present 
Test Content Thickness Year (lin. ft/ (sq fl/ Index Serviceability 

Section (%) (in.) 1000 sq ft) (1000 sq ft) (in./ mi) Index 

0. 3 1962 0. 3 143.6 87 2.6 
1964 14. 3 112.5 78 2. 7 
1967 45. 4 153. 0 92 2.4 

o./s ~ 1962 3. 9 50. 2 81 3. 2 

I 1964 4. 6 50. 2 72 3. 4 

! 1967 6.8 50 . 2 74 3. 3 

o. 7 7 1962 o.o 0.0 70 4.0 
1964 0.0 0.0 69 4. 2 
1967 3. 7 o.o 70 4.0 

4 0.3 8 1962 8. 6 1. 7 75 3. 7 
1964 15. 1 2. 8 74 3.6 
1967 34.0 7.6 78 3. 3 

s 0.5 8 1962 0.5 0.0 79 3.8 
1964 0. 3 0.5 73 4.0 
1967 6. 3 o. 2 80 3.6 

6 o. 7 8 1962 0. 0 0. 0 79 3. 9 
1964 0. 0 5. 8 76 3.8 
1967 1. 4 11.9 81 3. 5 

1. 0 8 1962 0.0 0.0 71 4.1 
1964 0.0 0.3 71 4. 1 
1967 0.4 1. 9 70 4.0 

8 1.0 7 1962 0.0 0.0 70 4, 1 
1964 0.0 0 , 3 71 4. l 
1967 0.0 1. 2 7G 3. 9 

Conventional pavement 1962 0.3 0.0 85 3.7 
1964 3. 2 0.1 78 3.8 
1967 4.0 0.2 81 3. 7 

Illinois highway engineers consider a present serviceability index (PSI) of 2.0 or 
lower to indicate a need for reconstruction or replacement of a two-lane pavement on 
the primary system. 

The results of measurements made in 1962, 1964, and 1967 to compute the PSI's of 
the experimental pavements, and the computed PSI's, are given in Table 5. The com­
putations and the PSI's for the conventional pavement are also presented. 

As mentioned previously, failures in the continuously reinforced pavement sections 
other than a few that occurred in the 0. 3 percent steel content sections and in the O. 5 
percent steel section of 7-in . thickness (two isolated occurrences in the latter), have 
been confined to small areas associated with transverse joints. Evidences that total 
failure is imminent have been a widening of crack openings, spall at cracks and joints, 
excessive slab deflection, faulting, arid pumping. A series of closely spaced trans­
verse cracks usually becomes involved as failure progresses. If repairs are not made 
within a reasonable period of time, the individual slabs between cracks, or between 
cracks and joints when joints are involved, become broken into smaller sections and 
are pushed into the subgrade soil by passing traffic. The failures not associated with 
transverse joints that have occurred in the lower steel content sections have been simi­
lar except for the absence of joints . 

Defects in the cop.ventional pavement have been confined to a very limited number of 
transverse cracks that are of more than a simple stress-relieving nature and to some 
spalling at the edged full-depth metal plate contraction joints. 

No pavement maintenance has been required in the sections of continuously reinforced 
pavement of higher steel content except in the few instances where joint weakness has 
been involved. Maintenance of the conventional control pavement has been limited al­
most entirely to a twice-yearly application of joint and crack seal. Maintenance cost 
records are not adequate for use in the study. 
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TABLE 6 

VOLUME AND CHARACTER OF TRAFFIC ON EXPERIMENTAL PAVEMENT AND 
ADJOINING CONVENTIONAL PAVEMENT 

Average Daily Traffic 
Vehicle Type 

1950 1953 1956 1959 1962 1965 1967 

Passenger cars 2, 060 3, 100 2, 885 3,000 3,400 4, 500 4, 810 

Single-unit trucks 305 340 335 390 400 525 702 

Multiple-unit trucks 300 760 1, 030 1, 210 1, 100 1; 475 1,768 

Cumulative 18, 000-lb 
s ingle-axle equivalent 
loadings 207, 000 737 , 000 1, 400, 000 2, 178, 000 2, 889, 000 3, 524, 000 4, 273, 000 

It will be noted in Table 5 that during the past five years all of the experimental sec­
tions with the exception of section 1 (0.3 percent steel), and also the conventional pave­
ment, have rated as "Good" or ''Very Good" under.the present serviceability concept. 
Section 1 has rated as "Fair." A fairly consistent relationship exists between steel con­
tent and PSI, with pavements of higher steel content showing higher PSI's. The relation­
ship between pavement thickness and PSI is less consistent. 

With the possible exception of the 7-in. section having 0.3 percent steel content, all 
experimental sections and the conventional pavement used as a control are continuing to 
offer satisfactory service 20 years after construction. Some of the experimental pave­
ments may be providing slightly better service than the conventional pavement; some 
appear to be providing a slightly lesser degree of service. In general, the sections of 
greater steel content and greater thickness are providing the better service. 

It will be recalled that the conventional pavement was placed on granular subbase 
while the experimental continuously reinforced pavements were placed on the natural 
fine-grained soil subgrade. It is also to be remembered that tl~e principal failures in 
the continuously reinforced pavements took place at expansion joints installed only be­
cause of the experimental nature of the project, and at construction joints where the 
weakness undoubtedly can be overcome through the use of additional steel. 
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Figure 10. Cumulative mixed loadings. 

TRAFFIC 

The traffic that the experimental pavements have 
carried through the years is typical in volume and 
character of the traffic on many primary highways 
serving a high percentage of through truck traffic. 
Average daily traffic volumes for representative 
years, based on manual and machine counts, and 
shown separately for passenger cars, single-unit 
trucks, and multiple-unit trucks, are given in Table 6. 

To evaluate the performance of a pavement in 
relation to the axle loadings to which it has been sub­
jected, it is convenient to represent the varying axle 
loadings a pavement receives to a single loading 
having the same effect on the pavement structure. 
The AASHO performance equations are often used to 
accomplish this purpose. 

Engineers of the Illinois Division of Highways and 
others have made use of loadometer data and traffic 
volume count and classification data in conjunction 
with the AASHO Road Test performance equationsto 
estimate equivalent numbers of a standard axle load­
ing to represent mixed loadings applied to pavements. 
Usually, the equivalency is established on the basis 



210 

of an 18, 000-lb single-axle loading. The system used in Illinois was reported 
by Chastain (5). 

EquivalenC18, 000-lb single-axle loadings have been computed by Illinois procedures 
to represent cumulative mixed loadings applied to the experimental pavements beginning 
with the opening of the pavement to traffic. The results of these computations are shown 
in Figure 10. 

SUMMARY OF PRINCIPAL FINDINGS 

Observation of the behavior of the Illinois experimental continuously reinforced pave­
ment and an adjacent conventional control pavement over a 20-year service period indi­
cates the following: 

1. Transverse cracks begin to develop at closely spaced intervals in continuously 
reinforced concrete pavements soon after construction. The number of cracks increases 
with age, but at a very slow rate after the first few years. Crack frequency increases 
with the amount of longitudinal steel. 

