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Applications of a General Curve Fitting 

Procedure to AASHO Road Test Data 
PAUL IRICK, Research statistician, Highway Research Board 

In most cases the mathematical models used for fitting AASHO 
Road Test data were not linear in the coefficients to be deter­
mined by the analysis. Since only least squares linear regres­
sion analysis was available at the Road Test, the summary equa­
tions that were developed and reported there were derived by a 
series of linearizations of the non-linear models. As a result, 
the coefficients that were obtained were not necessarily optimum 
with respect to particular criteria for the residuals from the 
equations. 

This paper describes the application to Road Test data of a 
general curve fitting procedure that has been programmed for 
the Bendix G-15D computer. The new procedure can be used for 
linear or non-linear models and with any desired residual crite­
rion; e.g., least squared residuals and minimum absolute 
residuals. 

Results are given for applications of the new procedure to the 
derivation of present serviceability index formulas and pavement 
performance equations . Although the new results reflect only 
small differences from the corresponding results given in HRB 
Special Report 61E, the fit has been improved through the reduc­
tion of certain biases that were inherent in the previous methods 
of analysis . 

The paper also presents results that are obtained when Road 
Test performance data are summarized with models that are 
simpler in form yet more comprehensive than those employed 
in previous Road Test reports. 

An appendix to the paper gives detailed flow charts and illus­
trations that make it possible to code the procedures for other 
computers. 

•A COMPUTATIONAL procedure has been evolved to fit experimental data with very 
general mathematical models. The procedure is described and illustrated in general 
terms, and an appendix presents rather complete details and illustrations for the pro­
cedure. 

Apart from presenting the procedure itself, one objective is to show how the proce­
dure, in the form of a Bendix G-15 computer program called MORC, can be used to 
provide a more unified analysis of AASHO Road Test pavement performance data than 
was possible when the Road Test performance equations were reported (1). Discussion 
and results are given to show how the MORC program can produce improved fits to the 
observed data, both with the models that were previously used and with considerably 
simplified forms of these models. 

A final aim is to consider a somewhat different rationale for the analysis of pave­
ment performance data than was used at the Road Test. 

MORC PROCEDURE FOR GENERAL CURVE FITTING 

There are many situations in which it is desirable to smooth or summarize experi­
mental data by fitting a curve, or families of curves, to observed points that are plotted 
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in a two dimensional diagram such as Figure 1. If only one curve is to be drawn then 
only two variables are involved; but if one or more families of curves must be us ed to 
represent the data properly, then more than two variables are involved and the curve 
fitting actually amounts to fitting a surface to the data after the coordinate system is 
expanded to include an axis for each variable. 

Whether the curves are to be drawn by judgment or from the results of an automatic 
procedure, two questions must be answered: What geometrical properties shall the 
curves have, and what criterion shall be used to regulate discrepancies between points 
on the curves and corresponding data points? In automatic curve fitting these questions 
are settled by the selection of a mathematical model whose undetermined coefficients 
will be evaluated by the procedure and by the selection of a r esidual criterion that will 
lead to "best" values for the coefficients . 

In Figure 1, the selected model is X1 = B1 + BzX2, the equation of a straight line, 
and the residual criterion to be minimized is the sum of squares of all vertical devia ­
tions from the line. One such residual is labeled r. 

Whether this model and r esidual criterion are appropriate for the data shown is itself 
a question of judgment, and it is perhaps safe to say that there have been many attempts 
at automated (and manual) curve fitting where either the model or the criterion s elec­
tion, or both, did not meet with universal approval. Perhaps the most that can be hoped 
is that models and criteria for fitting the models to experimental data will produce 
curves that are in accord with the judgment of those who are most experienced and 
knowledgeable in the field repres ented by the observations. Although this paper is con­
cerned with automatic curve fitting, it seems appropriat e to acknowledge that automa­
tion does not make the results valid. For example in Figure 1, the knowledgeable 
experimenter may know from theory or otherwise that the points shown are but a sample 
of observations that would ultimately tail out exponentially along the X 2 axis-so that a 
linear model is not really representative of the underlying relationship between X 1 and 
X 2. He may also know that some of the observations are suspect in that they probably 
represent a different set of conditions than do the remaining points; thus, the best r e­
sidual criterion may involve lesser weights for residuals from these points than for the 
remaining residuals. Moreover, it may be that relative or percentage residuals are 
more appropriate to the problem than are the vertical devialiom, . 

Generally speaking, most automatic curve fitting procedures have employed the tech­
niques of least squares linear r egression analysis where the models are linear combi­
nations of unknown coefficients, where residuals are algebraic deviations parallel to 
one coordinate axis, and where the criterion to be minimized is the sum of squared 
residuals. These powerful procedures will probably remain the basis for most experi-
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mental designs and analyses, but compromises may be necessary in order to use them. 
For example, models non-linear in the coefficients are sometimes "linearized," per­
haps by taking logarithms of one or more variables, or perhaps the non-linear models 
have to be fit piecemeal with subsets of the data or perhaps in successive stages of 
analysis. In some cases, the residuals have to be defined rather unnaturally so that 
the analysis only approximates what the experimenter might do by hand. Many algebraic 
forms are ruled out from the start because there are no appropriate linearizations. 

MORC, an acronym for the minimization of residual criteria, is one of several auto­
matic curve fitting procedures that have been evolved in recent years in order to fit 
almost any mathematical model to experimental data and to minimize almost any crite­
rion based on residuals between the fitted curves and the observed points. 

The general methods, including MORC, do not answer the two fundamental questions 
but they do permit a wide variety of permissible answers. At least in the case of MORC, 
the general procedures do not yield by-products, such as significance tests, standard 
errors, and correlation coefficients, that result from linear regression analyses, and 
may require long computations as well as thoughful intervention during the computation. 

In Figure 1, a particular line is determined by values for B1 and B2, and these two 
values are the coordinates of a single point in the B1B2 plane of Figure 2. Corresponding 
to this point is an ordinate which is the residual criterion value, R, obtained from all 
residuals from the given line. Thus corresponding to every line in Figure 1 is an R 
value for Figure 2 and the locus of all criterion values will be called the criterion sur­
face. For any specified region of the B1B2 plane there will be one or more least values 
for R, and the B1 and B2 values at this minimum will presumably yield the best fitting 
line to the data. The object of the MORC procedure for this problem is simply to start 
at an arbitrary point (B1, B2) and move over the criterion surface until the minimum is 
reached. 

In terms of differential calculus, values are sought for B1 and B2 which satisfy the 
equations aR/aB1 = 0 and aR/aB2 = 0. In the B1B2 plane these equations have curves 
(lines in Fig. 2) which are projections of a valley system running through the criterion 
surface. All points denoted by letters in Figure 2 have been projected down, say, to 
the B1B2 plane from the overlying surface. starting at A (above A), a parabola is fitted 
to the points A, a1 and a2, and the vertex of this parabola leads to the surface point 
(above) B which is hopefully in the neighborhood of the first valley. Points through B, 
b1 and b2 guide the next descent to C which is also supposed to be a valley point. The 
line from A through C determines a new origin at D and two more parabolas lead to E 
then F. Finally, a parabola whose plane contains the line CF is fitted at F and for the 
illustrative problem the vertex of the last parabola is at the minimum point G. Values 

B2 - - -~-------- ---------

Figure 2. MORC path for simple linear regression . 
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of B1, B2 and Rat G thus represent the problem's solution. When there are more coef­
ficients or when the valley system is tortuous and cut off by constraints then the problem 
becomes much more complicated than in Figure 2 (see Appendix). 

During the course of the Road Test nuclear devices were used to measure in-place 
densities of various materials. Before and during the field use, many laboratory exper­
iments were performed, chiefly for calibration purposes. One such experiment, while 
perhaps not of any practical merit, resulted in the data plotted in Figure 3 in which the 
horizontal scale is for the densities of materials computed from weights and volumes. 
The vertical scale gives gamma ray counts, in thousands per minute, as the rays from 
a surface source traveled down through the material to be scattered and picked up by a 
surface detector only a few inches from the source. Many types of material were used 
in the experiment. The model selected for fitting the data was 

where C and Dare in the respective units of the vertical and horizontal scales of Figure 
3. Residuals were considered to be vertical deviations of the observed counts from the 
corresponding curve values and the mean square residual was used as a criterion. 

As is well known by those who use nuclear density gages, close calibration requires 
separate curves for different classes of materials. It is clear (Fig. 3) that the portland 
cement concrete data should be treated separately and that water seems to be in a class 
all by itself. Thus a complete model for the count-density relationship must include 
other factors and the curve can only be regarded as a broad generalization. The math­
ematical model is related, interestingly enough, to gamma functions in the field of 
mathematics, and has a maximum when D = BiBs, at about 60 pcf. In this particular 
case it would be possible to use linear regression analysis to estimate the coefficients 
after taking logarithms . When MORC was applied to the data, no weight was given to 
the water data, and the result was the equation shown in Figure 3. The maximum 
horizontal deviation from the fitted curve is about 10 pcf in the range from D = 0 to 
D = 200, but most of the density deviations are less than 5 pcf. 

APPLICATION OF MORC TO AASHO ROAD TEST 
PAVEMENT PERFORMANCE DATA 

In order to discuss applications of the MORC program to AASHO Road Test pavement 
performance data it is helpful to review briefly some of the Road Test procedures. In 
Road Test Report 5 the model, 



p = Co - (co - c1) (W/p)/3 

5 

(1) 

in which c1 ,,; p -;; co, was used to fit the observed performance data of test sections. 
The present serviceability index, p, was evaluated by a formula that depended on sur­
face deterioration and deformation measurements to yield an estimate of expert judg­
ment as to the section's present ability to serve its intended use. The term co was 
taken to be the average initial serviceability of the test sections, somewhat over 4. 0, 
and c1 = 1. 5 represented a poor serviceability level at which sections were said to be 
out-of-test. W denotes axle load applications accumulated to the time that present 
serviceability is p, and in some analyses a seasonal weighting function was applied to 
actual applications to obtain weighted applications. The terms P and {3 in Eq. 1 are 
functions of pavement design and vehicle load parameters, there being three of the 
former and two of the latter in the main experimental designs used at the Road Test. 
Logically the seasonal weighting function should be applied to P and/ or {3, but it can be 
seen from the form of Eq. 1 that seasonal variation in the decrease of p will occur if 
a weighting function is applied to any of W, P, or f3. 

The model used for the function p was of the form 

(2) 

where L1 is load (kip) on a single or tandem axle and where L2 is one for single and 
two for tandem-axle vehicles. The terms D1, D2 and D3 are respective thicknesses 
(inches) of surface, base, and subbase in the case of flexible pavements. For rigid 
pavements, D2 and D3 are respective thicknesses (inches) of slab and subbase, and D1 
is one or zero depending on whether or not the slab contains reinforcing mesh. Values 
for the remaining terms in Eq. 2 were either assumed or were. obtained by fitting the 
model to observed performance data. 

The function f3 was noted to depend upon design and load parameters and was of the 
general form 

(3) 

where the function f has the reciprocal form of p but with different values for the powers 
Ao, A1, A2 and A3 than were determined for Eq. 2. Thus, in addition to the formulation 
of any weighting function for the applications, Eqs. 1, 2, and 3 required values for 16 
constants. Values for co and c1 were assigned as described and a4 was given the value 
1. The minimum value for {3, bo1was taken to be 0.4 for flexible and 1.0 for rigidpave­
ments-an assignment that permitted flexible pavement serviceability curves to have 
positive, negative, or zero curvature, and rigid pavement curves to have only negative 
or zero curvature. For rigid pavements, analyses of variance made before curve fitting 
indicated that the coefficients a1 and a3 were not significantly different from zero so 
these coefficients were taken to be zero in Eqs. 2 and 3. Thus the Road Test pave­
ment performance models contained 12 or 10 coefficients to be determined by fitting 
the models to flexible or rigid pavement performance data. The curve fitting proce­
dures are described in Appendix G of Road Test Report 5, and detailed flow charts 
have been given in a paper by Hain and Irick (2). 

The models were fitted to performance data given in Appendix A of Report 5 for 
Design 1 (factorial experiment) flexible and rigid pavement test sections. Data for 
each section consist of from 5 to 10 pairs of values for p and log W for whichever of 
the following serviceability levels in evidence for the section while in test: p = 3. 5, 
3.0, 2.5, 2.0, 1.5 and p after 11, 22, 33, 44, 55 biweekly periods (called index 
periods). Thus a section that reached p = 1. 5 in 30 weeks would have 6 pairs of per­
formance data values, whereas a section whose p = 2. 8 after 110 weeks (end of test) 
would have 7 pairs of data values for p and log W. 
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In essence, the residual criterion used to evaluate the undetermined constants in 
Eqs. 2 and 3 was an average of the discrepancies between log W values as given in the 
data and as calculated from Eqs. 1, 2, and 3. 

Coefficients obtained for the Road Test models have been given in Road Test Report 
5 . Although the MORC procedure has been applied to Road Test performance data, 
there are several reasons for not presenting the coefficients that have been obtained. 
The MORC applications to date deal only with samples of the data because the computer 
used is not presently equipped with magnetic tape storage. Most of the work leading 
up to this paper has been in the development of MORC itself, and much more time would 
have been necessary to completely minimize any residual criterion over all the Road 
Test performance data. More important, perhaps, the work to date with MORC has 
been exploratory, with an aim to infer the kind of results the procedure will produce 
rather than to determine new coefficients for Road Test models . 

To obtain samples of the Road Test performance data, test sections in the factorial 
experiments were split into three sets of 90 sections each for flexible pavements and 
two sets of 84 sections each for rigid pavements. Flexible pavement sets were divided 
according to the factorial separation (2), and rigid pavement sets were separated ac­
cording to subbase thickness after deleting all sections having the thickest slabs in each 
of the eight heaviest load lanes. 

Performance data for any section were selected at two points on the section's serv­
iceability curve, at p = 3. 0 and p = 2. 0, if the latter value was reached before the end 
of test traffic. Otherwise the two data points were taken at 33 and 55 index days. Thus, 
any sample set of flexible pavement data had 90 sections and 180 data points, whereas 
either sample of rigid pavement data consisted of 84 sections and 168 data points. The 
MORC procedure was then applied to successive data sets, and after each cycle (see 
Appendix) coefficients were averaged to give a star t fo r the next cycle of MORC. With 
greater computer storage capacity neither the sampling nor the averaging would have 
been necessary. 

The residual criterion was the root mean square discrepancy between log Wat ob­
served points and log Was predicted by the performance model. In addition to this 
criterion value, Table 1 gives average algebraic and absolute log W residuals as well 
as the 5th and 95th percentiles of the sample residual distributions that arise when 
various models and procedures are used. Values shown for the Road Test models and 
procedures are for the sample data and do not cover the full range of data for which 
residuals were summarized in Road Test Report 5. In Tables 11 and 47 of Report 5 
mean absolute and root mean square residuals were 0. 23 and 0. 31 for flexible pave­
ments , a nd 0.17 and 0.22 for rigid pavements. Corresponding values in Table 1 are 
somewhat higher because the samples contain sections whose log W residuals were not 
included in the Report 5 summary tables . 

starting with coefficients as reported from the Road Test, Table 1 gives residual 
summary statistics for the sample data after four cycles of the MORC procedure. While 
none of the residual summary statistics were greatly changed, all moved in a favorable 
direction, and in particular, the algebraic means were more nearly zero-a condition 
for unbiased predictions from the equations. On the other hand the coefficients them­
selves were unaltered to any significant degree as far as their practical use might be 
concerned. It is possible of course, that more cycles of the MORC procedure would 
produce closer fits to the sample data than indicated in Table 1, but this was not 
attempted. 

The remaining summary statistics (Table 1) are the result of applying several cycles 
of the MORC procedure to the sample performance data using the same criterion as 
before but with a modification of the Road Test models. In section 1. 4. 1 of Road Test 
Report 5, it was suggested that the models for p and f3 as given in Eqs. 2 and 3 might 
be put into shorter forms: 

(4) 
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TABLE 1 

STATISTICS FOR LOG W RESIDUAL DISTRIBUTIONS 

Residual Summary 

Data Procedures 
Mean Mean Percentile 
Alg. Abs. 

RMS 5 95 

Flexible pavements: AASHO Road Test per-
270 test s ections, formance equations 0,03 0.25 0.33 -0.49 0.53 

540 data points Road Test models , MORC -0.01 0.23 0 . 31 -0.46 0.46 
Modified models, MORC -0.01 0.22 0.29 -0.45 0.47 

Rigid pavements: AASHO Road Test per-
168 test s ections, formance equations 0.10 0.23 0.33 -0.36 0.85 

336 data points Road Test models, MORC 0.03 0.21 0.30 -0.40 0.53 
Modified models , MORC - 0.01 0.19 0.26 -0. 40 0.46 

(5 ) 

Thus, for a specified p the "structure index , " a1D1 + a:J)2 + a :il)3 + a4, is assumed 
to be proportional to the square root of the load term, (L1 + L2)/L2A2, and f3 is assumed 
to be directly related to P through Eq. 5. These modifications, together with Eq. 1, 
were used as a model to fit the sample data by the MORC procedure. Eqs. 4 and 5 have 
four fewer coefficients to be determined than do their counterparts , Eqs. 3 and 4. 

The residual statistics (Table 1) for the modified models indicate rather clearly that 
the modifications do not lead to any sacrifice in clos eness of fit to the sample data. 
When pavement design versus log W curves were drawn from the resulting equations, 
there was practically no difference between these curves and those given in Figures 23, 
26, 116 and 117 of Road Test Report 5. This illustration shows rather clearly that no 
pa rticular serviceability-performance model is likely to be superior to all other models 
that could be used. 

Percentiles 5 and 95 have been included in Table 1 to indicate the degree to which 
the various distributions are symmetrical about zero and also to locate 90 percent limits 
for the horizontal scatter of points about curves that might be drawn over a log applica­
tions scale . In general, it can be seen that these limits lie about two mean absolute 
deviations from zero. 

In summary, MORC applications to AASHO Road Test performance data are quite 
limited to date , but the r esults obtained seem to indicate that the MORC procedure can 
be useful in any further fitting of these data. In the light of the results obtained by 
fitting simpler models to the data, however, it would appear that more attention needs 
to be given to the original problems-selection of model and criterion for the curve 
fitting procedure. 

SERVICEABILITY AND PERFORMANCE MODELS OF EXPONENTIAL FORM 

It is assumed in this paper that it is both possible and useful to evolve and evaluate 
models that aim to predict pavement serviceability when sufficient information is given 
about pavement design, environmental factors and traffic experience. Since there are 
several manifestations of serviceability decline and since any one may reflect the com­
bined effects of a rather large number of factors, it seems clear that performance 
models based on serviceability cannot be of much utility unless they conform inprinciple 
with fundamental knowledge about pavement behavior. For example, if established 
theories predict stresses, strains and deflections that will lead to serious pavement 
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cracking because of existing factors, then it should be expected that the same factors 
will lead to a prediction of serviceability loss by the performance model. Moreover, 
it should be expected that the performance model will reproduce satisfactorily the pre­
diction successes that have been attained from existing design methods for the provision 
of adequate and economic pavements. 

Although it may be virtually impossible for any serviceability performance model to 
fulfill such a difficult assignment, a limited beginning was made at the AASHO Road 
Test and further progress is expected from research efforts in Area 1 of the National 
Cooperative Highway Research Program. A major aim of this continuing research is 
to evolve the AASHO Road Test pavement performance models and equations into forms 
that apply to wider conditions and at the same time conform with current knowledge of 
pavement behavior. It seems reasonable to suppose that much collective effort will be 
required to satisfy this goal, and that many past and current ideas should be tested 
with the results that emanate from the various satellite projects. It may be that ulti­
mate models for pavement serviceability and performance will have different forms 
than those used at the AASHO Road Test, and the remainder of this paper is devoted 
to several considerations that might lead to the use of exponential forms. 