2. For the sections under study, no strong differences occurred between the behavior 
of the 7-in. and 8-in. thicknesses of pavements. 

3. Crack width is an important factor in the behavior of continuously reinforcedpave­
ments. Narrow cracks are essential to the maintenance of structural integrity of the 
pavement system. Crack width is a function of steel content, with lesser width being as­
sociated with higher steel content. Crack width increases slowly with age. 

4. Slight spall begins to occur at transverse cracks in continuously reinforced pave­
ment soon after construction. The spall increases with age and is related in amount in­
versely lo lhe amuuul uf lungiludinal steel. Within the 20 years of service of the experi­
mental pavements, spall at transverse cracks has not become a defect requiring 
maintenance. 

5. Meandering longitudinal cracks will occur in a continuously reinforced pavement 
constructed wider than one lane without a center joint. Within the transverse steel con­
tents investigated (No. 3 bars at 12- and 18-in. centers), the longitudinal cracks can 
become unsightly and a source of structural weakness within the expected life of a 
pavement. 

6. Construction joints are potential sources of weakness at longitudinal steel contents 
of less than O. 7 percent. 

7. When longitudinal movement is unrestrained, seasonal movements of continuously 
reinforced pavements can be expected, and also permanent increases in length with age. 
The cause of the growth was not apparent from examination of the existing experimental 
pavements. 

8. Continuously reinforced pavements can be designed and constructed to serve at 
least as effectively as conventional pavements, and have the potential of overcoming the 
basic weakness that occurs at transverse joints of conventional pavements. 

9. Continuously reinforced pavements can be built to, and can retain for long periods 
of time (at least 20 years), a high standard of surface smoothness. 

10. While pumping has not been a major cause of failure of the experimental pavement 
during 20 years of service, it has nevertheless been sufficient in amount to indicate that 
continuous reinforcement is not a positive protection against pumping. 

DESIGN RECOMMENDATIONS 

Considering the traffic loadings to which the experimental continuously reinforced 
pavement has been subjected, it would appear that: 

1. A 7-in. thickness of pavement will probably be adequate. However, unless future 
loadings can be predicted with a fair degree of certainty, conservatism would suggest 
an 8-in. thickness. 

2. The selection of the amount of longitudinal steel requires considerable judgment. 
The general appearance of the 0. 3 percent longitudinal steel sections after 20 years 
suggests that satisfactory performance through many more years cannot be expected. 
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The 0. 5 percent steel sections are still performing well, and this steel content can be 
considered a minimum. The 0. 7 percent steel sections have a generally better overall 
appearance (slightly less spall at transverse cracks), but to date can be said not to be 
performing significantly better. Again, conservatism would suggest a longitudinal steel 
content of perhaps 0. 6 percent. 

3. The extent and condition of the longitudinal cracks that developed in the absence 
of a center joint leave no doubt as to the need for a center joint. 

4. The magnitude of the movement that has taken place at unrestrained section ends 
suggests that some further study of the control of slab ends is needed. Whether some 
form of restraint needs to be provided, or whether an improved expansion joint that will 
provide a positive means of load transfer or of slab support is needed, is not known. 

5. Some form of subbase to control pumping is suggested. 
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A Thickness Design Method for 
Concrete Pavements 

A. C. ESTEP, Engineer of Design, and 
PAUL I. WAGNER, Assistant Engineer of Design, 

California Division of Highways 

The thickness of portland cement concrete pavement and the 
underlying cement-treated layer was formerly based on Cali­
fornia's Traffic Index, which was developed for use in flexible 
pavement design. Because the Traffic Index is computed from 
all predicted truck axle loadings, its use is not necessarily 
valid for rigid pavement designs. A design method was adapted 
from previous design work published by the Portland Cement 
Association, and adjusted empirically to fit past experience with 
satisfactory concrete pavements. A new method of predicting 
truck traffic from loadometer data and classified truck counts 
was developed. The design method is sensitive to variation in 
support value of the underlying soil, thickness of granular sub­
base, thickness of cement-treated base, modulus of rupture of 
the concrete, and truck traffic predicted for the design life of 
the pavement. 

•THE design of pavements and their supporting layers is recognized as a gray area in­
habited by specters of uncertainty and ghosts of old broken pavements. The only guid­
ing light is past experience, which may be partially obscured by incomplete records of 
road life and maintenance. 

Uncertainties result because it is often cheaper to overdesign instead of investing a 
large sum in an exhaustive soil survey. Engineers know that it is uneconomical to pro­
cess natural deposits until aggregates have the uniformity of a factory product. They 
have experienced the frustrations that occur when 'trying to get uniform compaction on 
a project with varying soil types, bad weather, or inexperienced personnel. 

The worst uncertainty is the prediction of future traffic that will use the pavement during 
its design life. Even if reliable classified truck counts are available on existing high­
ways in the area, there are problems of assignment of this traffic to the new facility 
and expansion of the assigned traffic to the total volumes expected during the design 
period. 

Despite the difficulties cited, it is not believed desirable to leave the determination 
of the structural elements of the roadbed entirely to rules in a manual or to the judg­
ment of individuals. Engineering judgment is a necessary element in all good design, 
but in the interest of consistency and uniformity a definite design method should be 
used as a basic tool. Departures from the results of the strict use of a design process 
will have to be made on some individual projects, but such modifications should be 
justified in each instance. 

California has adhered to these principles for many years in the design of flexible 
pavements, but the thicknesses of portland cement concrete pavements have been se­
lected by a set of rules. In recent years, thicknesses were chosen that corresponded 
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to the depths of standard side forms. With almost all concrete pavement construction 
in the state now being performed by the slip-form method, there is no reason to be 
limited to any particular pavement thickness. 

Previously, concrete pavement thickness and depth of cement-treated base was de­
termined by rule from California's Traffic Index. The Traffic Index is calculated from 
total 5000-lb equivalent wheel loads, and this total is computed from estimated future 
truck traffic using axle weights of all trucks. This is an acceptable process in flexible 
pavement design, but it is not necessarily valid for rigid pavement determinations, 
which should be based only on those loads that produce a stress ratio in excess of 
0. 50. In this context, stress ratio is the stress produced by a given load divided by 
the modulus of rupture of the concrete determined by third-point loading at 28 days. 

In the selection of concrete pavement thickness from the Traffic Index, no adjust­
ment was made for variation in the support value of the natural soils encountered un­
less they were expansive. When the soils were expansive, the granular subbase layer 
was increased to provide sufficient weight in the total structural section to prevent fu­
ture expansion of the underlying material with resulting loss in stability. 

A design method was desired that would be sensitive to the support value of any nat­
ural materials that might be found when the soil survey was made for each project, and 
also would show the increase in support provided by the use of subbases and cement­
treated bases. A minimum 0. 50-ft thickness of granular subbase has been used when 
the R-value of the underlying soil is less than 40. Cement-treated bases have been 
used under nearly all concrete pavements for about 20 years. The purpose was to pre­
vent erosion of the subgrade by pumping, and to provide extra support at the joints. 

Another objective was to have a design method that would use the same loadometer 
data, soil survey reports, and classified truck counts used for flexible designs. Such 
a method would not be limited in range, and could result in either thicker or thinner 
designs than were previously considered. This would enhance the validity of the eco­
nomic comparison made to determine the choice between rigid and flexible pavement 
for a given project. 

After review of the literature, it was concluded that the simplest approach to devel­
oping a concrete design method would be to adapt the design data previously published 
by the Portland Cement Association to the traffic and soil survey information available 
for all California highway projects. It was also indicated that one or more factors in 
the new design method would have to be empirically adjusted to correlate the new de­
signs and past experience with satisfactory concrete pavements. 

DESIGN METHOD DEVELOPMENT 

Fordyce and Packard (1) proposed a concrete highway pavement design procedure 
based on three major elements: analysis of stress due to moving loads, fatigue result­
ing from stress ratios exceeding 0, 50, and load safety factors. They had prepared 
charts for single and tandem axle loads that gave stress relationships to axle loads, k­
values (Westergaard's modulus of subgrade reaction), and slab depths. These charts 
were based on influence charts developed by Pickett and Ray (2) from Westergaard's 
theoretical analysis of concrete slab behavior. In order to use these stress charts, it 
was proposed to develop a procedure for determining k-values from the soil survey 
data obtained for each project. This will be discussed later in detail. The stress 
charts reproduced here as Figure 4 and Figure 5 have been redrawn with slab thickness 
lines for 0,05-ft increments instead of '/2-in. increments. This was done to corre­
spond to our standard practice of designing depths of flexible pavements and the under­
lying layers to the nearest 0. 05 ft. This eliminates the need of converting inches to 
feet in quantity, profile, and construction staking calculations. 

Fordyce and Packard (1) had proposed a new PCA fatigue curve for concrete pave­
ments subject to flexural stresses. From this curve they had prepared a table of al­
lowable stress repetitions to failure vs stress ratio as previously defined. This table 
was extended from the curve and used without further modification. It is presented 
here as Table 1. 
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Stress 
Ratio 

o. 51 
0. 52 
o. 53 
0. 54 
0. 55 

0. 56 
o. 57 
0. 58 
o. 59 
0. 60 

o. 61 
0. 62 
o. 63 
o. 64 
o. 65 

o. 66 
o. 67 
o. 68 
o. 69 
0. 70 

TABLE 1 

ALLOW ABLE LOAD REPETITIONS FOR 
VARIOUS STRESS RATIOS 

Allowable 
Repetitions 

400, 000 
300, 000 
240, 000 
180, 000 
130, 000 

100, 000 
75, 000 
57, 000 
42, 000 
32, 000 

24, 000 
18, 000 
14, 000 
11, 000 

8, 000 

6, 000 
4,500 
3, 500 
2, 500 
2, 000 

Stress 
Ratio 

o. 71 
o. 72 
o. 73 
0. 74 
0. 75 

0.76 
0. 77 
o. 78 
o. 79 
o. 80 

o. 81 
0. 82 
0.83 
0,84 
o. 85 

o. 86 
o. 87 
o. 88 
o. 89 
0.90 

Allowable 
Repetitions 

1, 500 
1, 100 

850 
650 
490 

360 
270 
210 
160 
120 

90 
70 
50 
40 
30 

23 
17 
13 
10 

8 

A later publication by the Portland Ce­
ment Association titled "Thickness Design 
for Concrete Pavements" (3) defined the 
entire design procedure. -

R-Value vs k-Value 

Soil surveys are made for all major 
projects with samples being obtained from 
various depths in the proposed cuts. R­
values are determined for all of the soil 
types encountered using the Hveem Stabil­
ometer and the procedures described in 
test method No. Calif. 301-F. 

It was desired to establish a relationship 
between R-value and k-value for various 
soils in order to use the data normally 
available, and to avoid making plate bear­
ing tests. 

Such a relationship is shown in chart 
form in Figure 9 on page 36 of the "PCA 
Soil Primer" (4),but it is believed that this 
chart was constructed by comparing k­
value and R-value with California Bearing 

Ratio (CBR). An investigation to establish a direct relationship was considered desir-
able, and there was no literature available indicating that this had ever been done. 

This investigation was sponsored by the Bureau of Public Roads. The Portland Ce­
ment Association cooperated by sending their truck-mounted plate bearing test equip­
ment to California from their laboratory at Skokie, Illinois. They performed tests and 
established k-values of basement soils at 20 locations. The test sites were compacted 
embankments with a minimum height of 6 ft, all located on going California highway 
contracts. 

Standard ASTM D 1196-64 procedure with static loading for highways was used with 
the preload modification used at the AASHO Road Test. The preload was sufficient to 
produce 0.01-in. deflection and was repeated four times. The Ames dials were then 
set with no load, and test loading procedure commenced. 

R-value tests were performed on samples from each test site by the Materials and 
Research Department; k-values of the clay soils were corrected for eventual satura­
tion by factors developed from consolidometer tests. The method used was Corps of 
Engineers Military Standard 621 A, Method 104. 

When k-value was plotted vs R-value, no direct correlation was found as had been 
predicted. However, we were able to develop a curve which lies at or below the mini­
mum k-values measured for various R-values. This curve is shown in Figure 1. 

The use of this curve in the design of the structural sections for rigid pavements 
was consistent with our use of minimum R-values for flexible designs. The proposed 
method was not extremely sensitive to variations ink-value and any inaccuracies would 
result in more conservative designs. 

Design k-Value 

It was still necessary to develop a method of obtaining a design k-value which would 
indicate the increase in support provided by the use of granular subbases and cement­
treated bases. The PCA published two charts for this purpose based on Burmister's 
method for analysis of two-layered systems (5). Both charts are conservative with 
respect to laboratory and field data. These Charts were recomputed and redrawn so 
that they could be read to the nearest 0.05 ft in line with our other design practices. 
They are shown as Figures 2 and 3. 

These charts are used one at a time to raise the k-value of the underlying soil to a 
new value at the top of the subbase, and then raise this value to the design k-value at 
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Figure 1. k-value vs R-value. 

the top of the cement-treated base. If no subbase is used because of high k-value for 
the basement soil, just the second chart (Fig. 3) is used to obtain the design k-value. 

Estimated Axle Load Repetitions 

Loadometer surveys are made every year in California and truck counts, classified 
by the number of axles, are also made on a statewide basis. 

Data from these two sources are used to compute total estimated 5000-lb equivalent 
wheel loads (EWL) for each project for a 20-year design period extending ahead from 
the estimated date of project completion. Traffic index is derived from this total EWL 
figure and used in the design of flexible pavements. 