A recent nationwide survey (3) of pavements about to undergo major maintenance 
shows the average terminal serv iceability level to be in the neighborhood of p = 2. 2, 
and it seems reasonable to suppose that this level is about one-half its original value. 
Thus it would seem appropriate to arrange present serviceability models so that when 
p is one-half its original value a critical point is reached in the algebraic formulation. 
For example, Eq. 1 gives the Road Test terminal serviceability of p = 1. 5 when the 
applications W are equal to the expression for p. If exponential models of the form 
p = po2-x are used for serviceability and performance, where po is initial serviceability, 
x = 1 is critical in the sense that p will then be at one-half its original value-in the 
neighborhood of terminal serviceability. 

Present serviceability at the AASHO Road Test was calculated from index formulas 
derived by linear regression analyses that optimized the multipliers but not the expo­
nents of measurements on pavement deterioration and deformation. Moreover, the 
linear model was not constrained to give values between O and 5 which were limits on 
the r ating s cale used fo r subjective serviceability evaluations. 

Painter (4) has shown that exponential type models for present serviceability index 
can be fitted to the serviceability data used in deriving the Road Test index formulas 
(see AASHO Road Test Report 5, Appendix F), and that the fit will be as good as with 
the linear models, and the boundary conditions will be met. When these models are 
used, each measurement value is changed to a multiplier whose value is between O and 
1, and the index is obtained from the product of 5. 0 with all multipliers . Extending 
this concept somewhat and incorporating the result of the nationwide terminal service­
ability survey, the model 

p = 5.0 X 2 - [B1X1C1 + B:0C2C2 + ... ] (6) 

may have advantages over other models for calculating present serviceability index 
values. The non-negative variables X1, X2, ... represent "detractor" items such as 
slope variance, roughness index, and cracking and the exponents C1, C2, ... determine 
the shape of the serviceability decline curves for X1, X2, . . . . The undetermined 
constants B1, B2, ... , C1, C2, ... are constrained to be non-negative during the fitting 
of Eq. 6 to observed serviceability data . C~he m odel can be 1·epresented as a product 
of 5. O and multipliers of the for m 2-BiXi 1 and when Xi = 0, the multiplier is 1. When 
Xi is large enough to cause BiXi Ci to be 1, then the multiplier is 1/z, and if all remain­
ing X-values are 0, then Xi has resulted in near-terminal serviceability through its 
own weight. If the fitted data do not imply such a situation to be possible, then the 
coefficients Bi and Ci will presumably reflect this impossibility. Figures 4 and 5 show 
multiplier curves that were obtained when Eq. 6 was fitted by the MORC procedure to 
the flexible and rigid pavement serviceability data given in Appendix F of AASHO Road 
Test Report 5. 



0.8 

0.5 

0.2 

sv 
C and P 

RD 

20 

0.4 

Cracking and Patching 

300 
40 

0.8 
500 

60 

1.2 
700 

Figure 4. Flexible pavement illustrative multipliers for psi . 

sv 
C and P 
Faulting 

20 

20 
300 

40 

40 
500 

60 

60 
700 

Figure 5. Rigid pavement illustrative multipliers for psi. 

9 

Results obtained after about 12 cycles of MORC are given in Table 2, but these as 
well as Figures 4 and 5 must be regarded as only illustrative because more cycles 
would have been required to reach a minimum for the criterion, the mean square 
residual between actual serviceability ratings and calculated serviceability index val­
ues. At the point where MORC was stopped, however, mean residuals were about the 
same as those given by Painter (j) and in Road Test Report 5. 
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TABLE 2 

ILLUSTRATIVE MORC RESULTS FOR EXPONENTIAL PSI MODELS 

Serviceability Element Bi 

74 Flexible Pavementsa: 
X1 = Slope variance (x 106

) 0.18 
X2 = Cracking and patching (ft2/1, 000 ft2) 0.027 
X3 = Rut depth (in. ) 0.93 

49 Rigid Pavementsa: 
X1 = Slope variance (x 10- 6

6 0.11 
X2 = Cracking and patching 0.043 
XJ = Faulting (in./1, 000 ft) 0.00002 

aData from AASHO Road Test Report 5, Appendix F. 
bAs defined in Road Test Report 5, Appendix F. 

Ci Residuals 

0.56 Mean absolute = 0. 28 0.29 RMS= 0.36 02.1 

0.58 Mean absolute = 0. 26 0.58 RMS= 0.32 02.91 

When the exponents Ci (Eq. 6) are left to the curve fitting procedure, quite a variety 
of shapos become available for the various multipliers that represent pavement deteri­
oration and deformation. If Ci is more than 2, say, then the corresponding Xi does 
not detract much until a critical value is reached at which point the multiplier drops 
quite rapidly. When Ci is less than 1, the loss rate is greater for small than for large 
values of X. 

If a model similar to Eq. 6 was used to determine present serviceability index val­
ues, then the counterpart performance model might also be assumed to have an expo­
nential form. Exponential models for performance might be considered to be analogous 
to those that are used for probabilistic models in fatigue and other failure theories, 
and have been used by Painter (5) in analyses of the AASHO Road Test flexible pave­
ment performance data. A number of exponential models were fit to performance data 
at the Road Test befor e Eqs. 1, 2 and 3 wer e finally selected, and t her e wer e no strong 
indications that the exponential forms were less acceptable than the reported models. 
The concluding discussion revolves about a performance model of the form 

-St -~St 
Pt = Pt - 1 2 = po 2 (7) 

in which Pt = po/2 whenever ~ st = 1. 
In this model, the time scale tis divided into intervals so that the "stress" function 

8t is essentially constant for the period from t - 1 to t. Changes in st from one interval 
to another may result from a change in loading rate or from a change in environmental 
stress conditions. For simplicity of discussion, it is assumed that 8t depends on three 
other functions, nt, Vt, and v. The first of these is a "loading" index for the number 
of equivalent axle-load applications received by the pavement during the interval and 
where the equivalency is relative to, say, 18-kip single-axle loads. The positive func­
tion Vt is a "relative support" index whose values are high or low whenever the environ­
ment leads to relatively high or low pavement support, respectively. The reference 
point for Vt might be, for example, initial environmental conditions at the AASHO Road 
Test since these are well documented. Then at the Road Test or elsewhere, Vt is >1 
for conditions such as frozen structure and <1 for adverse conditions that might result 
from thawing or excessive moisture. Finally, v might be called a "performability" 
index whose value depends on strengths and thicknesses of pavement components, and 
corresponds to the number of equivalent axle-load applications that are expected from 
the pavement when serviceability is one-half the initial serviceability and when all 
applications occur with Vt = 1. For example, two possibilities for st are 

(8) 
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nt 
St; = VtV (9) 

For either Eq. 8 or 9, if Vt is always 1, then St; = 1 when the ac<.:umulation of nt is 
v, and the pavement is then expected to have only one-half its initial serviceability. If 
Vt is sufficiently large, practically no serviceability will be lost from t - 1 to t, but if 
Vt is quite small, then St; may become nearly 1 as a result of the applications during a 
single period. For Eq. 8, Figure 6 indicates how the serviceability history of a pave­
ment might have almost any configuration as Vt changes. 

Preliminary exploration with Eq. 8 on a very small sample of Road Test flexible 
pavement data suggests that a reasonable set of values for Vt are given by the ratios of 
initial (Benkelman beam) deflections to deflection during interval t. These ratios are 
more or less independent of pavement design so that Vt can be approximated by climatic 
measurements alone. This possibility is supported by Painter's results wherein a 
design-free weighting function based on time since spring thaw was used as a multiplier 
for nt. 

It is expected that the MORC procedure will be used with available data in further 
studies of exponential models such as Eqs . 7, 8 and 9. The ultimate goal is to provide 
a broad and valid basis for the prediction of pavement performance from pavement 
design, loading, and environmental parameters. 
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Appendix 

MORC-A PROGRAM FOR THE MINIMIZATION OF RESIDUAL CRITERIA 

This program aims to solve quite general minimization problems without using sub­
routines for partial differentiation, solution of simultaneous equations or the fitting of 
linear and quadratic surfaces. Only one tool, a three point parabola, is used with 
various strategies to descend a specified surface. The program has been developed 
through computer experiments with problems whose solutions were verifiable. Some 
of these problems have been used to illustrate minimization methods in references (Al, 
A2, A3, and A4), and a number of new examples have been constructed to provide a­
widervariety"°"of problem situations. 

For other problems there is no assurance that the program will find the required 
solution, but extensive experimentation suggests that MORC can be a useful alternative 
to available minimization procedures. Convergence time varies considerably from 
problem to problem. In some cases, it can be expected that this program will have to 
evaluate a disappointingly large number of surface points if a precise solution is required. 

Problem specification and flow charts that are meant to be adequate for the coding 
of MORC for any computer are also presented. A few experimental problems are dis­
cussed in order to show some operating characteristics of the program. 

Problem Specification 

When MORC is used in data processing applications the data comprise a matrix of 
observations \2Cjk] where j = 1, ... , J sets of observations have been taken on k = 1, ... , 
K experimental variables. It is assumed that the data analysis should produce esti­
mates for I coefficients, B1, ... , Bi, ... , B1, in a specified function 

... , Br) = 0 (Al) 

and that the Bi must satisfy a set of constraints 

Crh,,; Cm(B1, ... , Br),,; C~ form= 1, ... , M. (A2) 

In the simplest case, the functions Cm= Bm and M = I so that C~ and C~ are numerical 
limits for the coefficient Bm. In other cases, Cm may be a more complicated function 
of one or more of the coefficients. 

Let B(v) represent a set of current values for the Bi and let r/v) be the residual for 
the jth set of observations when B(v) is used in Eq. Al, that is 

(A3) 

Depending on the algebraic ~u:rangement of F1, it is possible for rj to represent one of 
a wide variety of different assumptions or requirements on the form and allocation of 
experimental error. Ordinarily the l"j will be either absolute or relative deviations 
that measm·e discrepancies between what is observed for a particular Xk and what Eq. 
A1 gives for Xk upon substitution of B(v) for the Bi and other observations for the 
remaining variables. 

Let R be a criterion function of the residuals, 

(A4) 

where R might be a sum (or weighted sum) such as Erj I: I rj I , or a criterion such as 
I rj I max, I Erj I + EI rj I, etc. Inasmuch as the observations Xjk do not vary during the 
MORC program, R varies only as the Bi are changed and the criterion may be expressed as 
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(A5) 

Wheth r or not there a1·e xpe rimental data, ~q. Ab is t he equation of \l- surface in 
I + l d im ensions and the problem is to determine a s equ ence of points p (v >, with ordi­
na tes R (v) and coordinates a (v), such that a minimum for R will be reached within the 
coordinate region defined by the constraints (Eq. A2). The user must infer whether 
the sequence of points leads to a relative or an absolute minimum or whether the process 
has simply gotten stuck. Ordinarily this inference can be made by comparing r esults 
obtained by starting the s equence from several different points in the constraint r egion. 

MORC Descents 

Before discussing the main flow of MORC it is helpful to describe subroutines that 
are used to make particular descents along a three point pa rabola. For any number of 
co r clinate axes , the plane of t he parabola is normal to R = 0 and is either paral lel to 
a coordinate axis, for a n axial des cent, or contains the line joining p(v) to a pr eviously 
evaluated point p(u ) which is not lower tha n p(v), for a general descent. F igure Al 
shows the trace of Eq. A5 in the pla ne of the parabola . The parabola is determined by 
oi•dinates at B(v) and at B(v) ± tD, in which D has components yet to be defined and tis 
not large enough to violate the constraints C' and C" . 

From the three ordinates that determine the parabola, quantities Land Q are ca l ­
<'.11hitPrl sn th::it thP n::ir::ihnl::i vPrtPY i.c, ,;at R(V) + /T./0\tn Tf thP vPrtPv i .c, nnt nnt nf 

.1.- ' I "I 

bounds and if the parabola has positive curvature, then the criterion ordinate at the 
parabola vertex is generally the end result of a MORC des cent. Exceptions will be 
discussed later. 

Details for the descent process are given in Figure A2. For completeness the gen­
er al natur of the s ubroutine Ior computing_ criter ion values ls s hown in a sp cial box 
at the lower right of the fit:,'1.l r e. In the R(v J subrout ine e ither Eq. A4 or Eq. A5 i s used 
to compute R(v), a nd :if R(v) is lower than R(u ), then p(v ) is copi d into p (u ) . After the 
last omputation of R(v) in Ute descent subroutine, p (u) is agai n copied into p(v) so t hat 
the end point of a descent is always the first point encountered such that no succeeding 
point is lower. 
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Figure Al. MORC descent . 
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Axial Descents 

w = 1; h = g; f = 1 

Dh = dh; Di = 0 for all if- h 

( Go to optional print if dh = 0) 

General Descent p Y : p(z) 
. (v) (u) . 

w = -1, P = lower and P = higher of 
P(y) and P (z) 

All D. = (B. v) - E(.u))._fr, d~ / h(B~v) - E~u))2 
l l ()1 l l l 

(Go to print P v if zero denominator) 

P(u) = P(v) ; R(E) = R(v); t = 1; 

T est B(v) ± tD vs constraints; If violation, t = t/2 and retest; 

B(v) = B(v) + tD; Compute R(v\ R(B+tD) = R(v\ 

B(v) = B(v) - 2tD; Compute R(v\ R(E-tD) = R(v); 
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E(v) = E(v) + to· L = ½ [R(E- tD) - R(B +tD)J ; Q = R(B-tD) + R(E +tD) - 2R(E) 

Yes t = tL/ Q ,__ _ _ ....., Is Q > 0? No 
t = 2tD sgn L; Print L 

Test B v) + tD vs constraints; If violation, l = t/2 and retest; 

B(v) = E(v) + tD; Compute R(v); P(v) = P(u) 

No Is Q >0? 

Yes 

dh d = dh jf_ d = -h C h c Q 

Unless Eh = 0: 

If dh > p I Eh I , then 

dh=p\Bh\ 

Optional print; 
f = f + l; Is f > I? 

No 

h = h + 1 (circular) 

No 

Yes 

Is w < 0? 

Yes 

Print P v; 
Return to 
control 

(v) 
Enter to Compute R 

If Data: ( ) 
V (v) 

All rj = F1 (Xjk; E ) 

R(v) = F2(riv), ... , r ~v)) 

If No Data: 
R(v) = Fs(E(v)) 

If R(v) < R(u) then P(u) = P(v) · 
' ' 

Exit 

Figure A2. . Flow charts for MORC subroutines . 

For an axial descent parallel to the Bh axis, the increment D has only one non-zero 
component, dh, which is called a basic increment for Bh. Whenever it is des ired that 
Bh should no longer be varied during MORC, then the program is interrupted to set 
dh = 0. Initial values for the di are set on a percentage basis to be discussed, and as 
shown at the bottom left of Figure A2, dh is subject to change after each axial descent 
parallel to the Bh axis . 

For a general descent the notation p(Y): p(z) means that the parabola's plane is to 
contain the line through p(y) and p(z) and that the descent starts with p(v) the lower of 
p(y) and p(z) and p(uJ the higher. The incre,rn.ent D then has components proportional 
to the direction cosines of the line through BlUJ and B(v). 
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After the parabola's direction is determined a test is made to see if any constraint 
is violated by any component of B(v) ± tD with t = 1. If a violation occurs then t = t/2 
and the test is r epeated until aH constraints are s~tisfied. Linear and quadralic Lermi; 
Land Qare next calculated from ordinates at B(vJ and B(v) ± tD and if Q >O (positive 
curvature) the pai·abola vertex is at B(V) + (L/ Q)tD. If the latter point is out of bounds 
t is halved until the constraints are s atisfied and the final calculation of R is at the 
modified point. If Q s:: 0, R is computed at B(v) + 2tD sgn L so that a linear descent is 
attempted to one increment beyond the previous exploration-unless t has to be modified 
to fit the constraints. The print of L enables the user to recognize linear descents. If 
the descent is general, the subroutine ends by printing the lowest point encountered 
during the descent. 

Axial descents progress parallel to all I coordinate axes in succession and when an 

axial descent with Q >O is completed parallel to axis Bh, dh is modified to <lg~, where 

c is initially 1, and is then doubled each time a general descent fails to make sufficient 
gain. This rule essentially gives basic increments that are proportional to "valley 
widths" in the direction of the coordinate axes, and in data processing applications the 
adjusted dh are more or less proportional to t he standard errors of the Bi . If the 
descent is linear, then dh becomes dh/ c, but in no case is any dh permitted to exceed 
p I Bh I where p is O. 25, say. After all I axial des cents are completed t he final r esult 
is printed and the subroutine ends . 

Main Flow for MORC 

The general strategy in MORC is to satisfy the equations 

oR = O 
oBg for g = 1, ... , I (A6 ) 

without actually forming the equations . Equation A6 for each condition is considered 
to be the projection on R = 0 of a valley running through the criterion surface and MORC 
descents are supposed to follow, but not too closely , the various valleys until a common 
valley point is reached-unless constraints bar the way. Figure A3 shows curves that 

i'JR 
bBi : Q 

I 

I ' 

l 1-- -- - ---- - H;~ Pa1h if failure at G 

B1' Bi 

Figure A3. I llustrative MORC path. 

A 
S lort 
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might represent Eq. A6 when I= 2 and letters in the figure represent coordinate points 
that might be reached during the MORC program. Starting from an initial origin A, an 
axial descent is made towards the valley represented by Eq . A6 with g = 1 and from 
thence towards the next valley and so on until I axial descents have occurred, from A 
to B to C in Figure A3. Depending on how well the parabolas fit the criterion surface, 
the initial round of axial descents may end in the neighborhood of aR/aBr = 0. This 
completes cycle zero. 

Cycle one begins with a new origin about half as far from C as was A but on the 
other side of C. Then another round of axial descents progresses from D to E to F. 
The line through C and F is presumed to indicate the local direction of descent in the 
valley system, so a general descent is made to G from the lower of the two points and 
in the plane containing the line joining them. If G represents sufficient gain over C, 
cycle one is complete and a new origin is formed by extending CG to H. Axial descents 
in cycle two begin parallel to the B2 axis and proceed from H to I to J whence a general 
descent to K is determined by the points G and J. 

If G had not been sufficiently lower than the previous low, c would be doubled and 
cycle one would continue into an extra round of axial descents from G to G1 to G2. The 
origin for cycle two would then be at H1, about half as far from G2 as was C. Axial 
descents in cycle two would then be from H1 to Ii to J1, followed by a general descent 
to K1 in the direction determined by the points J 1 and G2 and starting from the lower of 
these points. 

The general purpose of new origins is to provide each cycle with a fresh start that 
tends to prevent the process from getting stuck. General descents are ''between" val­
leys until insufficient gain is encountered, then the extra round of axial descents sets 
up the next general descent to be "within" a particular valley. Both between and within 
situations can have special advantages from one problem to another and so MORC 
strategy provides a mixture that can be governed to a large degree by the definition of 
sufficiency for gain made in the general descents. 

The procedures that have just been sketched are shown more formally in Figure A4 
where notation is introduced for points that were represented by letters in Figure A3. 

The symbols p(s) and p[s J denote the origin aod final point in cycle s where s = 0, 
1, 2, . .. . After memory is loaded with program and data, initial coordinates B(0 lare 
entered in B(v) . Following a breakpoint R(v) = R{o) is computed and the point p(o) is 
stored in space allotted to p (s- 1 J. Initial basic increments are formed by the rule 
dj = p IBi(O)I, but if Bi(o) = 0 then d1 = p, and any di that has been preset to zero is 
left unchanged. The initial point is then printed, and all printouts show the basic incre­
ments in current use. 

With g = 1 and c = 1, a round of axial descents produces the points p(v) = p[s, h] for 
h = g, g + 1, ... , g - 1 circularly, that is, g - 1 = I if g = 1 and g+l= lifg=I. The rth 
axial descent ends with p(v) = p [ s, g- 1 ] which is printed. Brackets are used on the 
superscripts since this round of axial descents always completes a cycle, both for cycle 
zero and for any 0U1er cycle whose general descent was insufficient. Thus p[s, g-iJ = 
p [s) becomes p[s- 1J afters is incremented to s + 1. 