In developing EWL constants from loadometer data, it had been found expedient to 
use California Table W-4, All Main Rural and Urban (reproduced in the Appendix as 
Table 2), because the differences in truck traffic patterns between main rural and 
urban were insignificant for state highways. It also had been determined that despite 
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annual variation, averaging the last three years of loadometer data resulted in con­
stants that had very little variation from year to year. Usingfour-, five-, and six-year 
averages did not make any significant difference, and one set of constants could be used 
for several years. 

Truck traffic data are expanded to give the estimated average daily truck traffic for 
each axle type for the midyear of the design period for each project. These figures 
are multiplied by EWL constants to give the EWL for each truck type and these prod­
ucts are added to give the total EWL for the midyear of the design period. This total 
multiplied by the number of years gives the total EWL for the design period. 

For rigid pavement design, it was logical to make use of the same estimated aver­
age daily truck figures. It also was desirable to use the same latest three years of 
loadometer data to develop constants for computing the total number of axle load repe­
titions expected during the design life period. These constants would have to be sepa­
rated by axle classification to use the same traffic data, and by weight of axle incre­
ments to use the PCA stress charts. 

The method developed for computing the repetition constants is outlined step by 
step as follows: 

1. The numbers of axles weighed shown in each column of the loadometer sheets 
are expanded to the probable number by the ratio of axles counted to axles weighed. 
This is done for each weight category for both single and tandem axles. 

2. All of the columns for each truck classification for three years are added across 
to give the total probable number of axles in each weight category for each truck type. 

3. The proportion that each weight category bears to each truck type total for single 
axlP.s is computed, and the same process is repeated for tandem axles; 

4. The proportional figures for single axles in each truck type are multiplied by the 
ratio of number of single axles to number of trucks counted. The same type of compu­
tation is made for tandem axles. 

5. To use the constants with average daily truck traffic figures, they are multiplied 
by 365 to give the repetitions for onP. yP.a.r. 

6. Because the traffic counts are reported for two-way traffic, the above figures 
are divided by two. 

7. The final step is to multiply all the figures by 20 or whatever number of years 
is to be covered by the design life period. 

An example of this computation is shown in detail for three-axle 1trucks in the Appendix. 
The final constants are shown in Table 4 in the App-endix, which is used to com­
pute the total estimated axle load repetitions for each 2000-lb weight category for single 
and for tandem axles. 

EVALUATION AND ADJUSTMENT 

At this point, a complete design method had been developed, but it was necessary to 
evaluate the results and make any necessary empirical adjustments. Current data 
were obtained for four projects from each' of the 11 highway districts. Considering 
inside and outside lanes separately where there were more than two lanes in each di­
rection, it was possible to make 57 designs for comparison with results by the old pro­
cedure, asphalt concrete designs based on the same data, and the designs of existing 
satisfactory portland cement concrete pavements. 

As previously mentioned, a minimum 0.50-ft thickness of granular subbase had been 
used when the R-value of the underlying soil was less than 40. This provides extra sup­
port, improved drainage, and a layer of material less susceptible to pumping than the 
basement soil. It was decided to continue this practice. 

A O. 35-ft depth of cement-treated base was considered the practical minimum, and 
it was decided to use this value in the design proce.RR. A nominal thickness of 0,45 ft 
will be shown on the plans to take care of allowable construction tolerances. Variation 
in the depths of subbase and base can bP. accommodated by the method to take care of 
unusual situations, but these two depths were used in the comparisons. 
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Safety factors are usually used in concrete pavement design, and these have been 
referred to as load impact factors. Fordyce and Packard (1) suggest that in reality 
they are load safety factors and that term is used here. They suggested values ranging 
from 1.0 to 1.2 depending on the type of street or highway and the expected truck traf­
fic characteristics. These same load safety factors are shown in the PCA's "Thickness 
Design for Concrete Pavements" (3). 

These load safety factors were used in the first trial designs to evaluate the new 
method. The comparison showed lighter designs than had been used in pavements with 
a satisfactory road life of 20 to 35 years before resurfacing or replacement. An ad­
justment had to be made, and it was decided that changing the load safety factors was 
the best way to accomplish this since these factors are empirical judgments. 

The load safety factors and types of facility finally were designated as follows: 

LSF = 1.3 for the outside lanes of Interstate highways and other multilane projects 
with high predicted truck traffic; 

LSF = 1.2 for the inside lanes of Insterstate highways and other multilane projects 
with high predicted truck traffic, and for all lanes of projects with moderate predicted 
truck traffic; and 

LSF = 1.1 for minor highways, frontage roads or streets with low predicted truck 
traffic. 

In the PCA publications, the 1. 0 value is suggested for residential streets or rural 
roads carrying similar traffic. This category is outside state highway practice, and 
our adjustment expanded the two higher traffic categories to three classifications. 

Another adjustment was made in the axle load values used to enter the stress charts. 
Originally the average value of the load increment was used, but this did not result in 
designs as heavy as past experience indicated were necessary. Using the top value of 
the increment, as shown in the PCA method, gave the desired results when combined 
with the increases in the load safety factors. 

The final comparison indicated close agreement with many past designs using O. 75-
ft depth of concrete pavement. In the heaviest traffic patterns for which O. 67-ft thick­
ness had been used, the new method indicated 0. 75-ft despite a 0.10-ft increase in the 
depth of cement-treated base. For the heaviest truck traffic reported, the new depth 
of pavement would be 0.80 ft. Finally, the new method provided a procedure for de­
signing thinner pavements for lighter traffic patterns than had been considered previ­
ously for the use of portland cement concrete pavement. 

DESIGN PROCEDURE 

The project data required for the design process are the type of facility, number of 
lanes, minimum R-value of the basement soil, expected modulus of rupture of the con­
crete, and estimated average daily trucks for the midyear of the design period. With 
these data, the design procedure consists of the following steps, listed in order: 

1. Determine the k-value of the basement soil. 
2. Find the increased k-value due to the use of a granular subbase. 
3. Determine the k-value at the top of the cement-treated base. 
4. Choose a load safety factor and apply it to the design axle loads. 
5. Select a trial thickness of pavement, and determine the stresses for each axle 

load for both single and tandem axle loads. 
6. Compute the stress ratios by dividing each stress value by the modulus of rup-

ture of the concrete. 
7. Record the allowable ax~e load repetitions for each stress ratio. 
8. Compute the estimated numbers of axle load repetitions for the design period. 
9. Determine the percent each estimated number of repetitions bears to the allow­

able repetitions, and add these values to obtain the total percent fatigue resistance 
used. 
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Several pavement thicknesses should be tried and that trial thickness selected which 
shows the nearest to 100 percent fatigue used, but not to exceed 125 percent. The 125 
percent upper limit is allowed because a change of 0.05 ft in pavement thickness results 
in a large change in percent fatigue used, and also because a conservative approach 
was used throughout the development of the method. Examples of this are the use of 
minimum k-values, the determination of modulus of rupture from 28-day specimens 
with third-point loading, and the use of high load safety factors. 

To make it easy to follow the design procedure, an example is worked out in detail 
in the Appendix. 

SUMMARY 

This new method of portland cement concrete pavement design is sensitive to all of 
the variables now reflected in California's flexible pavement designs. It uses the same 
soil survey data, predicted truck traffic, and loadometer survey data. It provides 
structural sections that result in more valid economic comparisons with flexible de­
signs for selection of pavement type. It produces designs that are nearer optimum and 
this should result in some economies. It provides extra thickness where unusual con­
ditions of foundation or traffic are encountered. 

It is believed that the adoption of this method of rigid pavement design eliminates 
the inadequacies of designing by arbitrary rules and raises the professional level of 
California's structural design activities. 
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Appendix 
PROCEDURE FOR COMPUTING LOAD REPETITION CONSTANTS 

The following example, which is shown for three-axle trucks only, illustrates the 
procedure for computing load repetition constants. The expansion of loadometer data 
is further limited to the year 1965, but the method is the same for each year of load­
ometer data used. 

1. A portion of a loadometer Table W-4, All MR and U, is reproduced here, desig­
nated as Table 2. All three-axle truck columns are used and these are marked (A), 
(B), and (C). The numbers of axles weighed in the current column are expanded by the 
ratio of axles counted to axles weighed. In column (A), this would be 2805 divided by 
765 equals 3. 66667 for both single and tandem axles. This probable number factor is 
multiplied by the sum of the numbers of axles under 16 kips and each following number 
in the column. The figures are entered in column (7) on the work sheet designated 
Table 3. The same computation is made for tandem axles and the process is re­
peated for columns (B) and (C ), using the appropriate probable number factors, and 
entered in columns (8) and (9). The same type of calculation was made for the years 
1963 and 1964 and entered in columns (1) to (6) in Table 3. 
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2. The horizontal lines are added across to give the total probable numbers of axles 
in each weight category. These sums are recorded in column (10). 

3. The proportion that each weight category of single axles bears to each single ax­
le truck type total is computed, and the same process is repeated for tandem axles. In 
column (10), the first figure, 30,807.6, is divided by 32,586.0, and the quotient, 0.94542, 
is recorded as the first figure in column (11). This is repeated Ior every figure in col­
umn (10) for single axles. For tandem axles the divisor would be 6687.0. 

4. The proportional figures for single axles in each truck type are mUltiplied by the 
ratio of number of single axles to number of trucks counted. In this example from col­
umn (10), 32, 586 would be divided by 15, 320 to give a factor of 2.12702. This factor 
multiplied by the proportional figures in column (11) gives the products recorded incol­
umn (12) fo1· each weight category. The same type of computation is made for tandem 
axles, dividing 6687 by 15, 320. 

5. To use the constants with average daily truck traffic figures, they are multiplied 
by 365 to give the repetitions for one year. 

6. Because the traffic counts are reported for two-way traffic, the figu1·es are di­
vided by two. Steps 5 and 6 are combined and all of the figures in column (12) are mul­
tiplied by 365 divided by 2 and recorded in column (13). 

7. The final step is to multiply all of the figures by 20 or whatever number of years 
.is to be covered by the design life period. These final constants are shown in column 
(14). 

The final constants for all truck types and weight categories are shown in Table 4, 
which is used to compute the total estimated axle load repetitions for each 2-kip incre­
ment of axle loading. 

DESIGN PROCEDURE 

The design procedure is illustrated by an example with basic data assumed as 
follows: 

•Minimum R-value of basement soil= 10 
•Modulus of rupture of the concrete= 550 psi 
•Outside lanes of Interstate 8-lane divided construction 
•Expanded overage daiiy trucks as tabulated below: 

Vehicle Outside 
Type Lanes 

2-axle trucks 1870 

3-axle trucks 1090 

4-axle trucks 460 

5-axle trucks 3480 

6-axle trucks 110 

1. Determine the k-value of the basement soil from Figure 1. Intersect the verti­
cal line for an R-value of 10 with the curve, and read the k-value of 70 on the vertical 
scale reading to the nearest 5 units. 

2. Assuming that there will be no problems with expansion, a 0. 50-ft thiclmess of 
subbase will be used. In Figure 2, the k-value of 70 determined for the basement soil 
is interpolated logarithmically on the vertical line for 0.50 ft. The new k-value of 90 is 
read horizontally to the· left on the vertical scale. 

3. Determine the final design k-value from Figure 3. Using the k-value of 90 de­
termined previously and the minimum cement-treated base thiclmess of 0,35 foot, a de­
sign k-value of 195 is read from the vertical scale on the left. 
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I 1600C l BODO o. 783 0.196 I 139 ., 15 19 688 676 109 03 I 07 

1M001-20COO 1.260 l.Zo\O •• 25 3 2 206 161 30 24 Z) 
20001-21999 J..916 l.8Z6 1 5 1 • l5 2 I 

22000-21999 2.818 2.su 2 12 I 
2.\000-25999 3.976 3.531 
2600C--29999 6.Zl'f 5.38Cll 
3000\1-3'11999 11 .. 395 9.'t32 

TOTAL SINGLE 
AXLES WE: IGHEO IOl't 5272 520 ••o 7121 51,.,. 165 5H • 2511 1830 1220 

TOTA.L SI hGLE 
AllLES C.lJUfrHEO Z2952 lU24 9 ... 0 SO lit 14llt2 12224 2805 2579 12 1• 169901 151455 10662 10~15 5b24 

i /CAl IF LEG.AL LIMIJ. SIHGl. E ... u 11000 POUNDS 
JAHD•" • A l e ' 

lA llCJP lltf s I N G L E U N I T T " U C K S TRACTOR 
AXLE LOADS IN EQUI YM. ENC.V fAC. T"" 
P:.JUNOS ANO 19 RIGID FLEX IBLE 'iNEL - PICKUP 2 - AXLE, 2 - iXLE, 

iKLE I -S I NGLE UH i T I KIP ULE E~I PAYElltENT Pi YE MENT UNDE!lt ONE TONI . - TIRE . - TJRE 3 - . - A)C U ••ucu rnuL J - ULE 4 - I 
VAU:NC.Y nu•s Pz2.5 P•2., 'J ··---c-- ··--· 0•9 SN•5 CUil PRI CUR ••• CUR PRI CU• ... CUR PR I CURI' ENT PRIOll CUR ••• tu• 

UNOEll bllOO 0.010 0.010 5 2 18 10 16 
t:l00-11999 CaOlO 1).010 26• 161 910 108 219 

l2000--17<';19'J 0 .. 062 o.o,.,. 224 146 821 106 118 
130'10-23CJqq 0.253 o. 1'8 ,. 1l >71 ... lH 

24Cmc-29q99 c. 729 0.426 9' 62 3'5 300 93 
l 30000-::JlOOIJ l .. 305 O .. J'J] •• 51 2•9 2'6 30 

12001-13999 1 .. 100 C .. 910 28 25 103 121 1 
3400G-J59q9 z.165 1.230 6 • 22 20 2 