Cycle s > 0 is begun by printing s, g, and c. As shown Figure A4 coordinates for 
the cycle origin are formed in such a way that the new origin is in the opposite direc­
tion from the current low point than was the previous low. Moreove1·, p(s) is about 
half as far from p [s- 1 ) as was p[s- 2 ) although basic increments are added to the com­
ponents of this distance to insure that the origin will be at a new point on the criterion 
surface. The constraint test may reverse the usual direction for a new origin to pro­
vide for those cases where it is profitable to back away from one or more constraint 
surfaces. By coming to constraint surfaces from different origins MORC has the 
opportunity to follow boundaries that may contain the required solution. ( 

Just before computing R(v) = R(s), p(u) is copied to p [s- 1] then p(v) = P s) is deter­
mined and printed. Nexi a round of axial descents is made from p(v) = p(s) to p(v) = 
p(s,h) for h = g, ... , g,- 1 circu larly and p(s,g-i) is printed. The points p(s,g-1) 
and p [ s- 1 ] are now p(YJ and p(z) for the Dow cha.rt of Figure A2 a.11d a general descent 
is made to p(v) which will become p[s] if R(v) is less than qR[s- 1). otherwise c is 
doubled, and if c is not then greater than c' the current cycle is completed with an 



18 

Load memory with program and data 

~ 
Enter all Bio); Enter di = 0 for all fixed Bi; Break 

point for changes in program or uata; s = O 

+ 
: Compute R(v); P[s - l] = p(v) \ 

i 
For all i such that di -f- 0: di = p I Bi I , but if 

B. = 0 then d. = p; g = 1; c = 1; Print P(v) 
l l 

! 
Axial Descents to P[s, h] for h = g, ... , g - 1 (circular); 

Print P(v) = P[s' g - 1 J = p[s] 

l 
~ s = s + 1; Print s, g, c 

! 
Form Origin. t = ½; 

-

All D. = (B(v) - B~ 5 - l]) + d. sgn (Biv) - B~ - lJ) 
l l l l l l 

Test B(v) + tD vs constraints. If violation, t = - ½ 
and retest; When no violation, B(v) = B(v) + tD 

~ 
I P[s - l] = P(u); Compute R(v); Print P(v) = P(s) I 

t 
Axial Descents to P(s, h) for h = g, ... , g - 1 (circular); I 
Print P(v) = P(s, g - l) 

t 
(s g-1) [s-1] (v) 

General Descent P ' : P to P 

Print P(v) = P [s J (provisional) 

+ 
Yes ( ( . ) (v) [s - 1 J ) g = g + 1 circular ; Is R < q R ? 
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t Yes 

Prints, Form Origin (release P[s - l]) 

Figure A4. Flow chart for MORC control. 

extra round of axial descents from p(v) to p[s, g-i] as before. When c exceeds c' a 
new origin is formed and the program returns to the point where p[s- 1 ] is replaced 
by the new origin and wide basic increments a.re again formed. Thus, the lowest point 
reached by MORC will generally be within a cycle where c' changes back to 1, but not 
necessarily at the most recent change . This rule enables MORC to release p[s-i] 
periodically in order to start out on a somewhat different path. In all cases the index 
g is incremented circularly before starting a new cycle. Thus the first axial descent 
in a new cycle will head first toward successive valleys represented by Eq. A6. 
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The subroutine that tests for constraint violations will not be di9cussed since all that 
must be done is to form the fun ctions Cm(B(v) :1: tD), or just Cm(Blv) + tD) for the one 
sided tes t· then determine whether Cm is less t han C~ or greater than Cm for m = 
1, ... , M. 

In addition to memory requirements for program and for storing the matrix [Xjk], 
if any, I+ 1 locations are needed for each of p(u), p(v) and p[s- 1]; I locations for each 
s et Di and di; and M locations for each set C~ and Cm. 

Spacemustbereservedforp, q, c', c, t, L, Q, R(B) , R(B-D), R(B+D), w, and 
about two temporary storage locations are needed. Finally, there must be index reg­
isters for s, f, g, h, i, j (if data) and possibly k. The program is presently coded only 
for the Bendix G- 15 computer and in the Intercom 500 code for this machine. In this 
form the program leaves from 300 to 400 memory locations for data storage, depending 
upon the length of the compute R(v) subroutine. 

After completing cycles ther e will have beens + 1 origins, s general descents , and 
I(s + s' + 1) axial descents where s' is the number of cycles in which there was insuf­
ficient gain. Since each descent calls for the evaluation of three new surface points, 
the total number of points evaluated through cycle s is 

n = (4s + 1) + 3l(s + s' + 1) + s " (A7) 

in which s " is the number of cycles having one extra origin due to 2c > c '. 
In general, most of the computing tlme is used to evaluate R(v), so lower and upper 

bounds for running time through s cycles can be estimated by multiplying n times the 
computing time for R(v), using suitable estimates for s' ands " . Allowance must be 
made for those cases where repeated constraint violations occur and cause the program 
to spend unusual amounts of testing time. 

There are obviously many arbitrary strategies empioyed in MORC and a number of 
variations have been tried during the program development. For example, the descent 
parabola might always be given the direction of steepest descent, but this approach 
seems to give no advantage over the present procedure. From all the alternatives that 
have been investigated the procedures given in Figures A2 and A4 seem to work rea­
sonably well for the problems that have been used. The remainder of this paper de­
scribes results obtained for some of these problems. Wherever appropriate, the re­
sults include the number of criterion points, n, that have been evaluated. 

Linear Regression Problems 

If rj = Xp - B1 - BzXj2 - ... - BKXjK and if R = Erf the minimization of R for varia­
tions in the Bi is a least squares linear regression problem for which elegant methods 
have long been established. When there are no critical constraints there is little point 
in using MORC for problems where rj is linear in the coefficients-unless the user 
wishes to investigate other than least squares criteria, or perhaps wishes to minimize 
first with the linear model then with models that are non-linear in the Bi. 

For least squares linear regression the criterion surface is parabolic in every 
direction so MORC ultimately solves._al:hese problems, although the search becomes 
quite prolonged as K increases. Table Al shows some pertinent statistics for MORC 
applications to least squares linear regression problems. For K = 2 the solution is 
theoretically reached at the end of cycle one since any valley, aR/a B = 0, is a parab­
ola whose vertex is at the minimum point on the criterion surface. the first problem 
shown in Table Al has been partially discussed in the main text of this paper (see Figs. 
1 and 2). Table Al includes an orthogonal regression problem where for K = 4 all 
I:XjkXjk' = 0 for k \ k' . For problems of this class, the criterion paraboloid is un­
twisted with respect to the coordinate axes, and each axial descent produces in theory 
the correct value for a coefficient. Thus the solution should be reached at the end of 
the zero cycle. Since MORC is presently coded for only single precision arithmetic 
the theoretical results are not always realized as can be seen in Table Al. 

The third example for K = 5 and J = 27 is used extensively by Anderson and Bancroft 
(Al) to explain conventional least squares linear regression analysis. Although MORC 
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TABLE Al 

MORC STATISTICS FOR LEAST SQUARES LINEAR REGRESSION PROBLEMS 

Problem and Statisticsa i = 1 

I = K = 2 
J = 30 

I= K = 4 
J = 6 

Xk orthogonal 
to Xk' 

I= K = 5 
J = i::'/ 

(Al, ch. 15) 

p(O) 
p[ 1 J 

Solution 

di 
ei 

p(D) 
p[O] 
p(', 1) 

Solution 

di 
ei 

p~D), 
_JJL - J 

p[ 12] 
p [ 22J 
p [ 32] 

Solution 

di 
ei 

10.000 
19.712 

19.711 

1.000 
0.393 

1 
5.001 
5.000 

5 

1.000 
0.408 

75 
tJJ.4,j 

85.41 
82.01 
82.07 

82.174 

1.000 
2.015 

i = 2 i = 3 

0.000 
-0.18034 

-0.18035 

0.032 
0.013 

1 1 
3.999 3.000 
4.000 3.000 

4 3 

1.000 1. 225 
0 . 408 0.500 

6 -90 
5.\Ji -J4. '/4 

2.55 -74.56 
2,457 -75.95 
2.478 -75.17 

2.464 -75.371 

0.513 3,624 
0.468 3,878 

'1Qbtained with p = 0.25, q = 0 . 99 , c ' = 10 and R = 'E,r2./J. 
J 

i = 4 

1 
2.000 
2.000 

2 

0.707 
0.289 

2 
U. OtJtJ 

1.15 
1. 605 
1.591 

1.584 

0 . 130 
0.309 

i = 5 

-40 
-~J.04 

-1. 85 
-1. 040 
-1.428 

-1. 379 

1. 921 
2.107 

R 

39.333 
10.116 

10 .116 

30.333 
0.66666 
0.66667 

2/3 

574.57 
tl'I .~l:J 

83 .168 
83.067 
83.065 

83.065 

n 

1 
17 

1 
13 
26 

1 

'"' 406 
749 

1,091 

eventually reaches the solution for this problem, it can be inferred from Table Al that 
a great many points are required. The starting coordinates for this problem were 
obtained by judgment from plots of X1 vs X2, X3, X4 and Xs. The conventional analysis 
shows that only B, and B 3 have statistical significance relative to the residual mean 
square. 

Table Al includes "unit valley widths"; that is, di values obtained when c = 1 after 
axial descents and when there is no restriction on the size of di. If c were always 1, 
these values would remain essentially constant over the criterion surface. For com­
parison, standard error factors, ei are given where ei times the residual standard 
deviation gives the standard error estimate for Bi as determined by conventional re­
gression analysis. It can be seen that the di give a certain amount of relative informa­
tion about the standard errors of the coefficients. In the orthogonal case it can be 
shown that di = ei vJ for all i. 

Results shown in Table Al are peculiar to p = 0. 25, q = 0. 99, and c' = 10. If any 
of p, q or c' are changed MORC will follow a somewhat different path over the criterion 
surface. In fact, each problem seems to have its own optimum values for these three 
input parameters, and it is sometimes desirable to interrupt the program to try dif­
ferent values. 

An Example for I = 1 

To illustrate MORC when there is only one coefficient to determine, the data shown 
in Table A2 were constructed for the model X1 = X2B1. In this case MORC consists of 
a series of origins and parabolas fitted to the criterion curve, there being no distinction 
between axial and general descents. 



1 
2 
3 
4 
5 

J = 6 

TABLE A2 

DATA FOR I= 1 EXAMPLE 

9 
60 

200 
568 
910 

1,800 

2 
4 
6 
8 

10 
12 

21 

If the model is linearized by taking loga­
rithms, and if residuals are considered 
to be discrepancies between log Xj1 and 
B1 log Xj 2 the11 it turns out that the least 
squares estimate for B1 is 2. 9979. For 
the illustration, however, relative resid­
uals 

are used in connection with several cri­
teria. If R = l:;rf/ J, the criterion curve 
has the form shown in Figure A5. If the 
initial point is set too far to the right the 

curvature is negative and MORC makes linear descents until Q > 0. Although the close 
neighborhood of U,e solution R = 0. 00777, B 1 = 3. 0030 is reached after about 30 points 
have been evaluated, even if B(0 ) = 1 or 5, as many as 100 m:ore points may be needed 
to reach five digit accuracy for B1 when q = 0. 80. Other criteria for this problem and 
corresponding MORC solutions are: R = !; lrj 1/J = 0.08215 when B1 = 3.0162, and 
R = maxlrj I = 0.11552 when B1 = 3.0122. 

Fitting a Normal Curve with MORC 

While not a practical application, one of the experimental problems consists of J = 7 
relative frequencies, Xp, at Xp = 1, ... , 7 such that all 

are zero when B1 = 1. 0468 and B2 = 4. 000. If the criterion is R = Brj / J the criterion 
surface has a rather peculiar valley system. As long as B2 is greater than about O. 5 
there are only two main valleys such that 0R/0B1 = 0 is the straight line B1 = 4, and 
0R/0B2 has the appearance of a normal curve whose peak is at the solution. For 
B2 « 0. 5 however, there is a network of valleys and relative minima which can prevent 
MORC from reaching the solution if B2 is not constrained to be greater than O. 2, say. 
It is clear for the data, however, that the standard deviation B2 must be greater than 
0 . 5 so there is no practical problem. 

R 

l,.S Mean square of 
relative residuals 

I 
10 ,_ 

5-

~

R=0.00777 
5=3.0030 

I [-___ _ll __ ~~L=::::::c,======::::::;,===:___J 
2 3 4 5 6 

B 

Figure A5. Criterion curve for an example with I= 1. 
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starting from p(o) with B1 = 6, B2 = 2, and R = 0 . 0218, MORC reaches p[ 5
] at 

B1 = 3. 9997 _, B2 = 1. 0330, R = 0. 000003 after n = 69 points and comes to the solution 
in about twice as many points. 

Some Minimization Problems Cited in the Literature 

Development of MORC originated after the author had read reference (A2) which gives 
an example used by Hartley to illustrate his modified Gauss-Newton procedure. In this 
problem J = 6 sets of values are given for X1 and X2 which are assumed to be related 
through 

Residuals and the residual criterion are defined by 

Starting from the same origin as did Hartley, Table A3 shows how different choices 
for p, q, and c' can affect the MORC path of descent. As has been mentioned, optimum 
values for these constants can change considerably from problem to problem. It is 
thus suggested that there may be optimizing strategies vet to be worked out. 

The following problem is used to illustrate a minimization procedure given by Beale 
(A3): 

Let rj = Xp - B i(l - Bfp) where Xp = 3(1 - rj) and X-j2 = j. Then minimize R =l;rj 
for j = 1, 2, 3 = J. For this problem the solution is R = O when B1 = 3 Bz = 0. 5, and 
the derivative valleys project on the B1B2 plane in the pattern shown in Figure A3. Table 
A4 gives points reached by MORC when three different starts are used. It also indi­
cates Beale's result after 27 points had been evaluated, three of which were the MORC 
starts given in Table A4. 

A minimization procedure developed by Rosenbrock (A4) includes results given by 
that method when R = 100(B2 - B~)2 + (1 - B1)2 is to be minimized. The valley system 
has a sweeping curve in the B1B2 plane and when the start is at B1 = -1.2, B2 = 1.0 the 
des cent moves in the direction of ( 0, 0) then out to the solution at B 1 = 1, B 2 = 1, R = 0. 
Table A5 shows MORC results which seem to reach the solution in about the same 
number of points that are required by the Rosenbrock method. If more opportunities 
are given for general descents within derivatives, say with q = 0. 6, c' = 2, then the 
solution is reached somewhat faster as is shown in Table A5. 

Another interesting problem given by Rosenbrock is the maximization of the function 
B1B2B3 subject to the constraints O ,,; Bi .,: 42 for i = 1, 2, 3 and O ,,; B1 + 2B2 + 2B3 ,,; 72. 

TABLE A3 

STATISTICS FOR THE HARTLEY EXAMPLE 

Points B1 B2 B3 R n 

p = 0.10 p(O) 580 -180 -0.16 27377 1 
q : 0.99 p[3J 546.6 -181. 9 -·0.1796 13507 49 
c'= 64 p[6J 523 , 2 -157.0 -0.1996 13390.1 88 

p = 0.25 p(o) 580 -180 -0.16 27377 1 
q = 0.80 p[3] 545.9 -181. 0 -0.1812 13500 58 
c': 32 p[6J 530.2 -165. 1 -0.1924 13402 106 

p[ 12] 524.2 -157.9 -0.1988 13390.2 238 

Solution (A2) 523.3 -156.9 -0.1997 13390.2 
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TABLE A4 

STATISTICS FOR THE BEALE EXAMPLE 

Points (p = 0.25, q = 0.90, c' = 8) B1 B2 R n 

First start p(o) 13.0 0.9 0.8948 1 
p[5J 3.516 0.724 0.1056 69 
p[ 10] 3.000 0.500 10- B 131 

Second start p(o) 0 0.9 14.20 1 
Same results as for first start 

Third start p(D) 13 . 0 0 355.45 1 
p[2] 2 . 967 0 . 491 0.0002 33 
p[ B] 3 , 000 0.500 10-7 85 

Solution (A3 ) 3 1/ 2 0 
2 . 905 0 . 4944 0.0091 27 

TABLE A5 

MORC MINIMIZATION OF 
R = lO0(B2 - Bf)2 + (1 - B1) 2 

Point B1 B2 R n 

p = 0.25 p(o) -1. 2 1.0 24.2 1 
q = 0.8 p[ 6) -0 . 519 0.269 2.31 103 
C 

1
= 32 p[12] 0.632 0.394 0.138 163 

p[ 18] 0.999 0.998 10-6 235 

p = 0.25 p(o) -1. 2 1.0 24.2 1 
q = 0.6 p[s ] -0.435 0 . 189 2 . 06 87 

I 2 p[10J 0.945 0.887 0.006 143 C = p [ 15] 0.999 0.998 10-6 211 

Solution 1 1 0 

TABLE A6 

STATISTICS FOR THE ROSENBROCK CONSTRAINT PROBLEM 

Points B1 B2 B3 R B1B2B 3 n s " 

p = o. 50 p(o) 1 1 1 4999 1 1 
q = 0. 99 p[s] 21. 72 13 . 74 11.40 1600 3400 75 
c'= 4 p[lO] 22.91 13.98 10.57 1616 3384 177 1 

p[15] 21.23 13.12 12.25 1589 3411 289 3 
p[22J 24.029 12.022 11 . 964 1544.0 3456.0 426 5 

Solution (A4) 24 12 12 1544 3456 
23.794 12.257 11.842 1546.2 3453 . 8 337 through 600 
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TABLE A7 

SIMULTANEOUS EQUATION PROBLEMS 

Problem and Statistics B1 B2 B3 R n 

Two equations: p(o) 0 0 74 1 
B1 + 2B2 = 7 p[2] 1.037 3.005 0.0083 27 
2B1 + B2 = 5 p[ 4] 1.0000 3.0000 10-9 53 

Solution (A4) 1 3 0 
1.040 2.970 0,0028 44 
0.996 3,009 0.00001 59 

Three equations: p(o) 0 0 0 6 1 
B1 + B2 + B3 = 5 p[ 3] 2.472 0.708 1.896 0,634 68 
B1=B3exp(l - B2) p [ o) 1,984 1.024 2,008 0,063 116 
B1= B3 + (B2 - 1)2 p[ 12] 2,000 1. 000 2.000 0,00083 212 

Solution 2 1 2 0 

The solution is B1 = 24, B2 = B3 = 12, B1B2B3 = 3, 456 and lies on the constraint surface 
B1 + 2B2 + 2B3 = 72. When MORC was applied to this problem the criterion used was 
R = 5 000 - B1B:J3:i and results are given in Table A6. Linear descents are Lhe rule in 
this problem and much time is spent in backing off the effective constraint surface. 

Release of p[s- 1 J after c exceeded c' produced higher values of R for a few cycles, 
but succeeding cycles soon brought the MORC path back to the correet neighborhood. 

Solution of Simultaneous Equations 

Given a system of J simultaneous equations in I unknowns, 

Ej(B1, ... , B1) = 0 for j = 1, ... , J 

where the Bi may be subject to constraints, then a criterion such as R = EEf 01· R = 
E I Ej I can be minimized in order to find ''best" values for the unknowns in tfie region 
of constraint. If t he criterion minimum turns out to be zero when I = J, then the equa­
tions have been solved. The last two examples illustrate MORC performance for this 
type of problem . 

Rosenbrock's method (A4) is applied to the two linear equations, B1 + 2B2 = 7 and 
2D1 + n~ = 5. The Rosenbrock and MORC results are given in the top part of Table A7 
where R = (B1 + 2B2 - 7)2 + (2B1 + B2 - 5)2. 

The bottom part of Table A 7 shows the MORC solution of three equations of different 
forms. For variety this problem was solved using the criterion 

Conclusion 

Four references (Al, A2, A3, A4) represent only that part of the literature from 
which illustrative problems were used in the development of MORC. Spendley et al. 
(A5) and lts bibliography has been selected fo1· two reasons. First it provides a rather 
comprehensive survey of existing minimization (or maximization) procedures when all 
criterion values can be generated from the data at hand. But it also gives and cites 
techniques for the generation of criterion points by means of experimental design and 



25 

for the exploration of criterion surfaces that have no definite algebraic representation. 
These sequential designs for experimentation yield successive points that are likely to 
be on the path to the desired minimum (or maximum). 