16000- J 1999 2.721 l.5 :H i 
38000--3999~ 3.313 l .. 8tl5 I 2 11 I 
40000-41999 't.129 2.289 I • 42000-'t3999 't.997 2 .. J'tq I 5 

4400(1-'t5999 ~ .. 9117 1 .. 001 
41i0QC-49999 1 .. 125 41 .. 170 l 5 
50000-54999 10 .. 160 s .. 100 

fOfAl fAHOtM 
AlllLES WEIGHED 705 53) l. 610 

TOTAL TANDEM 
AJCLES COUNTED 2805 257• 6 1 ZIUl 2586 2812 

UCAL IF LEGAL lflillT. TANDEM AllllE~ )2000 POUNDS 
A l L A Jj, L E S 

U KIP AIU: S J N G L E U N I T T • u c • s TRACTOR -
AXLE LOADS IN EQUl'fAL.fNtY FACTOR 
PWNUS AND 119 •IGJO FLEKIBLE PANEL - PICKUP 2 - AXLE, 2 - AKLEt SINGLE UNIT 
Kl' &"Lt fQUI- PAYElltUH PAYFMNT I UNDER o• TOIO . - TIAE t. - TIRE 3 - AXLE . - AXLE TRUCKS TOTAL ' - AXLE 4 - .. 
VAlOKY ITE'IS P•2•' , .. 2 .. 5 PROBABLE lt!IOS .. 

0•9 SN•5 cuo '"' CU• PU cu• ,., CU• ••• CUR PRI CUfUlENT PRIOR CUR PRI CUR 

UNDER 1000 1 ... 2 •111 203 '11 621 ... 26 • 116'507 l069M 13 3 .. 
)000- 6tt9 966 U1 220 114 ... , )•14 •o~ 559 417115 35407 917 66• 871 
100(>-- 7999 • 2 2 • no 3'1 291 220 1596 ll22 HI 268 204 
1000--11999 1 2 • 1106 720 591 4'5 7109 6517 720 504 607 

120UO-lS•99 •11 301 115 259 3Z7o\ 1082 ,.. 26• 102 
l 16000 18000 IH " 90 •• 9•2 1045 10• 93 1•8 

JIOOl-20000 •• 25 10 6 232 19• 30 ,. 30 
20?01-21999 l • • • 5• ' l 

22000-2.34)99 22 
24000-25'999 
261)00-29999 
10000-34999 
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TABLE W-lt 
All "R ANO U 
PAGE 7 Of 1 

AtllE W-4 IAll MR ANO UI-- NUMBER Of AXLE LOADS Of VARlOU S MAGNITUDES Of LOA.OED AND EHPTY TRUCtl:S ANO TRUCK C0"1BINATIONS OF EACH rYPE 
WEIGHED, THE PROBABLE NUMBER OF SUCH LOADS, ANO THE EI GHTEEN KIP AXLE EQUIVALENTS OF EACH GENE~Al TYPE ANO OF All TYPES 

COUNTED AT 19 STATIONS FROM JUN. 15 10 .. UG. 5, l9b5, COMPARED TO CORRESPONDING DATA FOR 196.lt 

SINGLE AXLE S 

- SEMITRAILER C DMBI NAT IONS TRUCK AND TRA lLER COP181NATIONS TWO-Tst.All e • c 0 " 

6 - AXLE fRAtr OK--S E1"1 - ((j)_ 
Allf I • - UL E 

6 - AXLE lRUC.K-U,Al lER ~ 

lllLE ' - AXL E. QA KORE fRAI LER TOUL 5 - AX,LE OR "OA.E TOTAL ~ - Al( I r. . - .... . - .... 
P',.VQ-"Olt. l"l.V;a • "•Uo•o.- ""'" 

PRI CUR PRI CUR PRI CUR PRI CUR PRI CUR PR! CUR PR! CUR PRI CUR PRI CUR PR! CUR PRI CUR PR! 

3 ff I l HO 45 16 4 10 6 z l 93 ,. 
I 61 12 • 5 

215 132 106 ) 8 616] 60ll l I 65 63 892 658 14 I 7 551t5 'Slq2 l 2679 2080 51 33 
168 394 284 I 't609 lt396 l 11 II 28) Z3 2 • 5 1641 l6q6 z l085 869 22 16 
ZS9 l't02 lOH • 15 12411 11493 2 I 24 24 79• 609 42 34 lt38Z •634 1506 1191 •9 30 

135 23 11 I 2.\08 2338 2 Z2 11 251 194 10 15 16 .. 2 l 554 s 1150 106.ft 20 17 
61 z I I 906 90Z I • II 701 5Z5 l I 3515 3llt'5 I 1151 1526 z 6 
26 I Z39 ,,. 3 6 Z3S 175 ll 17 1236 299 zzo 2 

I 13 5 2 I 10 7 5 5 I 

• I 

934 1962 1440 10 20 12 3 156 136 3114 2400 78 1Z 12 85't8 6968 148 110 

4960 10586 9933 88 118 26960 25526 964 no 13<\6 ll64 l ~552 16248 ZB .,, 18105 18139 132 56 53442 51164 790 134 

fAHOEl'I AX:L fS 

- SEMITAAI LU COMB I MT IONS TRUCK ANO TRA lLER C.OM6 INATI ONS T W 0 - J R A I l e R c 0 " 

6 - AXLE TRAC.TOR-SEMI-
U'.LE I .. - 6 - AX~E -rRUCK.- TAAfLEA 

... -· .. 'f ••• f 5 - .... \E nA -·• lllAIL<A 'ft • • ' UL E 'i" - AXl ir:' UA l'IDRE TOT AL 4 ... t•L~ 5 - ••• • " -
PA.08ADlE NOS . l'f\UDA.QL I:. nu.11. 

PRI CUA PRI CUR PRI CUR PRI CUR PR I CUR PR! CUR PR! CUR PR! CUA PR I CUR PR! CUR PM! CUR PR! 

• H 11 l 253 110 2 3 5 20 I 2 
166 1033 667 I 9 6646 5523 l 341 Z60 28 20 1711 l"HC' ) I .. 1 
9• nz 466 6 3131 31b1 100 12 14 5 526 5ZO 10 6 
88 '12 ,.. 4 2800 25'tl I I 26 28 11 12 114 288 7 6 

7) 891 740 J 4 5295 5510 3 249 183 13 24 1258 13CJ6 6 1 2 
Zl S48 405 I l 3123 2909 238 184 4 4 ll 75 1272 l 2 I 

5 216 118 I 1531 1259 Bl 59 396 400 I I 
5 66 16 368 551 12 9 I 59 61 

I 21 16 123 lib l 5 34 34 

3 • 21 2 7 
5 2 21 .. 
3 I 16 7 

• 2Z 
2 11 

••l 3819 2810 10 26 4 2 1060 800 78 69 6 I 40 35 

2480 21067 19796 •• 118 23967 2239.ft • 3 8 518.ft 5416 205 '53 5398 5~01 9 3 241 212 

ALL A.Cl ES-

SEMITRAILER COM8IN,&TIONS TRUCK ANO TRAILER COMB I NAT I CNS r • o - R A I L E R t o H 

6 - AXLE TRACTOR-SEMI- 6 - AXLE TRUCK-TRAILER 

lE 5 - AlllE OR "ORE TRAIL Ek TOT Al 3 - AXLE 4 - AXLE 5 - AXLE OR MURE TlJTAL 4 - AXLE - AXLE 6 - AXLE 
PR08A8LE NOS. PROBARLE NOS. 

PR! CUR PRI CUR PRI CUR PRI CUR PRI CUR PRI CUR PRI CUR PR! CU• PR I CUR PR! CUR PR! CUR PR! 

24 124 64 I 3 944 600 16 4 15 8 8 q ,,. l4P. I 6 1 12 1 10 
661 2681 l86l 8 ,. 22521 20322 65 6 5 169" 1245 79 60 9613 CJ484 3 2685 ZOBZ 84 so 
252 , .. 544 l 4 6 962 664CJ 11 11 341 219 18 • 191t0 2044 ? l00 5 869 31 21 
••1 2566 1910 10 28 20276 18752 28 26 903 709 •• 65 "'~ 5543 1506 ll 9\ 66 4• 

ll3 2546 2026 10 l7114 17227 26 11 lllO 82R 42 60 5922 6145 l l 0:3 1064 J8 19 
104 884 615 4 594t8 5761 9 II Q62 137 l 4788 '5216 1760 15.lb 2 

37 124 89 938 922 3 6 270 103 1346 1366 29• no 
I 16 • 100 61 I 1• 7 5 s 

lZ 70 
2 II 14 
l 5 

5 
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TABLE 3 
CALCULATIONS OF CONSTANTS FOR LOAD REPETITIONS FOR 20 YEARS FOR ONE VEHICLE -ADT (TRUCKS) 

~ LOAOOW ETER SURYEY DATA TABLE W- 4 Al l llR a U PROBABLE NUMBERS -
(I} 12} (JI ,.,, (51 (GI "' (8/ (9/ lw (l/J f/21 I/JI ""' TRUCK tl ASS 3· 4XLE 

YEAR / ?'3 / ?''f' /, .... _ TOTAL PRO· 
uf7,,z .1£u x 

IPROO. HO. FACTOR .a.hr.II ~. 3/0.J. • .,,,,.7 .-..,, ...... , ~'J'J7~Z l.U4D~ '~"''? 
,J...,.,,/ .. £1,.d()"""' PORTIO" 2" 

U1'dU 16 ,,. ,,. OO•Q ....., ,,_,.,,,,, .,, .. ~~ ,. ,. .1.• ···- !f/1141.:17.~ A 'J .e- 16 - 18 S:2. ~7-Z 17.> ..,.,.n 7J. ~ .Ni~ ·""/-'2 ,, a•z 0U3.<I• 
~ 18-20 i .u 2. .4' ~z ' • <7 //." /,'9 - "'/a~ ~A,JIJ ~~7' ,,.~ 

g W-22 "'' ~..- ,----L,li " ,. '-l'f/ .. ,. .. 
3 22-24 
.... 24-26 .... 26- 28 >< .. 28cJO .... .... 30-32 
"' z 32- 34 u; 34-35 

TOTAL PROBABLE NO l/!110 4-:Z2/0 ,,fJ.O 2<13.0 972,,,, 211.0 Z8tJ£o V"''2.o JIM .5Zf4(o .l.1MJ7d P 212702 ',1841.!1;. ,,,:J_,~ 

PROB. NO. FACTOR 2 . ..f,f.J/ - - -- _,,,,,_r.,, - -- '.1'""7 -- - - - - ~ l;-LI• - -
Undu Z:4 8J.J.A - - zo.:11.tJ 201•.• .#.,.,,,/ iJ. 'Nlf.?> OJZJ°1' ~~.,f~ ,,,.•./.H 
24-26 .,.u """ / / -#,<f 2>1.o IA.d,,.,. -. P/~~/ ?. tJ8~1 U, 7n - 26- 28 _,,,,,,,. "'·" :/#,~ 2,f~IJ I A .. ,,,, A,d/~'f/ ·~,, ,. ,_ ?:U. 

z 28-30 ..,.,. 9/ .1 /,/~, .I1f.• • A,JIJ,~J ~11.,/& il"..:111 J.t1,il . .IU ~~~.It .. 30-32 /P~.P Z /J . ./ 
N~: 

.57/.# 4d#.F.T/ d.(1•7.1.• L 1/p~ /.3'-iZI~ .. 32-34 __fi,!_. /11/.IJ 2 6.1." 4 h/~/ . L'-~7tJ 
~ 34-36 / .2.,, 2 i· 42..IJ .n.• "·""""' O.lld3?A ''"'"~ ' ·' · 7.-,: 
~ 36-38 ~ z.,, d.OlftJ'1 ~ ddd/7 O.d J / O 0 . 620 ... 38-40 2, ~-

.,,, 
(!.dQ/P6 ~o"~' 

,,,,,,,., 
/, "' "' 

~ 40·42 Z.{. ,,,, 
7:2. 

._,,_, 
AMO /. 7//. 

Q 42-44 - ,,,, ,,., 
'°'.A#(l~t dda/I' " o.11.rµ /.1111. .. 

44 - 46 - -~ -
46-48 ~· Z.J d,Jl(JP ... ,,,,,,,,,$" Q.IJ:l,7..,. .. .r~· 
48 - 50 .2..3 ,.,, A AAO W.. ~HQ/.J t?..OZ "T<• <?NA 

TOTAL PR0,8ABLE NO, 1177tJ -- -- 2,85.• - - Z81f5:0 -- -- ,,,,.. 1'.01100• 11, ..... 11.,? ,,,,.rr6 '5p.l,2. 

TOTAL AXLES .ff ?'" 