Conceivably the MORC origins and parabola vertices could be used to predict where 
new experimental points should be observed, but it is clear from the size of n in the 
examples of this paper that experimental designs based on a process like MORC would 
require far too much experimentation. 
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Nationwide Survey of Pavement 

Terminal Serviceability 
C. F. ROGERS and H. D. CASHELL, Bureau of Public Roads, and 
P. E. IRICK, Highway Research Board 

During the late fall and early winter of 1961-62, three survey 
teams traveled a total of 12, 000 miles in gathering data on the 
condition of highway pavements scheduled for resurfacing. In 
less than three months these teams, using instrumentation and 
techniques developed by the AASHO Road Test staff, surveyed 
134 pavements projects in 35 States. The projects were selected 
for survey by a special subcommittee of the AASHO Highway 
Transport Committee from about 1, 100 projects submitted by 
the States. 

The nationwide survey was conducted tor the atoremenuonea 
special subcommittee by the Bureau of Public Roads in coopera­
tion with the Highway Research Board and the State highway de­
partments. Its purpose was to establish a serviceability index 
for pavements with surfaces no longer considered acceptable 
to traffic. This index, called the terminal serviceability in­
dex, was needed to make the AASHO Road Test equations usable 
in predicting the life of new pavements and the remaiping life 
of pavements in service. 

Nationwide, the average terminal serviceability index was 
determined to be 2. 2 for primary rigid pavements, 2. 1 for pri­
mary flexible pavements and 1. 9 for secondary flexible pave­
ments. Secondary rigid pavements were not included in the 
survey because of the scattered locations of the relatively few 
such pavements scheduled for resurfacing. 

Nea rly 60 percent of the selected projects had terminal serv­
iceability indexes of 1. 5 to 2. 5. For 8 percent of the projects 
the index was above 3. 0, indicative of resurfacing for reasons 
other than poor riding quality. For 16 percent of the projects 
the index was less than 1. 5, the value at which the AAS HO Road 
Test sections were declared out of test. 

When all classes ofpavementwere considered, no particular 
region could be singled out as consistently resurfacing at either 
a higher or lower serviceability index than any other region. A 
slight indication existed that there was more variation in resur­
facing practices among States than within States. 

•A SURVEY of the condition of highway pavements at the time they had been scheduled 
for resurfacing was conducted. This determination of terminal serviceability was re­
quired to establish procedures for the conduct of a pavement evaluation survey using 
the findings of the AASHO Road Test. The pavement evaluation survey would implement 
a determination of the structural capability of existing highway pavements and provide 
a reasonable basis for the regulation of motor-vehicle axle loads. Along with other 
sources of information, it would assist in the formulation of policy recommendations 

Paper sponsored by Department of Design. 
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concerning the maximum weights and dimensions of motor vehicles permitted to oper­
ate on the highway systems of the United States. 

The method of evaluating test section performance at the AASHO Road Test was de­
cided by the Highway Research Board with the approval of its National Advisory Com­
mittee. From the several methods available the decision was reached to hinge the 
evaluation on "The Pavement Serviceability-Performance Concept" (1, 2) developed by 
the AASHO Road Test staff. - -

This concept of evaluating pavement performance utilizes serviceability formulas 
based on physical measurements. The formulas were derived from a statistical cor­
relation with subjective performance ratings that defined the ability of road pavements 
to serve high-speed, high-volume, mixed traffic as of a certain time. 

The analytical equations developed for the rigid and flexible pavement structures of 
the AASHO Road Test describe the probable decline in serviceability of pavements of 
known thickness when subjected to loads of known magnitude and frequency. Valid for 
the conditions existing at the test site in Illinois, these equations are susceptible to 
modification for conditions in other areas. They permit prediction of the service life 
of new pavements and the remaining life of pavements in service. 

Use of the Road Test equations for such purposes requires the determination of a 
reasonable value for a factor designated as the terminal serviceability index, which 
defines the condition of pavements no longer capable of providing acceptable traffic 
service. To fill this need, a nationwide survey, using performance evaluation tech­
niques developed at the Road Test, was undertaken on pavements scheduled for improve­
ment in State programs. 

This report describes the background, scope and procedure of the survey and pre­
sents the results. A final section, in reference to some of the implications drawn from 
the survey, discusses future applications and research needs. 

BACKGROUND OF SURVEY 

As one measure to conserve the investment in the National System of Interstate and 
Defense Highways, the 84th Congress in 1956 fixed certain limitations on the weight 
and width of vehicles permitted use of that system. The intent of the Congress was to 
place a "freeze" on existing limits, pending more objective determination of road capa­
bilities based on the results of the AASHO Road Test. Subsection 108(k) of the 1956 
Act also directed the Secretary of Commerce to make recommendations to the Congress 
with respect to the maximum desirable weights and dimensions for vehicles operated 
on the Federal-aid highway systems. 

Concurrently, the AASHO Executive Committee authorized its Committee on High­
way Transport to undertake a full-scale review of the 1946 Policy on motor-vehicle 
weights and dimensions and, upon conclusion of the AASHO Road Test, to develop a 
revised draft of recommended sizes and weights. 

Throughout the development of these recommendations, the Bureau of Public Roads 
on behalf of the Department of Commerce has worked closely with the AASHO Highway 
Transport Committee. The same basic data have been jointly developed and utilized 
to bring about conformity in the separate determinations, to the end that the limits rec­
ommended to the Congress be consistent with those contained in the revised policy 
of AASHO. 

On April 19, 1961, a special subcommittee of the AASHO Highway Transport Com­
mittee, on which the Bureau of Public Roads is represented, initiated a resolution 
calling for a pavement evaluation survey to provide information needed to assist in 
formulating the policy recommendations. The resolution, subsequently transmitted 
to the AASHO Executive Committee, was approved by that body on June 28, 1961. It 
was resolved that each State should evaluate the load-carrying capacity of its highways, 
making use of the equations produced by the AASHO Road Test. It provided that the 
request for this evaluation would be made by the Bureau of Public Roads, which would 
also collect, compile, and analyze the evaluation data submitted by the States. 

At a meeting held in Chicago on August 16, 1961, attended by representatives of 
AASHO, HRB, and BPR, a number of committees were formed to carry out special 
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features of the work. One group was assigned the task of preparing the manual for the 
pavement evaluation survey. A second group was designated to provide reasonable 
bases for modifkaliu11 uf lhe Ruau Tesl equalions applicable to other conditions. Another 
special group was given the task of determining typical average terminal values for the 
present serviceability index (PSI) for use in applications of the AAS HO Road Test findings. 

In the serviceability scale, ranging in value from 5 to O for pavements varying in 
condition from very good to very poor, newly constructed pavements have an initial in­
dex of about 4. 5. At the Road Test, sections were considered "out-of-test" when the 
index value reached 1. 5. This value, representing a condition approximating unsafe 
for traffic use, was chosen with the intent that it would be below the terminal value at 
which pavements are usually resurfaced or reconstructed. 

From a structural viewpoint, to what extent does a road in normal use deteriorate-­
how diminished is its ability to serve traffic-before it is resurfaced or reconstructed? 
Typically, what is the terminal serviceability index of road pavements which the States 
schedule for improvement? 

To answer this question the Bureau of Public Roads, in cooperation with HRB and 
AASHO, undertook in the fall of 1961 a nationwide survey of the terminal serviceability 
of highway pavements. Projects selected for survey included both rigid and flexible 
pavement types on the primary system and flexible pavement type on the secondary 
system. 

As the first step in the nationwide survey, a map was requested from each State 
showing the location and type of all primary and secondary rural pavement projects, 
two miles or more in length, that were scheduled for resurfacing in 1962. The States 
reported 244 primary rigid , 504 primary flexible, 49 secondary rigid and 306 second­
ary flexible pavement projects in this category. These ranged in length from 2 to 52 
miles and averaged approximately 8, 9, 10 and 9 miles in the four classes, respectively. 

On receipt of the State maps, the projects scheduled for resurfacing were plotted on 
a master map which was divided into the four AASHO regions. When this map was com­
pleted, the Special Subcommittee of the AASHO Highway Transport Committee selected 
the itinerary and survey projects. Secondary rigid pavement projects were excluded 
because only a few of the relatively small number of such projects were near the des­
ignated routes of travel. Projects with chip-seal bituminous surfacing and those that 
were to be reconstructed because of geometrics were also excluded. In addition, only 
those projects within about 25 miles of the selected travel routes were considered for 
the survey. 

About 60 primary rigid, 60 primary flexible, and 20 secondary flexible pavement 
projects were selected for the nationwide terminal serviceability survey. Actually , 
134 projects were surveyed. Table 1 shows the number of projects in each pavement 
class that were surveyed in each of the four AASHO r egions , as well as the States in 
which the projects were located. Not listed, are ten special projects that were included 
in the 134 projects. Six of the special projects were previously resurfaced rigid pave­
ments; 4 were newly constructed pavements; 3, flexible; and 1, rigid. 

SURVEY PROCEDURES 

The survey was conducted by three teams 1 , each headed by a Bureau of Public Roads 
junior engineer assisted by an engineer technician. One team covered the east and the 
other two teams conducted surveys in the central and western parts of the country, re­
spectively. The three teams began their tours in November and the last project was 
surveyed in early February. These teams traveled a total of approximately 12, 000 
miles . 

1 J . R. Huff , G. S . Lehman and F. D. Swaim, Bureau of Publ ic Roads junior engi neer s; 
P. J. Heath, K, H. Sever son, engineer technicians from t he AASHO Road Test ; Frank 
Russo , Bureau of Public Roads engi neering technician . 
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TABLE 1 

CLASSIFICATION OF SURVEY PROJECTS 

Class 1 Class 2 Class 3 

AASHO Primary Rigid Primary Flexible Secondary Flexible 

Region Pavement Pavement Pavement 

No. State No. State No. State 

1 8 N. H., N. J.' Pa., Vt. 10 Conn., N. H., N. Y., 5 Conn., N. H., N. J.' 
Pa., Vt. N. Y., R. I. 

2 13 Ark. , Fla., Ga.' La. , 17 Ark., Fla., Ky., La., 7 Fla., Ga., Ky., La., 
s. c., Tenn. , Va. , Miss., S. C., Tenn., Miss., w. Va. 
w. Va. Va. 

3 18 Ill. ' Iowa, Kan., 12 Ind., Kan., Minn., 4 Mich., Ohio, Wis. 
Mich., Minn., Neb., Neb., Ohio, s. Dak. 
Okla., Wis. 

4 8 Cal., Colo., Ore., Tex. 16 Ariz., Cal., Colo., 6 Ariz., Cal., Tex., 
Idaho, Ore., Wyo., Tex. Idaho, Wyo. 

Totals 47 24 55 26 22 19 

With the request for the previously mentioned map, each State highway department 
was asked to furnish certain personnel when the terminal serviceability survey was 
made within their State. Likewise, each division office of the Bureau was requested 
to furnish a representative. About two weeks before the arrival of the survey team, 
both agencies received detailed instructions relating to their part in the survey includ­
ing a meeting place for the participants, which was usually the beginning of the first 
project in the State. As far in advance as possible, the survey team notified the 
Bureau's division office of the exact date and time that it would be at the designated 
meeting place. The division office in turn notified the State. 

While awaiting the maps from the States, the teams were equipped and thoroughly 
instructed in the use of the instrumentation and techniques for obtaining data needed to 
determine the serviceability index of rigid and flexible pavements. These data included 
slope variance (3) as measured with the CHLOE profilometer (Fig. 1), cracking and 
patching for both rigid and flexible pavements, and rut depth for flexible pavements. 
For rigid pavements, the teams were also trained to obtain additional data consisting 
of faulting at transverse joints and cracks and scaling. 

The following five steps were taken to 
provide what was believed to be the best 
coverage of the condition of the selected 
projects in the time allotted to the survey: 

1. A 500-ft, single-lane section of 
pavement was chosen as the basic unit for 
PSI measurements. 

2. If both roadways of a divided high­
way were scheduled for resurfacing, the 
outer lane of the roadway in the djrection 
of travel of the survey team was desig­
nated for PSI measurements; if only one 
roadway of a divided highway was to be_ 
improved, the measurements were taken 
in the outer lane; for 2-lane highways, 
the measurements were taken in the- lane 
in the direction of travel of the team. Figure 1. Rear of CHLOE profilometer . 
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3. The number of sections subject to measurement was set as 6 for projects 5 
miles or less in length, 8 for projects between 5 and 15 miles, and 10 for those greater 
than 15 miles. 

4. Equidistant spacing of the 500-ft sections in a given project, by odometer, was 
specified to insure random selection of pavement condition. 

5. Slope-variance values were required to be obtained alternately in the outside and 
inside wheelpaths of successive 500-ft sections, rut-depth measurements at 50-ft inter­
vals alternately in the outside and inside wheelpaths of a given section, and cracking 
and patching over the entire section. 

Both men and slow-moving equipment occupied one lane of the pavement while making 
measurements. This necessitated traffic control similar to that required for patching 
or other repairs to the pavement. For this control, and in the interest of safety, the 
maintenance divisions of the State highway departments provided the necessary trained 
personnel, signs, barricades, etc. In some States the maintenance divisions furnished 
two traffic-control crews, functioning in leap-frog fashion. As soon as the survey team 
completed observations on a 500-ft section, it would then move to the next section and 
begin observations without the delay of transferring and setting up paraphernalia. The 
time required to obtain measurements on a 500-ft section varied from 20 to 30 minutes. 

From the data collected by the survey teams, a value for the present serviceability 
index was computed for each project from the following AASHO Road Test PSI formulas: 

Rigid pavement formula: 

PSI = 5. 41 - 1. 80 log (1 + SV) - 0. 09✓Cc + Pc 

Flexible pavement formula: 

PSI= 5.03 - l.9llog (1 + SV) - 0.01{cf + Pf 

in which 

= present serviceability index; 

_2 
- 1.38 RD 

= slope variance in wheelpath, average for all sections of the project; 
= total lin ft of Class 3 and 4 cracks per 1, 000 sq ft of pavement surface (4), 

average for all sections of the proj ect; -
= area in sq ft per 1, 000 sq ft of pavement surface exhibiting Class 2 and 3 

cracking (4), average for all sections of the project; 
= bituminous patching in sq ft per 1, 000 sq ft of pavement surface, average for 

all sections of the project; 
= skin or deep patching in sq ft per 1, 000 sq ft of pavement surface, average 

for all sections of the project; and 
= rut depth in wheelpath in in., average for all sections of the project. 

SURVEY RESULTS 

Terminal Serviceability Data 

Terminal serviceability indexes for all projects and for each 500-ft section of every 
project are given in Tables 6, 7, and 8 (Appendix). As previously indicated, the proj­
ect PSI values were computed from project average measurements, and are not neces­
sarily the same values that would result from averaging section PSI values. 

Frequency distribution of the project terminal serviceability indexes are given in 
Table 2 for each of the three classes of pavement. About 60 percent of the 124 regular 
projects had serviceability indexes of 1. 5 to 2. 5. Eight percent of the projects were 
in the "good" category of serviceability (3. 0 to 4. 0 PSI), and it may be presumed that 
most of these were scheduled for maintenance for reasons other than unacceptable riding 
quality. Sixteen of the projects had serviceability indexes less than 1. 5, the value at 
which the AASHO Road Test sections were declared out of test. 
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TABLE 2 

FREQUENCY DISTRIBUTIONS OF PROJECT TERMINAL SERVICEABILITY INDEXES 

Serviceability Class 1 Class 2 Classes 1, 2 Class 3 Classes 2, 3 

Index Range Primary Rigid Primary Flexible All Primary Secondary Flexible All Flexible 
Pavement Pavement Pavement Pavement P avement 

3. 5 - 4. 0 1 1 1 2 
3. 0 - 3. 5 5 3 8 3 
2. 5 - 3. 0 14 6 20 1 7 
2. 0 - 2. 5 15 18 33 9 27 
1. 5 - 2. 0 5 20 25 6 26 
1.0-1.5 5 7 12 3 10 
o. 5 - 1. 0 2 2 2 2 

0 - 0. 5 1 1 

No. of Projects 47 55 102 22 77 

TABLE 3 

AVERAGE TERMINAL SERVICEABILITY INDEX 

AASHO Class 1 Class 2 Classes 1, 2 Class 3 Classes 2, 3 

Region 
Primary Rigid Primary Flexible All Primary Secondary Flexible All Flexible 

Pavement Pavement Pavement Pavement Pavement 

1 2.2 (8)a 1. 6 {10) 1. 9 (18) 1. 3 (5) 1. 5 (15) 
2 2.6 (13) 2. 1 (17) 2.3 (30) 1.8 (7) 2.0 (24) 
3 2. 1 (18) 2. 0 (12) 2. 1 (30) 2.4 (4) 2. 1 (16) 
4 1.8 (8) 2. 3 (16) 2.2 (24) 2. 3 (6) 2.3 (22) 

All 2.2 (47) 2. 1 (55) 2. 1 (102) 1. 9 (22) 2.0 (77) 

"Figures in parentheses are the number of projects included in the averages. 

Average terminal serviceability indexes for the four AASHO regions and for all re­
gions in each pavement class are given in Table 3, which shows that the average ter­
minal serviceability index was 2. 2 for primary rigid pavements, 2. 1 for primary flex­
ible pavements and 1. 9 for secondary flexible pavements. Table 3 does not give an 
average terminal serviceability index of 2. 3 for the 6 previously mentioned resurfaced 
rigid pavements and an average initial serviceability index of 4. 3 for the 4 newly con­
structed pavements. This latter value is very nearly the same as the average initial 
serviceability index of all test sections at the AASHO Road Test. 

The survey produced information on PSI variability- in four categories: section-to­
section within projects; project-to-project within States; State-to-State within regions; 
and region-to-region within the country. Analysis of these variations shows the magni­
tude of the different variances and brings out certain nonhomogeneities that exist in the 
various categories. 

Table 4 gives the summary results of an analysis of the variances or mean squares 
for the terminal serviceability indexes. Line A shows the average variance of project 
PSI's about their respective class means. These variances are 0. 48, 0. 33 and 0. 43 
for primary rigid, primary flexible, and secondary flexible pavements, respectively, 
and the overall average is about 0. 4 when weighted with degrees of freedom. Thus the 
standard deviation of the projects is between 0. 6 and 0. 7. 

In lines B through E (Table 4), the mean squares serve for comparison purposes 
only and are not to be used to derive standard deviations. A particular mean square 
can be compared either with other mean squares in the same line or with corresponding 
mean squares in the line just below. 
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Line Type of Variation 

A Total 
B Among r egions 
C Among Sta tes in regions: 
c, Region 1 
c, Region 2 
c, Region 3 
c, Region 4 

D Among projects In Sta tes: 
D, Region 1 
D, Region 2 
D, Region 3 
D, Region 4 

E Among s ections In projects : 
E, Region 1 
E, Region 2 
E, Region 3 
E, Region 4 

~df = Degree s of f reedom . 

TABLE 4 

ANALYSIS OF VARIANC E FOR PROJ ECT PSI DATA 

Class 1 
Primary Rigid 

Pa vement 

dl MS 

46 o. 48 
3 1.04 

20 o. 64 
3 1. 29 
7 o. 52 
7 o. 66 
3 o. 23 

23 o. 26 
4 0. 28 
5 0. 04 

10 o. 05 
4 1. 03 

0. 30 (0. 23 )c 
o. 23 
0. 24 
o. 21 
o. 67 

54 
3 

22 

29 

Class 2 
Primary Flexible 

Pavement 

df MS 

o. 33 
1.07 
0. 40 

4 0. 42 
7 0.45 
5 0. 27 
6 0. 43 

0. 21 
5 o. 04 
9 o. 39 
6 0. 07 
9 o. 22 

0. 24 (0. 17)c 
0. 14 
0. 24 
o. 36 
o. 23 

c;r:e,·;;~j=~; :L ~a~~n~~;;; ~~; section- t o- section vari ance were excluded. 

21 
3 

15 

3 

df 

Clas s 3 
Secondary Flexible 

Pave ment 

4 
5 
2 
4 

0. 43 
1. 37 
o. 24 

0. 37 

o. 17 

MS 

0. 13 
o. 29 
0.18 
o. 27 

0. 03 
o. 04 
1.04 

0.11 
o. 13 
o. 34 
o. 15 

Line B (Table 4) gives the project variance among the regional means for each class 
of pavement. Comparison ofline B variances with those of line C leads to the conclusion 
that, in each pavement class, there is appreciably more variation from region-to-region 
than might be expected in view of the State-to-State variation within regions. 

Since Class 1 and Class 2 r egional means are based on an average of about 12 proj­
ects , and those of Class 3 on about 5 projects, regional means are rather heavily in­
fluenced by projects that have relatively extreme PSI values. Although there appears 
to be significant region-to-region variances, Table 3 gives little reason to suppose that 
a particular region can be singled out as having projects whose terminal serviceability 
indexes average either consistently high or consistently low in all three classes of 
pavement. 

Line C (Table 4) gives the average variance among State means when the States are 
in the same region, and lines C1, C2, C3 and C4 give the regional values that are aver­
aged to obtain line C mean squares, using df's as weights. For Class 1, Region 1, the 
State-to-State variance is at least twice any other mean square in lines C. Table 6 
(Appendix) s hows that this is the result of t hree p r ojects having P SI' s l ess tha n 1. O. 
Mean squa r es .in lines C can be compared with corresponding mean squares in lines D 
to judge whether State-to-State variation is significant r elative to project-to- proj ect 
variation within States. In general, correspond ing variances a r e greater in lines C 
than lines D, suggesting that there may be somewhat more variation among States than 
within States. 

Line D gives the average variance among project PSr s in the same State, and lines 
D1 , D2 , D3 and D4 give the regional mean squares whose averages are shown on line D. 
It can be seen that project-to-project variances within States are not very homogeneous 
from one region to another. In nearly two-thirds of the cases, however, the variances 
in lines Dare not much larger, if at all, than the corresponding variances in lines E. 
Since the line E variances reflect differences from section-to-section within projects, 
there is, on the average, no more variation among projects within the same State than 
can be expected in view of the internal variations within any one project. 

Measurement Data 

Project slope variances are given in Tables 9, 10, and 11 (Appendix) for each class 
of pavement. These variances are averages of the previously mentioned measurements 



TABLE 5 

AVERAGES FOR MEASURED DATAa 

Class 1 Class 2 Class 3 
AASHO Primary Rigid Pavement Primary Flexible Pavement Secondary Flex ible Pavement 
Region 

sv C+P F Sc sv C+ P RD sv C+P RD 

1 32 76 2. 7 43 49 316 0. 21 71 217 0. 27 
2 18 48 2. 6 22 32 173 0. 19 41 140 0.17 
3 26 83 2. 8 3 31 496 o. 18 18 309 o. 12 
4 27 184 2. 4 6 22 407 0. 16 23 350 0. 14 

All 25 90 2. 7 11 32 338 0.18 39 246 0. 17 

aUnits of measurei.aent are as follows: 
SV = slol)O vorlnnco, in vhccll"'th (OC~Llo.l. i:,u.\UpU.,~ 1-1)1 u/' ); 

C = toi.nl l.lft!tur f1. ot Cltrnn ] rmd 11 c.nw)'.g po1• J, ., 000 dq ft of pa.va:ci,e,nt ~urtace for 
rigld puv~n-t. , .1:md a1n:o. ln •'t fL lf'C.-1" 1, 000 c-q t'&. of pave.mt!'nt uurrna.c exhibiting 
Clnaa :, Mtl J crn.c>:ins r~· Cl.r:xtbl.c JIIILVtot.ent; 

P "" p11t.chlnr.- in 1-q rt. pet' l , CXX:, 1, re. or fUl"rot;:e..."lt ovrta.Q-O; 
F = fnu.l,tlnr,. In ~cl.,Po.t.h a.t. 1.J.•anci.vttrtle i101nt.11 and c::t•AekG in in . ,(lft.l" l,<XIO lin ft 

or puv\W'nt.• 
Sc = scaling in sq ft per lJOOO sq ft of pavement surfe.ce; and 
rm = rut depth in whcelpath in in. 
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taken alternately in the outer and inner wheelpaths of successive 500-ft sections. In 
general, variances in the outer wheelpath were somewhat greater than those in the 
inner wheelpath . For each project the difference in variance between the two wheel­
paths was used to adjust the section PSl's of Tables 6, 7, and 8 to a comparable basis. 

Tables 9, 10, and 11, also give average values of cracking and patching for all proj­
ects in each pavement class. Tables 12 and 13 (Appendix) give the project average 
rut depth for all of the flexible pavement projects. Table 14 (Appendix) shows the aver­
age values of faulting and scaling for all of the rigid pavement projects. 

The measurement data given in the Appendix are shown in Table 5 as regional and 
overall averages for each of the three classes of pavement. The number of projects 
for each average is the same as given in Table 3. 

Based on the projects included in the survey, Table 5 indicates tha t (1) slope vari­
ances of pavements scheduled for resurfacing are greatest in Region 1 for all three 
classes of pave ment, (2) the combination of cracking and patching is most extensive 
in Regions 3 and 4, and (3) rigid pavements are scaled most in Regions 1 and 2, this 
condition being caused by two pavements in these regions having 75 percent of the total 
scaling recorded for the 47 pavements included in the survey. 

Table 5 also indicates that the average depth of the wheelpath ruts in the flexible 
pavements was quite small. Actually, rut depths of the magnitude encountered in the 
survey had only a slight influence on the terminal s erviceability index values. 

RESULTS 

The data r ecorded in the nationwide survey have provided a sound basis for the com­
putation of typical terminal serviceability indexes for highway pavements in need of 
resurfacing. But not all of the significant variables were included in the survey. With­
out specific supporting data, it was nonetheless apparent that the survey projects were 
representative of a considerable range of traffic volumes and compositions. It was also 
observed that these projects varied substantially in type and thickness of pavement 
structure. Moreover, differences in fiscal capability were evident among the several 
States and regions . It seems logical to conclude, therefore, that the variance which 
characterized the values for terminal serviceability was in some degree the product 
of the relation between the pavement structures and their traffic, and was influenced 
also by budget considerations. 

This raises the question of whether the l evel of serviceability at which pavements 
are usually scheduled for improvement is, in fact, the critical level at which they 
should be improved. Similarly, a question exists as to whether the improvement of 
pavements of greater traffic service may be scheduled at higher levels of serviceability, 
and conversely, as to whether the improvement of the pavements of lesser traffic im-
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portance is delayed by fiscal limitations beyond the desirable level of terminal serv­
icP.;i hil ity. 

FUTURE APPLICATIONS AND RESEARCH NEEDS 

The scheduling of projects for construction, reconstruction or r esurfacing is part 
of a logical sequence of steps in the programming process. The initial need is for im­
proved classification of roads in accordance with t he type of traffic serv ice r endered . 
It is suggested that this would provide a preferr ed means to the devel opment of mor e 
appropriate improvement standards for the roads in each class of service . The devel­
opment of s uch standards is a condition precedent to t he adequate pric ing of future im­
provement programs. Within t he fiscal budget limitations, p ricing is the key to the 
orderly establis hment of construction project prior ities . The extent to which the pro­
grams may embra ce the mileage of lesser importance s hould be mor e readily indicated. 

Application of the pavement serviceability-performance concept to the scheduling 
of the priority order of project improvements is suggested as a potentially fruitful 
area of future research. The need is indicated for more precise, a nd more rapid 
means to determine pavement conditions which warrant improvement and to insure that 
the improvements made will be compatible with the anticipated traffic . Serviceabil ity 
histories, developed and maintained on projects or control sections, would result from 
a more extensive use of rating procedure to establish the current serviceab ility of 
existing pavements. Ti1i~ Ly!-'t; ul U~i..t..1. u1i11a.l.!u11 "'uu.:d tzJ;;;::c 1c~tt(:~ ~c~c~::: 8! ~!:~ t!'.'~f!~~ 
use which has occasioned decline in pavement serviceability and permit improved pre ­
dictions to be made of remaining service life . 

Inasmuch as such predictions depend on traffic use, means must be developed, for 
the mileage in each class of traffic service, to portray more accurately the volumes , 
compositions, and axle-load distributions to which particular pavements will be sub­
jected. This is an area of development wJ;i.ich appears ideally suited to the greatly ex­
panded use of such means as the electronic scale for we ighing vehicles in motion a nd 
automatically recording the needed load-distribut ion data. T he mass recording of 
more representative data, over a wider range of traffic volumes and compositions, 
would be possible by such means. 

CONCLUSION 

The nationwide terminal serviceability survey has provided usable index values 
which define the condition of highway pavement s scheduled for improvement by reason 
of their structural condition. Since the procedures of the pavement evaluation sur vey 
involved the use of the AASHO Road Test equations, the availability of these typical 
index values for terminal serviceability has contributed to the derivation of information 
relative to the load-supporting ability of highways . This information is important to 
the formulation of sound policy recommendations concerning the maximum desirable 
weights a nd dimensions of motor vehicles per mitted use of the highway system. This 
sequen ce of steps would therefore appear to constitute a valid application or the AASHO 
Road Test findings. 

Equally valid applications of the road test equations are indicatec,J in other areas. 
These areas of actual and potential application have been demonstrated and discussed. 
By the program of satellite tests, the AASHO Road Test Iindings can be tra nslated to 
conditions in other areas and the equations can be modified by experience. By simula­
tion of the rating procedure in other applications, the highway engineer in effect has 
been equipped with a new set of tools. Capable of reproducible results, these tools 
can be used in the solution of problems in the areas of design, regulation, and program­
ming. Used with judgment and improved with use, they can provide more solid bases 
of resolution in the future. 
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Appendix 

TABLE 6 

PROJECT AND SECTION PSI DATA - PRIMARY RIGID PAVEMENTS 

Project PSI for Individual 500-ft Sections 
Project 

PSI 
1 2 3 4 5 6 7 8 9 10 

AASHO N. H. 2.3 1. 7 2.5 2. 7 2. 2 2. 8 2. 9 
Region N. J. 1.6 1. 9 1.8 1.8 1. 3 1. 3 2.0 

1 N. J. 2. 8 2.9 3.2 2. 6 2.7 3. 1 2.6 
N. J. 1. 9 2. 1 2. 1 1. 6 1. 5 2.3 2.2 
Pa. 2.3 2. 3 2. 5 1. 6 3 . 0 3.2 2.5 
Pa. 3.2 3.3 3.2 3.4 3.3 3. 1 4.0 2.6 
Pa. 2.6 2. 1 2. 8 3.4 2. 6 3.3 2.3 
Vt. 0. 4 0.0 1.0 1.0 1.7 0.0 0.2 

AASHO Ark. 2. 9 2. 7 3.6 2.8 3.1 2.9 2.7 
Region Ark. 2.6 3. 0 2.4 2.7 2.9 3.0 3.0 4. 1 1. 7 

2 Fla. 3.4 3.7 3.2 3.2 3. 9 3. 9 3.3 
Ga. 2. 9 3. 1 3.2 2.6 3. 1 3.2 2. 9 3.5 2. 1 
Ga. 3. 1 3.2 2.7 3.1 3. 1 3.6 3.4 
La. 2. 1 1. 6 2.5 1. 7 2. 8 2. 2 2. 5 1.8 2. 0 
La. 1.8 2.3 2.2 2.5 2. 2 2.5 1. 4 1. 2 1. 3 
S. C. 3.3 4.0 3. 9 2. 2 4.2 3.3 3.8 
s. C. 2. 8 2.3 3.3 3. 0 2. 8 2.4 3.8 
Tenn. 1. 5 1. 4 1. 9 1.0 1. 5 0.6 1. 5 2. 2 2. 4 
Va. 2.6 3.2 2.6 2.0 2.3 2.7 3.4 
Va. 2. 5 2. 7 2. 8 2. 4 2.9 2.4 2. 1 
W. Va. 2.3 2.3 3.0 2. 1 3.0 2. 7 1. 4 

AASHO Ill. 1. 7 1. 9 1. 5 2.0 2.0 1. 9 1. 7 2.5 2. 4 
Region Ill. 1. 4 1. 3 1. 3 0. 9 0.9 1. 7 2.5 1.6 1. 7 2. 2 0.6 

3 Iowa 2.9 2. 7 2.9 2.7 3.2 3.1 2.4 3.2 3.5 
Iowa 2.5 2.4 2.3 3. 8 2. 8 2.4 2.2 2. 5 2. 4 
Iowa 2.9 2.4 3. 8 2.6 3.3 2.9 3.8 3. 1 2.7 
Kan. 2.5 2.4 2. 5 2.3 3.0 2.5 2.7 2.4 2. 8 
Kan. 2.1 1. 9 2. 1 2.1 2.1 2.1 
Mich. 2. 1 1.8 2. 2 2.6 2.5 2.0 1. 7 2.2 2. 2 
Mich. 2. 2 2.3 1.6 2. 3 2.2 2.1 2.4 2.8 2.3 
Minn. 2.2 1. 9 2.6 2.1 2.6 2.4 1.8 
Minn. 2. 5 2. 6 3.0 2.5 2. 5 2. 2 2. 8 
Neb. 2.3 2.0 2. 8 1.7 2. 1 2. 7 3. 1 
Neb. 2.6 2.5 2. 9 2.4 2. 7 2. 2 4.6 2.6 2.3 
Okla. 2. 1 1. 3 2.0 2. 5 2.4 2. 2 2.6 
Okla. 2.2 3.0 2.6 2. 2 2.4 2. 1 2.6 2. 1 1. 3 
Okla. 2. 1 2.4 2. 5 1. 3 3.3 2.7 1. 6 2.5 2. 0 
Wis. 0.8 0.6 0.6 1.0 1.0 0.8 0.7 
Wis. 1. 4 1. 3 2.0 1.8 2.0 1. 3 1. 5 0.9 0.6 

AASHO Cal. 1. 9 2. 1 1.8 1. 5 2. 3 2.3 1. 9 
Region Cal. 2. 3 1. 6 2. 4 3. 5 3. 7 1. 5 2.6 

4 Colo. 2.0 1. 9 0.9 1. 9 2.6 2.4 2. 2 2. 7 3.0 
Ore. 1. l 1. 3 2. 1 3. 2 0.2 0.4 0.8 
Tex. 3. 4 3.8 3.4 3.4 3.5 2.9 3. 3 
Tex. 2. l 3.3 1. 9 2. 8 1. 6 3. 1 1. 1 
Tex. 0.6 0.0 0.3 0.4 2.2 2. 3 
Tex. 1. 3 2. 1 2. 1 1.8 1.8 2.0 0.0 
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TABLE 7 

PRO.JF.C'T' AND RF.<:'T'TON PST DA'T'A - PRIMARY FLF.XIBLF. PAVEMENTS 

PSI for Individual 500-ft Sections 

Project Project 
PSI 1 2 3 4 5 6 7 8 9 10 

AASHO Conn. 2. 0 1. 7 2. 1 1. 9 2. 1 1. 9 2. 5 
Region N. H. 1. 8 1.1 1.8 1. 3 3.2 1.8 2.9 

1 N. H. 2.0 2.3 2.2 1. 9 2.5 1.8 1. 6 
N. Y. 1. 7 2.0 1. 6 1. 4 1.8 1. 9 1. 6 1. 5 1. 6 
N. Y. 1. 3 1. 1 1.8 1. 4 1.8 0. 5 1. 6 1.0 1. 7 
N. Y. 1.1 1. 6 1. 2 1. 9 1. 1 0.3 1. 9 
Pa. l. l 1. 1 1. 7 1. 1 0.6 1.0 1. 4 0.8 1.1 
Pa. 1. 1 1.5 0.7 1. 2 1.0 1. 1 1. 1 
Vt. 2.2 2.4 2. 1 2. 1 2.4 2. 1 2.3 
Vt. 2. 1 1.8 2.3 2.0 2. 1 2.2 2. 5 

AASHO Ark. 1.5 1.1 1. 3 1. 5 1. 3 2.4 2.7 
Region Ark. 1. 7 1. 3 1. 3 2.0 2.1 1.8 1. 9 1. 7 1. 7 

2 Fla. 2.6 2.5 3.2 3.3 2. 1 2.2 2.6 2.7 3.5 
Fla. 2.0 2.4 1. 9 2.0 2. 1 2.0 1. 9 
Ky. 1. 9 1. 5 1. 7 1. 6 2.2 1. 6 2.2 1. 7 3.0 
La, ,:j , l:i .:,, 0 'i. u '±. u '±. 2, ,',, ;j .), 0 ,.). ;J ..,, u 
Miss. 2. 1 2. 7 1. 9 2. 8 2. 8 2. 1 2. 1 2. 0 1. 5 
Miss. 2. 7 2.8 2.5 2.5 2.3 3.5 2.7 4. 1 2. 7 
Miss. 2. 0 1.6 2.0 2.0 1. 9 1. 3 2. 6 2.2 3.0 1. 7 3. 1 
s. C. 2.4 2.8 2.7 2.3 2.2 2.4 2.2 
s. C. 1. 9 4.0 4.5 2.2 1. 5 1. 7 1. 6 1. 7 2. 1 1. 2 2.3 
s. C. 1. 4 1.6 1. 2 2.0 1. 2 1. 2 1. 4 1. 1 2.0 
s. C. 1.8 1.4 2. 1 1. 4 2.7 1. 6 2. 5 
Tenn. 1. 9 1.7 2.3 2.7 1. 5 2. 1 2.0 0.7 2. 1 
Va. 1. 1 1. 5 0.9 1. 6 0.8 0. 8 1. 1 
Va. 2.2 1. 9 2.4 1.8 2.4 2.2 2.7 
Va. 3.3 3.1 3. 1 3.4 4.0 3.2 3.5 

AASHO Ind. 1. 5 1. 2 2.2 1. 6 1. 9 1. 2 1. 4 
Region Ind. l. 6 1.6 1. 8 1. 1 2.0 2. 2 1. 2 1. 7 1.8 

3 Kan. 2.2 2.7 2.8 2.2 1.8 2. 3 2. 1 2. 5 2.0 
Kan. 2.4 2.7 2.2 2. 2 2.8 2. 1 2.6 
Kan. 1. 7 1.8 1.8 2. 5 1. 3 2.4 1. 1 
Minn. 2.0 2. 2 1. 9 1. 3 1.8 2.3 2.6 1. 9 2.3 2. 5 2.8 
Neb. 1.8 1. 9 2.0 1. 4 2. 1 1. 4 2.8 1. 7 1. 9 
Neb. 1.6 1.2 1.8 1. 3 1. 5 1. 6 1.8 2. 1 1. 6 
Ohio 2.5 2.0 3.6 2.1 3.5 3.6 1. 6 3.0 3.2 
Ohio 2.6 2. 1 2.7 2. 1 3.3 2.9 3.0 2.8 2. 8 
s. Dak. l. 9 1.6 2.7 2. 1 1.8 1. 9 1. 9 1.8 1. 9 
s. Dak. 1. 6 1. 6 1. 1 1.0 1. 7 2.9 4.6 

AASHO Ariz. 2. 4 2. 3 3.0 2.0 2.9 2.3 2.5 2.4 2. 8 
Region Ariz. 2.2 2.3 2.2 2.0 2.2 2.4 2. 1 