TOTAL VEHICLES / 5.3ZO 

IABLE 4 

CALCULATIOH OF 20-YEAR AXLE LOAD REPETITIOH5 

Oisl.-Co.-Rte. t:JO-XX-Q(/ P .M. lflt?/P'-'1 Exp . Auth . Qt?(lt210 Inside Lanes __ _ Outside Lanes _K___ 

Axle 2-Axle 3-Axle 4-A:de S-Aale 6 -Aale T utal 

Lo•d• ADTT = /870 ADTT = /O~O ADIT = -11~0 ADIT = 3'f#IO ADIT = //0 20-year 

Kips Const•nt Repetition• Con•t•nl RepeUtion• Con•t•nt Repetition• Con•t•nt Repetition• Con•t•nl Repet l tions RepetitionM 

35 0.09 .9/A .flU~ 

34 0.17 ...f'Y.JI -~· 
w 32 0 . 17 .< ... • SYJ 
...J 30 14.3 /_....,. . ./_4'7.• x 
<( 28 14.l °J.rl.I ./ .:S-7.t 
w 26 28.7 JL~7 .7./-"' ...J 
Cl 24 1.75 ti • • • 3.72 / '?// 0 .44 / llr», I&·'/" z 
v; 22 5.91 .//Ar'I 3.10 ~-.,... 9.20 ~--· 6.28 

.,,_,,,,.,,. 
27.4 .. ,,,,,~ --.-~, 

20 40 .4 ----· 86 9 --··· 202. 
.,,. _,, 

419. 
,,,. _ _,,i,, 

60.4 
18 128. 334. 611. 2060. 349. 

so I\ J 0.55 .&JN. 0.55 /Y.. - ,4 

48 ' / 0.55 "" ... 0.55 /19, .J 
46 ' / --- I. SO ..r~ ~ .. 

w 44 ' / l .10 / ,, J4 1.75 ii& ~ ., 
__, 

42 ' / l ,72 /• 3.80 ... .. '·' x 
<( 40 / 1.72 / 5.66 2• • 3.29 ,,./ .. ~ 

,, ,, 
~ 38 x 0.62 4 -9.09 -- J 22.6 .. ,. 28.8 J/~ ~~ w 
0 36 ' 13.8 L4" 12.1 ' ~· 78.3 ""' '7 61.4 ~7.' ...... -z 
<( 34 / \. 62.7 ~~- II 35.4 JL 262. .,,,, :...i 62. 9 ' .... 

\. 32 / 136. 145. 576. '¥12 . 
30 / ' 6i.7 lf.4. 292. 462 . 
28 / \. 61 .7 164. 292. 462. 
26 , 

' 61.7 164. 292. 462. 
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4. For this example, a load safety factor of 1. 3 is appropriate for outside lanes. On 
the work sheet (Table 5), the axle load designations in column (1) are multiplied by 1.3 
and the resulting figures are entered to the nearest 0.1 kip in column (2). 

5. Stresses are determined from Figure 4 (a) for single axle loads and Figure 4 (b) 
for tandem axle loads. A trial thickness of pavement is first selected and then the 
charts are entered with each axle load in column (2) of the work sheets. The load line 
is followed to the horizontal line for the design k-value, thence vertically to the trial 
thickness line, and then horizontally to the stress scale on the left. The stress values 
are entered in column (3) of the work sheet to the nearest 5 psi. 

To illustrate from the example, a trial depth of O. 75 ft was chosen for the outside 
lanes. The first axle load in column (2) is 45.5 kips. \This value is interpolated in 
Figure 4 (a) and followed up to the combined k-value of 195 which also must be interpo­
lated. From this point proceed vertically to an intersection with the O. 75-ft curve, 
thence horizontally left to the scale where a stress of 370 psi is read and recorded on 
the work sheet. Stresses are determined for each axle load in column (2) for single 
axles, and in the same manner for tandem axles using Figure 4(b). 

TABLE 5 
WORK SHEET 

Dist.-Co.-Rte. 00 -X X-OO P.M. 0.0 / 00.0 

Outside Lanes __g__ Inside Lanes ___ Exp. Auth. 000000 

Load Safety Factor (L.S.F. ) __ /._.3 __ Basement Soil R-Value_'"""/_O _ _ 

Subbase Depth O. 6""0' Cement -treated Base Depth 0. .,_.5'" 

k-Values: Basement _ __LO _Subbase ___ ';O ___ c.T.B. / ~_S __ _ 

Modulus of Rupture (M.R. ) _ _ .S:_ "'.5i_ 'O __ Trial Depth PCC __ O.::_. L.Z,_'S_" _ _ 

(1) 2) 3) (4) (5) ( 6) (7) 
Axle Axle Stress Stress Allowable Estimated Fatigue 
Load Load Ratio Repetitions Repetitions Resistance 

x L.S.F. Col. 3 Used 
M.R:-

Kip a Kips . psi No. No. ;, 
SINGLE AXLE LOADS 

, . 
~- ..:> 70 I." 7 - on " : ~ 

... Lo 2 ,~ ·o I. t' 'll 
_,, 

-
~ • ' .. '" 5 .. r 

"'> I. ' •t. I 
, ll'l /.< ~ 

2 ..,.[ .,,,. , tr. /$ .. 
i' _J;JJ , ~ /.J l ; 'A-'l ~ I. 

;. j_ 2,11; I.~ 
_,._,, ',, ),1) b.5. ~ 

!R.• .2E.i < l a - _:_ -&.. I) 

1 
J ··~ 

TANDEM AXLE LOADS 
c;o ~ .r.o r.6ln I ,,,;;; /t', (. I 1n p~, .. -'"'"' 
ll ~ "'' rl) 

l "' 
'1~ , ,, ,-'l ,; _,r ...... ... 1 

~ '...:~, I _ ..... ?I. ... , , ,, . 
_;; ,,, , /nl '""' ·~ J ., '~ 

~ '"' .. ,. /p; ;o; 10 ,.,.. ;, .. ,1 

•n . , ,,.,, /~ 4 'J'J - --,, """' .... ~'~ 
, - --,, ..... r 

-. ... ~ 

" " -. .1 {, 

? 1 4 

Total % Fatigue Used 80 
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Figure 4. (a) Stress chart for single axle loads and (b) stress chart for tandem axle loads. 
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6. Each stress value is divided by the modulus of rupture (MR) and the ratios re­
corded to the neai·est 0.01 in column (4) of the work sheet. No values less than 0.51 
are used because allowable repetitions are unlimited for stress ratios of O. 50 or less. 
It can be seen from this that no stress values less than half the modulus of rupture 
need be determined in the preceding step. 

7. Allowable repetitions are taken from Table 1 for each stress ratio and recorded 
in column (5 ). 

8. Estimated numbers of axle load repetitions for 20 years are calculated on the 
form represented by Table 4. For this example, the expanded average daily trucks for 
each vehicle type are entered in the column headings. The average daily truck figure 
for each vehicle type is multiplied by each constant for that type and the repetition fig­
ure entered to the right of the constant. By adding the repetition figures on each hori­
zontal line, the probable number of repetitions for each weight classification is ob­
tained. The total 20-year repetitions are then entered in column (6) on the work sheet, 
Table 5. 

9. For the final step, the estimated repetitions in column (6) are divided by the al­
lowable repetitions in column (5) and multiplied by 100, which gives the percent fatigue 
resistance used. These figures are recorded to the nearest one percent in column (7) 
of the work sheet. Column (7) is totaled and the total percent fatigue used is recorded. 
Several thicknesses are tried and that trial thickness is selected which shows the near­
est to 100 percent fatigue used but not to exceed 125 percent. With experience only two 
trials are necessary. 

In this example, only the calculations for the finally selected design thickness of 
0, 75 ft for the outside lanes are shown to illustrate the method. A trial thickness of 
O. 70 ft also was used, but this lesser thickness showed a "fatigue resistance used" far 
in excess of 125 percent. 