4 Cal. 2. 4 3.3 2. 5 3. 1 1. 9 2.0 2.6 2. 5 2. 1 
Cal. 3.2 3. 1 3.7 2.6 3.6 2.9 3.3 3.4 4.5 
Cal. 3.0 3.0 1. 9 4.8 3.9 4.9 3. 1 
Cal. 2.6 2. 1 2.6 2.7 2. 1 1. 8 3. 1 3.0 3.9 3. 8 3.2 
Colo. 1. 7 0. 8 2.9 2. 1 2. 3 1. 4 2.7 1. 7 1. 5 
Colo. 1. 3 1. 9 1. 3 2. 1 0. 5 1. 4 1. 2 1. 2 1.8 
Idaho 2. 5 2.5 3.0 2.0 2.0 2. 9 2. 7 
Ore. 2.3 2.2 2. 5 1.8 2.5 2.7 2. 2 2.2 2.4 
Ore. 2. 2 2.3 2.0 2. 2 2.2 2.4 2. 1 2.2 2.3 
Wyo. 2. 3 2.9 2.8 2.4 1.8 2.4 1. 9 1. 9 3.2 
Wyo. 1. 8 2. 1 1. 6 2. 1 1. 4 1. 7 2.0 2.0 1. 9 
Tex. 1. 7 2.4 1. 6 1. 5 1. 4 2. 1 1. 6 1.8 1. 9 
Tex. 2. 4 2.8 2.3 2. 7 2.6 2. 3 2.2 
Tex. 3.4 3.1 3.4 3.5 3.7 3.3 4.4 3. 1 3. 1 
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TABLE 8 

PROJECT AND SECTION PSI DATA - SECONDARY FLEXIBLE PAVEMENTS 

Project PSI for Individual 500-ft Sections 
P roje ct PSI 

1 2 3 4 5 6 7 8 9 10 

AASHO Conn. 1. 6 1. 1 2. 0 1. 4 2.2 1. 2 1. 9 
Region N. H. 1. 7 1. 9 1. 3 1. 5 2.5 1. 4 2.4 

1 N. J. 1. 2 1.0 1. 2 1. 2 1. 4 1.0 1. 6 
N. Y. 0.9 0.5 1.0 0.9 0.8 0.6 0.5 
R. I. 1.0 0.5 1. 2 0.8 1. 2 0.8 1. 8 

AASHO Fla. 1. 2 1. 4 1. 3 0.8 1. 4 1.0 1. 2 1.2 1. 2 
Region Ga. 1. 7 1. 9 1. 8 1. 8 2.2 2.3 1. 3 1. 5 1. 3 

2 Ky. 2.2 1. 8 2.4 2.1 2.3 2.4 3.0 
Ky. 2.5 1. 9 2.4 2.2 2.9 3.3 3.3 
La. 2.2 2.0 2.2 2.1 2.5 2.6 2.2 
Miss. 1. 8 1. 8 1. 8 1. 8 2.0 2.0 1.8 2.0 1.6 
W. Va. 1. 3 1. 5 1.6 1. 1 1.0 1. 1 2.0 

AASHO Mich. 2.9 1. 6 3. 1 3.8 3.5 3.3 3.4 4. 1 3.8 
Region Ohio 2.2 2.3 2. 5 2.2 1. 9 3.3 2.7 1. 5 2.6 

3 Ohio 2.5 3.0 3. 1 2.6 2.4 2.5 2.7 2.2 2.0 
Wis . 2. 1 2. 8 2. 2 2. 8 1. 8 1.8 2.2 2.1 1.8 

AASHO Ariz. 2.0 2.1 1. 9 1. 8 1. 9 2.1 2.0 
Region Cal. 2.1 2.3 2.4 1. 8 1. 9 2.3 2.4 2.0 2.0 

4 Idaho 2.3 1. 9 2.5 2.1 3.0 2. 1 2.9 
Wyo. 1. 8 1. 6 2. 1 1. 9 1. 7 1. 9 
Tex. 3.6 3.4 3.7 3.5 2.7 4.8 4.7 3. 1 4.6 
Tex. 2.2 2.0 2. 3 2.6 2. 1 2.3 2. 0 
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TABLE 10 

PROJECT MEASUREMENTS: SLOPE 
VARIANCE AND CRACKING AND 
PATCHING - PRIMARY FLEX!-

TABLE 9 BLE PAVEMENTS 

PROJECT MEASUREMENTS : SLOPE 
Slope Crack ing 

VARIANCE AND CRACKING AND Proj ect and 
PATCHING - PRIMARY RIGID Variance 

Patching 
PAVEMENTS 

AASHO Conn. 29 277 
Slope 

Cracking Region N. H. 42 109 Project Varianc e and 1 N. H. 31 211 Patching 
N. Y. 46 104 
N. Y. 67 217 

AASHO N. H. 31 16 N. Y. 71 637 Region N. J. 67 30 Pa. 77 616 
1 N. J. 17 15 Pa. 84 261 N. J. 36 54 Vt. 22 386 Pa. 23 42 Vt. 25 338 Pa. 10 20 

Pa. 18 31 AASHO Ark. 53 217 Vt. 57 401 Region Ark. 44 244 
2 Fla . 14 31 AASHO Ark. 16 15 Fla . 32 2 ?.:::·~~~~ A ..-.lr "' 

,,, 
Ky. :1::1 :111 2 Fla. 9 4 La . 4 18 Ga. 17 11 Miss. 29 138 Ga. 10 22 Miss. 12 135 La. 21 110 Miss . 33 69 La. 31 92 S. C. 20 80 S. C. 8 27 S. C. 38 44 S. C. 14 35 S. C. 58 258 Tenn. 37 156 S. C. 40 93 Va. 18 31 Tenn. 34 196 Va. 18 46 Va. 74 768 W. Va. 27 34 Va. 24 30 

AASHO Ill . 23 199 
Va . 5 312 

Region Ill. 52 112 AASHO Ind. 52 337 3 Iowa 12 39 Region Ind. 48 477 Iowa 13 82 3 Kan. 20 617 Iowa 21 1 Kan . 17 318 Kan. 15 65 Kan. 37 309 
Kan. 25 83 Minn. 24 806 Mich. 27 57 Neb. 33 673 Mich. 22 68 

Neb. 35 835 Minn. 27 52 Ohio 17 62 Minn. 16 51 
Ohio 14 177 Neb. 16 94 
S. Dak. 28 790 Neb. 16 51 
S. Dak. 44 552 Okla. 24 78 

Okla. 24 66 AASHO Ariz. 16 465 Okla. 27 58 Region Ariz. 19 820 Wis. 73 204 
4 Cal. 17 369 Wis. 44 145 

Cal. 6 209 
Cal. 8 546 AASHO Cal. 37 56 
Ca l. 14 298 Region Cal. 16 98 Colo. 37 766 4 Colo. 27 70 
Colo. 57 926 Ore. 15 559 Idaho 13 265 Tex. 7 23 Ore . 23 48 Tex. 14 183 Ore . 25 112 Tex. 73 248 Wyo. 18 704 Tex. 31 235 Wyo. 36 567 
Tex. 41 331 
Tex. 19 73 
Tex. 6 17 
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TABLE 11 

PROJECT MEASUREMENTS: SLOPE 
VARIANCE AND CRACKING AND 

PATCHING - SECONDARY 
FLEXIBLE PAVEMENTS TABLE 12 

Slope Cracking 
PROJECT MEASUREMENTS : RUT 

Project 
Variance and 

DEPTH - PRIMARY FLEXIBLE 

Patching 
PAVEMENTS 

AASHO Conn. 47 242 Project Rut Depth 

Region N. H. 39 515 
(in . ) 

1 N. J. 65 774 
N. Y. 130 201 

AASHO Conn. 0. 16 

R. I. 75 751 
Region N. H. 0. 19 

1 N. H. 0.11 

AASHO Fla . 71 532 
N. Y. 0.23 

Region Ga. 53 23 
N. Y. 0.31 

2 Ky. 21 267 
N. Y. 0.25 

Ky. 17 137 
Pa. 0.26 

La. 24 118 
Pa. 0.28 

Miss. 40 239 
Vt. 0. 16 

W. Va. 63 368 
Vt. 0.16 

AASHO Mich. 10 100 AASHO Ark. 0. 14 

Region Ohio 23 322 
Region Ark. 0. 19 

3 Ohio 16 260 
2 Fla. 0.27 

Wis. 25 552 Fla. 0.26 
Ky. 0.27 

AASHO Ariz. 30 410 La. o. 12 

Region Cal. 24 536 Miss. 0.15 

4 Idaho 20 290 Miss. 0. 14 

Wyo. 37 407 Miss. 0. 15 

T ex. 4 101 S. C. 0. 09 

Tex. 24 357 S. C. 0. 13 
S. C. 0.22 
S. C. 0.18 
Tenn. 0.15 
Va. 0.30 

TABLE 13 Va. 0.28 

PROJECT MEASUREMENTS: RUT 
Va. 0.24 

DEPTH - SECONDARY FLEX- AASHO 
IBLE PAVEMENTS 

Ind. 0. 17 
Region Ind. 0.13 

Rut Depth 3 Kan. 0.14 
Project (in. ) Kan. 0.14 

Kan. 0.33 

AASHO Conn. 0.27 
Minn. o. 16 

Region N. H. 0.19 
Neb. 0.16 

1 N. J. 0. 17 
Neb. 0.36 

N. Y. 0.34 
Ohio 0. 17 

R. I. 0. 37 
Ohio 0.10 
S. Dak. 0. 14 

AASHO Fla. 0. 25 S. Dak. 0. 15 

Region Ga. 0. 12 
2 Ky. 0. 19 AASHO Ariz. 0. 15 

Ky. 0. 16 Region Ariz. 0.18 

La. 0. 12 4 Cal. 0.18 

Miss . 0.11 Cal. 0.20 

W. Va. 0.22 Cal. 0. 14 
Cal. 0.06 

AASHO Mich. 0.17 Colo. o. 17 

Region Ohio 0.09 Colo. 0. 19 

3 Ohio 0.11 Idaho 0.39 

Wis. 0.10 Ore. 0.16 
Ore. 0. 19 

AASHO Ariz. 0. 15 Wyo. 0.15 

Region Cal. 0.08 Wyo. 0.11 

4 Idaho 0. 14 Tex. 0.13 

Wyo. 0. 14 Tex. 0.07 

Tex. 0.15 Tex. 0.08 

Tex. 0. 15 
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TABLE 14 

PROJECT MEASUREMENTS: FAULTING 
AND SCALING - PRIMARY 

RIGID PAVEMENTS 

Project .Faulting Scaling 
(in. /1, 000 ft) (ft"/1, 000 ft") 

AASHO N. H. 4.2 0 
Region N. J. 3.5 0 

1 N. J. 1. 3 0 
N. J. 1. 7 0 
Pa. 1.8 4 
Pa. 1.8 7 
Pa. 0.9 333 
Vt. 6.1 0 

AASHO Ark. 2.2 37 
Region Ark. 2.3 54 

2 Fla. 4.2 0 
Ga. 0.6 0 
Ga. 0.9 0 
La. 3.4 0 
La. 8. 0 0 
s. c . 2.3 0 
S. C . 0.2 0 
~ ........... n o <OA 

Va. 2. 2 0 
Va. 0.0 0 
W. Va. 0.7 0 

AASHO Ill. 1. 2 0 
Region Ill. 3.9 24 

3 Iowa 1. 3 0 
Iowa 2. 1 0 
Iowa 8.2 0 
Kan. 3.2 0 
Kan. 1. 6 0 
Mich. 3.3 7 
Mich. 0.7 0 
Minn. 2.3 2 
Minn. 4.2 0 
Neb. 1. 5 0 
Neb. 2.0 0 
Okla. 5.3 0 
Okla. 3.3 0 
Okla. 4.6 0 
Wis. 0.7 9 
Wis. 1. 7 16 

AASHO Cal. 4.5 0 
Region Cal. 5.5 0 

4 Colo. 4.2 5 
Ore. 3.0 0 
Tex. 1.8 0 
Tex. 0.0 0 
Tex. o. 0 35 
Tex. 0.0 8 



Use of Loado1neter Data 

In Designing Pave1nents 

For Mixed Traffic 
JAMES F. SHOOK, LOUIS J. PAINTER, and THEODORE Y. LEPP, 

The Asphalt Institute 

• MOST procedures now used for designing pavements do not consider directly the 
effect of numerous applications of loads of different magnitude. The first effort to 
design for the effects of mixed traffic was made by California in 1942. Subsequently, 
Kentucky and other states, and AASHO in its recently completed Interim Design Guide, 
have incorporated this feature. Other methods consider designing only for prevention 
of overstress due to single applications of a given load, or for "unlimited" repetitions 
of a design load. 

A tremendous increase in both the number and weight of vehicles using the highways 
since World War II makes it necessary to evaluate the effect of mixed traffic on pave­
ment design and performance. The AASHO Road Test had as one of its primary pur­
poses the determination of the relative effects of loads of different magnitude. One 
outgrowth of the AASHO Road Test has been a renewed interest in techniques for de­
signing pavements for mixed traffic. 

One of the greatest drawbacks to proper applications of data such as those from the 
AASHO Road Test has been a shortage of information concerning the number and mag­
nitude of the axle applications to which highways are actually subjected. 

Most states are now making truck weight and loadometer studies. Data from these 
studies provide estimates of the number and magnitude of axle loads being applied to 
the major highway systems. However, for many highways and streets, sufficient data 
are not available. Limited studies of some of the available data are reported in this 
paper. The use of loadometer data in designing pavements for mixed traffic is dis­
cussed. 

Results of truck weight and loadometer studies from Maryland, Ohio, Kansas, 
Missouri, Arizona, North Carolina, Washington and Mississippi have been collected 
and studied. Information was available for Interstate rural, Interstate urban, primary 
rural, primary urban and other classes of highway. Table 1 is a typical data report 
sheet, following Bureau of Public Roads practices. Each sheet summarizes data from 
several individual loadometer stations, usually collected over a 24-hr period. Axle 
weights are separated into categories by vehicle type and axle configuration (single or 
tandem). 

It is possible, by using equivalency factors derived for some given design procedure 
(that is, California, AASHO Design Guide, or, as used in this paper, a method devel­
oped by the Asphalt Institute) to combine the effects of the various axle loads into a 
single summary statistic. Equivalent 18-kip single-axle applications are used in the 
paper. 

A statistical analysis of the data from 7 states has shown that significant differences 
in equivalent applications for a given vehicle type exist between states and between 
classes of highway. Thus, one axle-weight distribution should not be used to represent 
all traffic in any state or large geographical area. Discussion of the significance of 
this, relativetopavementdesign, will be made later in the paper. It is pointed out also, 
as a consequence, that there is a need for valid and more complete data about the num­
ber and magnitude of axle applications to which pavements are being subjected. 

Paper sponsored by Committee on Flexible Pavement Design . 
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TABLE 1 

EXTRACT FROM TYPICAL 1961 LOADOMETER SURVEY REPORT 
STATE OF MARYLAND 

TABLE W-4 Other FA Primary Rural-Number of axle loads of various magnitudes of loaded 
and empty trucks and truck combinations of each type weighed and the probable number of such 
loads of each general type and of all types counted at 8 loadometer stations during the period 

from July 10, 1961 to August 1, 1961 compared to corresponding data for 1960*. 

Single Unit Trucks Trac. Semitrailer Comb. Total 
Axle Loads All Trucks 

in Panel and Other Other 5-Axle 
Pounds Pickup Under 2-Axle 2-Axle 3-Axle 3-Axle 4-Axle or 

and Comb. 

1 Ton 4-Tired 6-Tired More Prob. No. 

(1) (2) (4) (6) (8) (12) (14) (16) (30) 

SINGLE AXLES 

Under 3,000 225 79 62 1 9733 
3,000 - 6,999 43 108 1038 64 239 332 2 10092 
7,000 - 7, 999 1 122 17 89 278 2 2092 
8,000 - 11,999 2 247 49 224 762 14 5258 
12,000 - 15,999 102 26 126 121 5 1540 
16,000 - 17,999 44 5 50 101 805 
18 , 000 - 19,999 28 1 41 181 996 
20 , 000 - 21 , 999 19 30 173 878 
22 ,ooo - 22 , 399 3 7 25 138 
22,400 - 23 , 400' 2 11 28 158 
23,401 - 23 , 999 2 8 11 81 
24,000 - 25 , 999 10 11 78 
26,000 - 29 , 999 5 13 5 88 
30,000 - 34 , 999 2 7 
35.000 - 39.999 1 3 

Total single 
axles weighed 268 190 1674 162 852 2028 23 

Total single 
axles counted 10418 1600 8144 793 2883 8020 47 31947 

TANDEM AXLES 

Under 6,000 1 4 
6,000 - 11,999 25 203 8 942 
12,000 - 17,999 43 181 10 947 
18,000 - 23,999 11 93 7 436 
24,000 - 29,999 18 133 9 632 
30,000 - 31,999 10 85 2 389 
32,000 - 33,999 9 106 5 473 
34,000 - 35,999 8 93 1 409 
36,000 - 37,999 7 57 4 267 
38,000 - 39,999 3 35 153 
40,000 - 41,0002 2 12 57 
41,001 - 41,999 3 5 35 
42,000 - 43,999 1 6 29 
44,000 - 45,999 4 3 32 
46,000 - 49,999 7 1 38 
50,000 - 54,999 7 34 
GG, 000 - 59, 999 15 
60,000 - 64,999 
65,000 - 69,999 

Total tandem 
axles weighed 162 1014 46 

Total tandem 
axles cowited 793 4010 94 4897 

ALL AXLES 

Under 3,000 225 79 62 2 1 4 9759 
3,000 - 6,999 43 108 1038 139 239 897 29 12749 
7,000 - 7, 999 1 122 51 89 390 9 2716 
8,000 - 11,999 2 247 102 224 1029 31 6607 
12,000 - 15,999 102 71 126 576 26 3603 
16, 000 - 17, 999 44 42 50 436 13 2339 
18,000 - 19,999 28 22 41 388 7 1931 
20,000 - 21,999 19 11 30 234 1173 
22,000 - 22,399 3 2 7 38 199 
22,400 - 23,400' 2 11 11 32 228 
23,401 - 23,999 2 3 8 12 99 
24,000 - 25,999 10 10 14 138 
26,000 - 29,999 5 18 13 6 180 
30,000 - 34,999 2 2 17 
35,000 - 39,999 1 3 

Total axles 
weighed 268 190 1674 486 852 4056 115 

Total axles 
counted 10418 1600 8114 2379 2883 16040 235 41741 

Total vehicles 
counted 5209 800 4057 793 961 4010 47 15898 

1 State legal lirui t: single a'i:le 22,400 lb plus 1,000-lb toler011ce (non-statutory). 
2 State legal li1llit: tandem axles 40,000 lb plus 1,000-lb tolerance (non-statutor y) . 
*corresponding 196o data deleted from this extract because of space limitations. 
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Recognizing the fact that significant differences exist between certain traffic classi­
fications, it is still possible to reduce a complicated array of data from loadometer 
studies to simplified factors for converting numbers of vehicles of each type to equiva­
lent applications. Procedures for deriving such factors from the loadometer data are 
shown. Further simplifications permitting the conversion of percent trucks to total 
equivalent applications for use in design are also made. 

Results of state loadometer studies are shown to be of help to city, county and other 
engineers who do not have facilities for making their own surveys. By using factors 
derived from state highway loadometer surveys and traffic counts (by vehicle type), it 
is possible for these engineers to design pavements based on reasonable estimates of 
mixed traffic. 

EQUIVALENT APPLICATIONS CONCEPT 

The concept of using equivalent applications to reduce mixed traffic to a single 
parameter for use in pavement design is not new. Hveem and Carmany (1) postulated 
in 1948 that the required thickness of a flexible pavement was proportional to the loga­
rithm of the number of load repetitions to which the pavement would be subjected, and 
that repetitions for mixed traffic could be expressed as repetitions of an equivalent 
5,000-lb wheel load. Using equivalent wheel load (EWL) constants adopted by Cali­
fornia in 1942, and results of loadometer studies and traffic counts, a procedure was 
developed for designing flexible pavements which, with modifications, is still in use. 

Sherman (2) reported in 1958 on changes in the California wheel-load factors for 
computing EWL, based on continued highway experience and data from test tracks. 
Hveem and Sherman (3) proposed additional modifications in 1962 after a study of the 
results of the AASHORoad Test . Present California procedures (4) make full use of 
the EWL concept for designing flexible pavements, and for selecting slab thicknesses 
and minimum strengths of cement-treated base for rigid pavements. 

As explained by Sherman (2), one application of a given load (L) is equivalent , in 
"terms of potential damage" fo the pavement, to some number of applications of a base 
load. Using a base wheel load of 5,000 lb, the EWL constant is thus defined as the num­
ber of repetitions of a 5, 000-lb wheel load divided by the number of repetitions of load 
L which causes the same amount of damage to a pavement of constant thickness. 

EWL constants used by California have been defined by the following relationships : 

1942 EWL constant= 2L- 5 

1957 EWL constant= (L/ 5) 5 
•

0 

1962 EWL constant = (L/ 5)4 
•

2 

As a result of work with AASHO Road Test data, Scrivner (5) and Scrivner and Duzan 
(6) have published studies of the concepts involved in combining effects of applications 
of axle loads of different magnitude. Scrivner concluded that the shape of the deteriora­
tion (as measured by decrease in present serviceability index) vs applications curve is 
important in combining effects of mixed traffic. Thus, if the shape of the curve is a 
function of design and load (as it is in the AASHO Road Test equations, 7), the equiva­
lency of different axle loads applied to a pavement is a function of the or der in which 
they are applied. The equivalent applications concept assumes that the effects of differ­
ent axle loads are independent of the order in which the loads are applied. 

The equivalent applications concept was shown by Scrivner and Duzan (6) to be essen­
tially the same as the Scrivner mixed-traffic theory for flexible pavements having D = 
4. 0 [D = 0 .44D1 + 0 .14~ + 0 .1103 (7); D1 , ~ and D3 = thicknesses in inches of surfac­
ing, base and subbase , respectively-:- ] or thicker, and for rigid pavements having slab 
thickness es of 7. 0 in. or greater. 

The equivalent applications concept embodies these assumptions: 

1. Load effects are independent of the shape of the performance vs load applications 
curve . 

2. Load effects are independent of the order in which loads of different magnitude 
are applied. 

3. The effect of a single application of load Li may be expressed as a constant times 
the effect of some base load Lb. 



44 

4. Equivalency is expressed as the ratio of the number of applications of Lb 
required to produce the same performance as a single application of Li. 

5. Pavement ihiclmess required to maintain a given level of performance i9 a func­
tion of the sum of the applications of mixed axle loads expressed as equivalent applica­
tions of Lb. 

These assumptions are hypothetical. As far as the authors know, there is no direct 
experimental evidence to confirm or deny them. 

The above statements imply that equivalency factors are dependent on the mathe­
matical form of the relationship between design and load applications. This will be 
illustrated. 

In the original work in California, the equivalency relationship was first assumed, 
and the general design relationship was built around this relationship. As indicated 
above, modifications in the equivalency relationship were later made in order to adjust 
the entire design relationship. Work by the AASHO Committee on Design (8, 9, 10) 
was based on the assumption that load equivalency factors were defined by the relation­
ship between design on one hand and number of applications and magnitude of load on 
the other. Equivalency factors based on deflection measurements, equal subgrade 
stresses or other than some direct measure of pavement performance are not con­
sidered to be within the equivalent applications concept. 

Derivation of load equivalency factors can be illustrated by the following. It is 
""'""mPrl thc,t thP thir.knP88 renuired to maintain a given level of performance is defined 
by the relationship 

log t = a + b log W i + c log Li 

in which 

t = total thickness of pavement; 
Wi = applications of load Li; 
Li= single-axle load; and 

a, b and c = factors which may or may not be functions of L or t. 

By replacing a + c log Li with a', Eq. 1 may be reduced to the following: 

log t = a' + b log Wb 

in which 

Wb = I: (Li/Lb)c/ b Wi over all loads. 

Individual load factors are equal to Wb/Wi = (Li/Lb)c/ b and may be tabulated for 
convenience of use. 

The 1957 California factor had the formWbfWi = (Li/Lb)c/b = (Li/5)5
"

0
• 

(1) 

Shook and Finn (11) derived the following relationships for flexible pavements from 
AASHO Road Test data: 

T = -8. 50 + 5. 53 log wlB (2) 

in which 

T = thickness factor, defined as a linear combination of surfacing, base and sub­
base thicknesses in inches; 

T = 2. 0D1 + 1. OD.! + 0. 7 5D3; 
W1e = r;WLFL; 
W18 = equivalent 18-kip single-axle applications required to reduce present service-

ability of pavement to 2. 5 level; 
WL = applications of load L; 
FL= load factor for load L; 
FL = 100 .i20ee(L-1e); and 

L = single-axle load or (1.14 -,- 2 x tandem-axle load), in kips. 

The basic relationship is of the form 

T = a + b log W + cL 
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which can be reduced to 

T - a= blog Wb + cLb = blog Wi + cLi 

= 10 
c(Li - Lb) 

Figure 1 shows the relationship between a set of thickness-applications curves for 
individual loads and the load factors derived from them. The Shook and Finn design 
relationship (Eq. 2) consists of a set of parallel straight lines; hence, the load factors 
are independent of design. A set of parallel straight lines on a log-log plot (for exam­
ple, Eq. 1) would also result in load factors independent of design. Load factors from 
design curves that are not linear or parallel would depend on design. Such is the case 
with those of the AASHO Design Guides (9, 10). 

Obviously, these load factors are not ali identical, either in mathematical form or 
in value (Table 2). California factors have been recomputed for an 18, 000-lb base load; 
otherwise, they are the same as previously indicated. AASHO Design Guide factors are 
given for p = 2. 5 and D = 5. O for flexible pavements, and D = 9. 0 for rigid pavements. 
They will vary somewhat with the actual design used. 

Evaluation of the effects of the differences among load factors can be made by com­
paring designs computed for realistic traffic situations. It is not within the scope of 
the paper to discuss this, but it should be borne in mind that designs for mixed traffic 
usually depend more on the character of the design-applications relationship than on 
the magnitude of the load factors used. 

COMPUTATION OF EQUIVALENT APPLICATIONS 

Table 1 is an extract from a typical loadometer survey report. Data from 1960 and 
certain other values have been deleted because of space limitations. The combined 
results of one 24-hr survey made at each of eight loadometer stations on Maryland 
Federal-aid primary rural highways (excluding Interstate) in 1961 are given. 

Data from similar loadometer studies have been reduced to summary statistics by 
computing separate factors for each vehicle type and a weighted mean factor for all 
trucks as a group. The vehicle factor is the long-term average number of equivalent 
18-kip single-axle applications contributed by one passage of a given vehicle of any 
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particular type. The weighted mean truck 
factor is the long-term average number of 
equivalent 18-kip single-axle applicalium, 
contributed by one passage of a truck of 
any type. 

The design procedure used for com­
puting equivalent applications and the var­
ious factors are those described by Shook 
and Finn (11). Their thickness design 
chart is reproduced (see Fig. 3), and load 
factors are given in Table 3. All computa­
tions followed the procedure which would 
be used in making a study for design pur­
poses except that passenger vehicles, 
autos or buses, were not included. All 
comparisons were, therefore, made for 
trucks only. 

It should be stated here that similar 
studies can be made using other design 
procedures, for example, the new AASHO 

11 5 Design Guides. Values will certainly be 
L-..L-,......_J:.i......,...J4.-,...L..L-l.,.,.J.-,&~ommo ' , , . 

0 25 30 
uu.1e.1 tuL, a..uu \..,UH\..,.lUO.iUH.::> _lJUOUH.Jl.Y i'.::>V. 

AXLE LOAD, kips 

Figure 2. Distribution of single-axle 

However , one purpose of this paper is to 
shed light on the many problems involved 
in pavement design for mixed traffic, and 
the foregoing is an example of one prob­
lem. loads (1961 Maryland OR). 

TABLE 2 

EQUIV A LENT AXLE LOAD F ACTORSa 

Single- Californiab 
Californiab California Shook 

AASHO AASHO Axle 1942 1957 1962 and 
Flexiblec RigidC 

Load (½)5 L~ )4-2 Finn 
(kips) 2L-1s 

• ~o. 1?.(L-18) D= 5.0 ~=9.0 

' I lU 

2 0.000 0 . 000 0.000 0 . 012 0.0002 0.0002 
4 0.008 0 , 001 0.002 0 . 020 0.003 0.002 
6 0.016 0 . 004 0.010 0 . 035 0.01 0.01 
8 0.31 0 . 017 0.033 0 . 062 0.03 0.03 

10 0.062 0 . 053 0.085 o. 108 0.09 0.08 
12 0.125 0.132 0.180 0 . 188 0.19 0.18 
14 0.250 0.286 0.348 0 . 328 0.36 0.34 
16 0.500 0.556 0.610 0 . 573 0.62 0.60 
18 1.00 1.00 1.00 1.00 1.00 1.00 
20 2.00 1. 69 1. 56 1. 74 1. 51 1. 57 
22 4.00 2 . 72 2.32 3 . 04 2.18 2.34 
24 8 . 00 4.23 3.35 5 . 31 3.03 3.36 
26 16 . 00 6 . 30 4 . 68 9 . 27 4.09 4.67 
28 32.00 9 . 10 6.40 16 . 2 5.39 6.29 
30 64.00 12 . 8 8.55 28 . 2 6.97 8.28 

:Lot;!.d facto~·s are given M ratios of an 18-kip sillgle- axle loml. 
Axle loru:1s less than 10 kips were not conside1-ed in co111putat :Lon of EWL for design of' 
pavements. 

cPaveroent Design Gu:Lde, 



An example of a typical axle-load dis­
tribution is given in Table 4. Figure 2 
is a frequency distribution plot for this 
problem. The distribution appears to be 
a combination of two overlapping distri­
butions, one composed of steering axles 
and another of rear axles, from both 
loaded and unloaded trucks. Information 
as to the distribution within axle-load 
groups was not studied in this report and 
is not available in the data reported to 
the Bureau of Public Roads. 

If the distribution in Table 4 repre­
sented all of the axles for a given design 
situation, the total equivalent 18-kip 
single-axle applications would be com­
puted from W1a = I' (number of axles per 
group x load factor for the mean load of 
each group) . 

To compute the equivalence factor for 
any particular vehicle, a similar proce­
dure was used. The total equivalent ap­
plications were first computed for each 
truck type, and an average was obtained 
by dividing the total by the number of that 
type truck weighed. Using the problem in 
Table 4 as an example, the total equiva­
lent applications contributed by the axles 
are 2,143. The average per axle passage 
is 0. 705, and the average per vehicle pas­
sage is 2 .11. 

For design purposes, the contribution 
of 4-axle tractor semitrailer trucks to 
the total applications would be 2. 11 times 
the number of these vehicles expected 
during the design life. 
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TABLE 3 

LOAD FACTORS (SHOOK AND FINN) 

Single Axles Tandem Axles 

Axle Load Axle Loadb Factora Factora (kips) (kips) 

2 
3 
4 
6 
7 
8 

10 
12 
14 
16 
18 
20 
22 

22 .4 
24 
26 
28 
30 

0. 01164 
0.01538 
0.02030 
0. 03545 
0.04681 
0.06183 
0.1080 
0.1882 
0.3285 
0.5731 
1.000 
1. 745 
3.045 
3.403 
5.312 
9.269 

16.17 
28.22 

4 
8 

12 
16 
20 
24 
28 
32 
36 
40 
44 
48 
52 

aLoad factor= 10°.1 2088 (L- 18); 

0.0126 
0.0237 
0.0448 
0.0843 
0 .1590 
0.3005 
0.5650 
1.069 
2.017 
3.814 
7.175 

13.45 
25.34 

L = single- or 1.14 .,- 2 X tandem-axle 
bload. 

Gross load on a set of tandem axles 
spaced approximately 40 in. apart. 

Similar factors can be computed for all vehicle types. By using observed vehicle 
distributions, plus appropriate growth factors, estimates can be made of the total 
equivalent applications expected on the class of highway being studied. 

COMPARISONS AMONG HIGHWAY SYSTEMS 

Loadometer data from 8 states have been used for making comparisons among differ­
ent highway systems. States were selected to provide samples from different areas of 
the United States . However, the samples do not provide means for generalization to 
the country as a whole. They do provide a preliminary look at some of the problems 
to be encountered in any future attempt at such a general'ization. 

Tables 5, 6, 7, 8 and 10 summarize much of the pertinent information gained from 
the studies of the data from the 8 states. Tables 5 through 7 contain summarizations 
of data and computed vehicle factors for 7 of the 8 states . Separate tabulations and 
computations are included for several types of highways within each state. Passenger 
vehicles (autos and buses) are not included. 

A description of the types of highways, number of loadometer stations, number of 
vehicles counted and weighed, and the number of hours during which data were secured 
are given in Table 5. 

Vehicle factors, as computed previously in the discussion of Table 4, are given in 
Table 6 for each highway shown in Table 5. Vehicle factors for each truck type and the 
weighted average factor per truck are included. For two states it was necessary to use 
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TABLE 4 

COMPUTATION OF EQUIVALENT APPLICATIONS FOR 
4-AXLE TRACTOR SEMITRAILER COMBINATIONS 

(1961 Maryland FAPR) 

Axle Load Mean Load No. Percent Equivalent 
Group Axle Load Factor Axles Axles Applications 

SINGLE AXLES 

Under 3,000 2 , 000 0.01165 0 0 0 
3, 000 - 6, 999 5 , 000 0.02672 332 16.4 8.87 
7,000 - 7, 999 7,500 0.0538 278 13.7 14.96 
8, 000 - 11, 999 10 , 000 0.108 762 37.6 82.30 
12,000 - 15 , 999 14,000 0.3285 121 6.0 39.75 
16,000 - 17 , 999 17 , 000 0.757 101 5.0 76.50 
18,000 - 19,999 19,000 1. 321 181 8.9 239.10 
20,000 - 21 , 999 21,000 2.305 173 8.5 398.76 
22,000 - 22 , 399 } 22,400 - 23 400 23,000 4.019 64 3.2 257.22 
23,401 - 23 , 999 
24, 000 - 2 5, 999 25,000 7.017 11 0.5 77.19 
26,000 - 29 , 999 28,000 16.17 5 0.2 80.85 

Total 1,275.50 

Total single axles weighed 2,028 
Total single axles counted 8 , 020 

TANDEM AXLES 

Under 6,000 3,000 0.0108 1 0.10 0.0108 
6,000 - 11,999 9,000 Sl. 0278 203 20.02 5.64 
12, 000 - 17, 999 15,000 0.0719 181 17.85 13.01 
18,000 - 23,999 21,000 0.186 93 9.17 17.30 
24, 000 - 29, 999 27,000 0.484 133 13.12 64. 37 
30, 000 - 31, 999 31,000 0.912 85 8.38 77.52 
32, 000 - 33, 999 33,000 1.253 106 10.46 132.82 
34,000 - 35,999 35,000 1. 721 93 9.17 160.05 
36,000 - 37,999 37,000 2.363 57 5.62 134.69 
38, 000 - 39, 999 39,000 3.246 35 3.45 113.61 
40,000 - 41,000 40,500 4.113 12 1.18 49.36 
41,000 - 42,000 41,500 4.827 5 0.49 24.14 
42,000 - 43,999 43,000 6.125 6 0.59 36.75 
44,000 - 45,999 45 , 000 8.412 3 0.30 25.24 
46, 000 - 49, 999 48 , 000 13.45 1 0.10 13.45 

Total 867.96 
Grand total 2,143.46 

Total tandem axles weighed 1,014 
Total tandem axles counted 4,010 

Avg. per axle 0.705 
Avg. per vehicle 2.114 



TABLE 5 

SAMPLE INFORMATION (1960 Data) 

State 

Ariz. 

Kan . 

Md. 

Mo . 

N. C. 

Ohio 

Wash . 

Type of 
Highway 

rnc 
rnd 
OFUe 

MRf 
oug 

rnc 
rnd 
OFRh 
OFUe 
FSRi 

MRf 
oug 

rnc 
ORj 

IRC 
ORj 

rnc . 
OMRJ 
oug 

No . 
Stations 

7 
1 
1 

12 
2 

5 
1 
8 
1 
1 

22 
4 

8 
17 

3 
7 

2 
5 
1 

~xcluding passenger vehicles. 
c Vw::ies by vehicle type. 
a:J?iterstate 1·w:al. 
,:ntersta.te urban. 
eOther Federal-aid primary urban. 

No. Vehiclesa 

Counted Weighed 

3,309 520 
2,427 194 
1,257 104 

3,948 1,277 
1,531 124 

17,991 2,497 
1,322 280 

15,274 2,949 
1,784 183 

139 72 

33,186 11,668 
11, 788 2,289 

5,153 3,439 
8,782 6,951 

5,909 888 
10,997 1,885 

1,970 620 
4,637 2,447 
2,187 466 

fA]_l main rural. 

Percentb 
Weighed 

15.7 
8.0 
8.3 

32.3 
8.1 

13.9 
21.2 
19.3 
10.3 
51.8 

35.2 
19.4 

66.7 
79.2 

15.0 
17.1 

31. 5 
52. 8 
21. 3 

Time 
(hr) 

8 

8 

24 

16-24 

8 

24 

24 

~rban . 
.other Federal-aid primary rural, 
~Federal-aid secondary (state), 
Other main rural. 
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data from the "all-axle" categories in substitution for separate single- and tandem-axle 
tabulations. For the design procedure used, it was sufficiently accurate to treat each 
set of tandem axles as two single axles. However, this procedure would not apply as a 
general rule, for example, to either of the AASHO Interim Guides. 

The weighted mean factor per truck was computed by weighting each vehicle factor 
by its proportionate share of the total vehicles counted during the loadometer study 
period. The appropriate percentages from the loadometer study reports are given in 
Table 7. The proportion of the average contributed by each truck type is given in 
Table 8. 

The number of equivalent applications contributed, on the average, by the passage 
of one truck is influenced by the distribution of axles within each truck type. Thus the 
information given in both Tables 6 and 7 has important bearing on the values in Table 
10, and on any comparisons made among types of highway or states. 

Design thicknesses are influenced by the same variables. An example will indicate 
to what extent such influences may be present. Assuming an estimated 1,000 trucks 
per day, or 7, 300, 000 trucks in 20 years, the designs in Table 9 may be selected from 
Figure 3 depending on the Interstate rural highway system being considered. Total 
equivalent applications were computed by multiplying 7,300,000 by the various factors. 
Similar computations made with other design procedures would not necessarily give 
the same thickness differentials, but would indicate similar important differences. 
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TABLE 6 

VEHICLE FACTORS 
(Equivalent Applications per Truck Passage, from Loadometer Data) 

Single- Unit Trucks Tractor Semitrailer Comb. Comb, Plus Full Trailer Weighted 

State Type of Mean 
Highway" 

Pickup 2-Axle 2-Axle 3-Axle 3-Axle 4-Axle 5-Axle 4-Axle 5-Axle 6-Axle per 
4-Tire 6-Tire or More or Less or More Truck 

Ariz. IR 0, 0301 0.0384 0, 0263 0,690 0,642 1.27 1.15 0, 234 1.33 2 .20 0. 58 
IU 0.0286 0.0364 0.133 1.01 0.254 o. 576 0 ,265 0, 239 0. 693 3. 69 0.12 
OFU 0, 0242 0, 0233 0. 0822 1.64 0.684 1. 34 0.694 0. 693 3. 69 0.11 

Weighted average 0.34 

Kan. MR b 0.0273 0 ,238 0 .428 0, 627 1.06 0,611 0,944 0. 585 0. 35 
OU b 0.0307 0.202 0. 384 0, 854 1.24 0.832 0.944 0.13 

Weighted average 0. 28 

Md. IR 0. 0281 0 ,0411 0. 797 0.994 1.01 2.45 t .14 1. 54 
IU 0 .0260 0.0422 o. 928 1. 57 1.22 2 .21 l.18 1.02 
OFR 0 .0283 0.0450 o. 507 1.43 1.19 2.60 i.47 0.92 
OFU 0. 0266 0. 0374 0,238 0 ,855 0,502 I. 99 0 .22 
FSR 0.0278 0.0460 0.093 1. 57 0.546 2.16 0.13 

Weighted average 1.19 

Mo. MR 0 .0267 b u.2~8 o. 327 0.560 0 .876 0. 644 0.283 0.37 
OU 0 .0274 _b 0.169 0.416 0.289 0. 749 0.511 0. 283 0, 378 0,20 

Weighted average 0.33 

N. C. me 0. 0252 0. 0355 o. 132 0. 575 0. 383 0. 749 0. 760 0.28 
ORC 0. 0247 0.0348 0, 153 0. 533 0. 375 0. 749 0. 554 0,27 

Weighted average 0. 27 

Ohio IR 0.0243 0.0404 0.189 o. 331 0.665 1.42 I. 32 0. 753 1. 35 0.425 0,93 
OR 0.0252 0.0429 0.148 0. 374 0, 595 1.05 l. 38 2 .15 1.83 0.950 o. 55 

Weighted average 0.68 

Wash. me 0.0268 _b 0,098 0.131 0.471 0.357 l.06 0. 535 1.03 0.864 0. 39 
OMRc 0 .0262 b 0.174 0.346 0 , 638 0.713 l.61 0.535 1.03 0.864 0.51 
ouc 0.0250 b 0.168 0.267 0,752 0.490 l.04 1.72 1.07 0. 833 0.23 

Weighted average 0,49 

~See notes, 'l'nblo 6. 
Pickup, and :t-axlo, 4-tlre vehicles combined, 

c Aclual cornpulatious ba$Od on 11all-axle" grou1). 

TABLE 7 

DISTRIBUTION OF COUNT BY TRUCK TYPE 
(Percentages of Total Count Assigned to Each Vehicle Type, Based on Count Obtained During Loadometer Studies) 

Single- Unit Trucks Trac. Semitrailer Comb. Comb. Plus Full Trailer 
Type of 

State 
Highway• 2-Axle 2-Axle 5-Axle 4-Axle 6-Axle Pickup 

4-Tire 6-Tire 
3-Axle 3-Axle 4-Axle or More or Less 

5-Axle 
or More 

Ariz. IR 38.56 0.85 11. 30 1. 78 8.73 7.95 23.24 0.30 6.74 0,55 
IU 56.03 6. 76 22.66 3.30 2.51 1. 65 4.33 0.33 2.35 0.08 
OFU 80.27 2.31 10.42 1. 75 1. 59 0. 72 1. 91 0. 63 0.40 

Kan. MR b 43.56 20.79 1.82 7.73 15.51 8.59 1.87 0.13 
OU b 62.44 29.39 2.35 1. 70 2.29 1.11 o. 72 

Md. IR 14. 94 2.14 18.21 1.41 11. 50 51.45 0.35 
IU 27.39 2.87 31.16 6.13 8,55 23.60 0.30 
OFR 31. 75 4.97 28.83 3. 52 6, 38 24.39 0.16 
OFU 47.31 9.36 32.85 3 . 64 2.97 3. 87 
FSR 53 .24 5 .04 36.68 1.44 1.44 2.16 

Mo. MR 36.49 b 20.99 2.56 8.41 20.45 11.04 0.06 
OU 44.29 _b 29.05 2,10 8. 62 11.41 4.50 0.02 0.01 

N. C, IRc 21. 37 15.10 30.33 4 ,07 4.33 24.66 0.14 
ORc 30,32 10.35 27.34 3.59 4.03 24.23 0.14 

Ohio IR 10.87 1. 30 11.80 1.18 15.37 47.30 7.39 0.81 3. 52 0.46 
OR 21.80 3. 89 21.80 2.94 11.48 30.45 5. 30 0.33 1. 95 0.06 

Wash. me 32.69 _b 20.86 6.04 6 . 33 3.91 23.2 2. 18 5.53 0.26 
OMRC 39.83 _b 14.90 ll .43 3.17 2.16 22.6 1.41 4.42 0.08 
ouc 52.58 _b 25.74 2. 38 3.02 4.71 8.83 1.28 1. 37 0.09 

~Sec notes I Table 5. 
c1''lckup, nnd 2- n.xle, 4-llre vehicles combinecl. 
Aolual compulaUons based on "11,ll-uxle" g roup. 
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TABLE 8 

AMOUNT OF TOTAL EQUIVALENT APPLICATIONS ASSIGNED TO EACH VEHICLE TYPE 
(Based on CoWlt Obtained During Loadometer Surveys) 

Single- Unit Tr ucks Trac. Semitrail. Comb. Comb. Plus Full Trailer Total 

State 
Type of (Weighted 

Highway" 
Pickup 2-Axle 2-Axle 

3-Axle 3-Axle 4-Axle 
5-Axle 4-Axle 5-Axle 6-Axle Mean Factor 

4-Tire 6-Tire or More or Less or More per Truck) 

Ariz. IR 0.0116 0.0003 0.0297 0.0123 0.0560 0.1010 0.2669 0.0007 0.0896 0.0121 0. 5802 
JU 0.0160 0. 0025 0.0301 0. 0333 0.0064 0. 0095 0.0115 0. 0008 0. 0128 0. 0015 0 .1244 
OFU 0.0194 0.0005 0. 0086 0. 0287 0. 0109 0.0096 0.0133 0.0038 0. 0148 0 .1096 

Kan, MR _ b 0. 0119 0. 0495 0.0018 0. 0485 0.1644 0.0525 0.0171 0. 0008 0. 3464 
OU -b o. 0192 0. 0594 0. 0090 0.0145 0.0284 0. 0092 0. 0068 0.1296 

Md. IR 0 .0042 0.0009 0.1451 0.0140 0. 1162 1.2605 0.0040 I. 5449 
lU 0.0071 0.0012 0. 2892 0. 0962 0.1043 0.5216 0. 0035 1.0231 
OFR 0. 0090 0.0022 0.1462 0. 0503 0.0759 o. 6341 0. 0024 0. 9201 
OFU 0.0126 0. 0035 0. 0182 0.0311 0.0149 0.0710 0 .2113 
FSR 0. 0148 0. 0023 0.0341 0. 0226 0. 0079 0.0467 0 .1284 

Mo. MR 0. 0097 b 0. 0499 0.0084 0.0471 0.1791 0.0711 o. 0002 0. 3655 
OU 0.0121 - b 0.0491 0.0087 0 0249 0.0855 0.0230 0.0001 0 .00004 0.2034 

N. C. JR 0.0054 0. 0054 0.0400 0.0234 0.0166 0. 1847 0. 0011 0. 2766 
OR 0.0075 0. 0036 0.0418 0.0191 0.0151 0.1815 0. 0008 0. 2694 

Ohio JR 0 . 0026 0. 0005 0.0223 0. 0039 0.1022 0. 6717 0.0975 0.0061 0.0475 0. 0020 0. 9302 
OR 0. 0055 0.0017 0. 0323 0. 0110 0. 0683 0. 3197 0.0731 0.0071 0. 0357 0.0006 0. 5469 

Wash. JRC 0 . 0088 - b 0.0204 0.0079 0.0251 0.0140 0,2459 0.0117 0.0570 0 .0022 0.3912 
OMRC 0 . 0104 b 0.0259 0. 0395 0. 0202 0.0154 0. 3639 0.0075 0. 0455 0. 0007 0. 5089 
ouc 0.0131 b 0. 0432 0. 0064 0. 0227 0.0231 0.0918 0. 0220 0.0147 0. 0007 0. 2266 

~Sec notes, Table 5. 
Plcku1>, and 2-axle, 4-tire vehicles combined. 

cActual computations based on 11all-axle11 group. 
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Figure 3. Thickness design chart . 

Mean vehicle factors provide a convenient way in which to use results of loadometer 
studies for pavement design. For mainline pavements most design methods do not con­
sider autos, and this simplifies computations. For city streets and highways where 
light vehicles make up more than 90 percent of the total vehicle count, it is likely that 
they will be an important factor. In this paper, however, their influence is neglected. 
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TABLE 9 

DESIGN THICKNESS 

Weighted Total 
State Mean Factor Equivalent Ta Design a 

IR per Applications 
Truck (millions) 

Md. 1.54 11.2 28.5 5-8-14 
Ohio 0.93 6.8 27.5 5-8-13 
Ariz. 0.58 4.3 26.5 5-8-11. 5 
Wash. 0.39 2.9 25.5 5-8-10 
N. C. 0.28 2.1 25.0 5-8-9.5 

8>r = 2,0Di (surface) + Dz (base)+ o.73D3 (subbase) . CBR = 
3.0 Design: su.rface-base-subbase, inches. 

TABLE 10 

DATA USED IN ANALYSIS OF 4-AXLE VEHICLE 

No. Avg . Equiv. 
State of 18- Kip Applic. 

Axles per 4-Axle V eh. 

Maryland 10,920 2.45 
Ohio 3,848 1.29 
Kansas 1,400 1.10 
Mississippi 8,408 0.90 
Missouri 18,872 0.88 
North Carolina 10,952 0.75 
Washington 544 0.64 

Total 54,944 1.20 
Total (excluding Md.) 44,024 0.89 

As mentioned, variations in computed factors result from variations in both the 
axle-weight and the truck-type distributions. The vehicle factors in Table 6 show an 
expected difference in the number of equivalent applications contributed by one passage 
of different vehicles. However, these differences are not consistent for all states or 
highways. No doubt legal weight-limit variations, differences in the character of vehi­
cle and load prevailing in a given area and many other factors account for these differ­
ences . An important point is that the differences exist and that they may have an in­
fluence on the pavement thickness selected for a given highway. 

Similar points can be raised for the percentage distributions by truck type shown in 
Table 7. 

It is interesting and significant (Table 6) that the vehicle factors for pickups and 
light trucks are essentially constant across all states and types of highway. On the 
other hand, the percentages for this type truck vary considerably (Table 7) and, in 
fact, are correlated to some extent with the weighted mean factor per truck. Thus the 
greatest influence on design is produced by 2-axle, 6-tire vehicles or larger. 

The computations in Table 8 reflect the effects due both to the distribution of count 
and the distribution of axle weight. Here it appears that the 4-axle semitrailer combi­
nation contributes a significant amount, as much as one-half in many cases, to the 



total weighted mean factor per truck. 
This is particularly so for Interstate 
rural highways. There does not appear 
to be any dominant vehicle in the urban 
classifications. 

The possible influence of these varia­
tions on design has been mentioned. 
Since loadometer studies are expensive, 
it would be of great practical importance 
if the average loading pattern for each 
type of truck was reasonably constant 
throughout the United States. This would 
permit the simple counting of truck types 
in a traffic survey in lieu of full load­
ometer studies. The truck type counts 
could then be multiplied by their appro-

TABLE 11 

EQUIVALENT 18-KIP SINGLE­
AXLE APPLICATIONS 
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State Per 4-Axle 
Semitrailer 

Per Truck 

Md. 
Ohio 
Kan. 
Mo. 
N. C. 
Wash. 

2.45 
1.29 
1.10 
0.88 
0.75 
0.64 

1.19 
0.68 
0.28 
0.33 
0.27 
0.49 

priate vehicle load factors to obtain as accurate a traffic-loading summary (equivalent 
18-kip applications) as the full weighing study. It is not reasonable, of course, to 
expect that average truck axle weights are the same for all types of trucks. 

The reported axle-load data for the 4-axle semitrailer trucks in 7 states were ana­
lyzed statistically to determine if there was, in fact, a single constant or average load 
factor which would accurately describe their loading pattern. The 4-axle vehicle was 
chosen because it was the principal contributor to total equivalent 18-kip axle loads in 
virtually all the states studied. 

The statistical analysis showed highly significant variations between the· various 
states. It was noted that Maryland had a higher (22.4 kip) legal single-axle load limit 
than the other states studied (18 kip). After eliminating the Maryland data, significant 
variations were still found. 

A summary of the data used in this analysis is given in Table 10. Except for the 
substitution of Mississippi for Arizona, the states are the same ones previously dis­
cussed. Excluding the Maryland data, there is still a factor of two between the highest 
and lowest vehicle factors. About the same ratio also can be observed from Table 6 
for the weighted mean truck factors. The statistical analysis showed that samples of 
4-axle semitrailer trucks weighed in the several states could not be considered as 
samples from a single population. Although no statistical analysis was performed, it 
appears reasonable that the same would apply to the weighted mean factors computed 
for the data given in Tables 6, 7 and 8. Comparable data are given in Table 11. 

Inasmuch as the equivalent applications per 4-axle semitrailer are not influenced by 
the percentage of 4-axle vehicles in the total count, it is to be expected that a direct 
correspondence might not hold in all cases. For instance, 4-axle vehicles in Kansas 
are apparently fairly heavy, but they do not constitute as great a percentage of the total 
truck count as they do in Ohio. 

It may be that the significant variations found in the loading patterns are not impor­
tant from an engineering standpoint. However, there is a decision to be faced by the 
design engineer as to how much simplification and generalization can be made from 
loadometer survey data. This requires a thorough knowledge of the many problems 
involved. 

PROBLEMS 

In the discussion of the equivalent applications concept and of load equivalency fac­
tors, it was pointed out that load equivalency factors secured from one source should 
not be applied to design procedures developed from another source. It is obvious that 
the load equivalency factors in Table 2 are not the same for all of the methods; yet 
designs developed for a given mixed-traffic situation may or may not be the same. 
Thus the design engineer must consider the end-result properties of his design system. 

Examples using one thickness design system for asphalt pavements have been 
worked out and trends indicated. It is likely that certain properties or characteristics 
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TABLE 12 

TOTAL EQUIVALENT APPLICA­
TIONS FOR HYPOTHETICAL 

AXLE- LOAD GROUP 

Axle 
Load 

8 
10 
12 

8 
10 
12 

8 
10 
12 

No. 
Axles 

2 
2 
2 

1 
2 
3 

3 
2 
1 

Load 
Factor 

0.0618 
0.108 
0.188 

0.0618 
0.108 
0.188 

0.0618 
0.108 
0.188 

Total Equiv. 
18- Kip Single­
Axle Applic. 

0.716 

0.842 

0.589 

of the axle-load or truck-type distributions 
will vary as a function of the design sys­
tem rather than solely as a result of 
changes in the distributions themselves. 
However, the major points made in the 
paper will apply in general to those design 
methods in Table 2 . 

Actual use of any of these design proce­
dures requires that some assumptions be 
made regarding the properties of the design 
method and in applying it to loadometer 
data. Specific examples are that the axle 
loads can be grouped into cells, that tan­
dem-axle loads are evenly distributed be­
tween the two axles and that the equivalent 
applications concepts apply. 

That such assumptions may require 
consideration can be illustrated by one 
example: the use of the load factor for the 
mean load of a group to represent the 
group. If the actual number of axles with­
in a group is uniformly increasing or de­
creasing along a straight line, then the 

use of the equivalency factor for the mean load would result in either an underestimate 
or an overestimate of the total equivalent applications for the group. Other than 
straight-line distributions would do the same unless the distribution coincided with the 
shape of the load vs load-factor relationship. 

How this might affect the total equivalent applications computed for a hypothetical 
axle-load group can be seen from Table 12. The values for the three computed cases 
can be compared to the number 0. 648 obtained by multiplying the total number of axles 
(6) times the factor for the mean load (O .108). 

One way to reduce the likelihood of errors of this type would be to summarize the 
data into load categories of narrower range. A more precise method would require 
that each weight axle be computed separately. It is understood that most of the data 
reported to the Bureau of Public Roads are on punched cards. It would be possible to 
compute and tabulate factors for each individual load with an electronic computer and 
to record this information on the same cards. Subsequent calculations would thus be 
relatively simple. 

As with any similar study, the reliability of the sample is a most important factor. 
The authors suggest that there are many ways in which the reliability of the samples 
being obtained in loadometer studies could be checked. It is realized that there are 
many practical reasons why a more extensive sampling program might not easily be 
put into effect. Nevertheless, some discussion of the problems, as related to pave­
ment design, is in order. 

Most of the truck weight studies used in this paper reported data collected at each 
loadometer station for one 24-hr period during July or August. In a few cases only 
8-hr periods were included in the study. Although the selection of a day during July 
or August may be advantageous from a practical standpoint, it is obvious that such 
surveys tell nothing about the distribution of axle loads or vehicles during the other 
months of the year. It would seem necessary that at least a few 24-hr study samples 
be obtained during these other months. 

The time of the year at which samples are obtained is only one of the many factors 
which governs the reliability of the samples. Some of these factors are summarized 
in the following. 

1. Size of sample: 
a. Percent of the daily total count which is weighed, 
b. Number of stations at which surveys are made, 
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c. Number of stations included for each type of highway, and 
d. Number of observations made each year at each station for each highway 

type. 
2. Method by which specific trucks are selected. 
3. Time of day and time of year during which observations are made. 
4. The specific locations of the loadometer stations: 

a. Relative to the character of the traffic, and 
b. Relative to type of highway they represent. 

The reliability or unreliability of loadometer survey samples could have significant 
consequences. For example, factors to account for growth or the detection of trends 
with time are obviously influenced by the reliability of the data. Since pavements are 
usually designed for future traffic, the use of erroneous growth factors could lead to 
either under- or overdesign. Growth allowances for use in thickness design involve 
more than traffic volume or gross weight of vehicle. A study of reliable loadometer 
data would reveal how the average equivalent applications factors might be changing, 
which in turn would reflect changes in the number and type of vehicles using a particu­
lar type of highway. 

If the results of loadometer studies taken at a few stations on a given class of high­
way are to be applied to traffic observed on other portions of the highway system, it is 
necessary that the axle-weight and truck-type distributions be reasonably constant. 
A proper sampling program would establish whether or not an assumption of constancy 
is justified. If, for instance, the design equivalent applications are to be determined 
from factors computed for each truck type, or if the weighted mean truck factor is to 
be used as indicated in the previous section, then the assumption must be made that 
these factors are applicable (constant). If this is not so, then a sampling program to 
detect trends should be devised. 

As indicated earlier, neither the axle-load nor the truck-type distributions are the 
same for the seven states (Tables 6 and 7) nor for the different types of highway within 
a single state. Thus, it would seem that the collection and study of reliable data are 
necessary if pavement designs for mixed traffic are to reflect accurately the actual 
traffic to which they will be subjected. Securing reliable data is complex and expensive; 
however, it would seem only logical that programs be developed for securing the neces­
sary information. 

SUMMARY OF SUGGESTED PROCEDURES 

Several procedures for using results of loadometer surveys in pavement design 
have been indicated. One method required the computation of equivalent applications 
from full loadometer studies made for, or assumed to apply to, a given design situa­
tion. Where sufficient information is available about a given area, this might be the 
most accurate procedure. However, it must be recognized that any factors normally 
considered to affect the traffic on a highway also might affect the character of the axle­
weight distribution; therefore, the exclusive use of loadometer surveys might be not 
only expensive, but also misleading. 

Another procedure was that loadometer studies be used to establish factors for vehi­
cles cif each type and that these factors then be weighted according to the percentage of 
each truck type determined for a given design problem. This has an advantage in that 
it permits use of count data from locations where there are no loadometer stations. 

The most convenient procedure, but somewhat less reliable, would be that of using 
weighted mean truck factors to compute equivalent applications. These estimates are 
made by multiplying weighted mean factors times estimated numbers of trucks ·expected. 
Although this technique makes use of the same data as that computed by the previous 
method, it does require more stability in the truck-type distributions. It would seem 
that if a sufficient number of surveys indicate that there is not a great variation within 
a given class of highway in a state, then the use of this procedure would be justified. 

In cases where no facilities are available for making loadometer studies, or where 
quick estimates are to be made, the last procedure has considerable merit. Either of 
the last two procedures could be adapted for use by agencies which do not have facili-
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ties for making full loadometer studies. Estimates of the axle-weight distributions 
could be made from data collected by state highway departments. Counts of the num­
ber of commercial vehicles, or counts by vehicle type, could be made by the lesser 
equipped agencies, and the information used for design purposes. This certainly 
would be more reliable than information based on no loadometer studies whatsoever. 

CONCLUSION 

Several important factors concerning the use of loadometer data in designing pave­
ments for mixed traffic have been discussed. It has been pointed out that the equivalent 
applications concept provides a theory for combining the effects of different loads, but 
that there are still many areas which require further study. Among these are the valid­
ity of the theory itself, reliability of the data available, and amount of simplification to 
be permitted in using loadometer data. 
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Con1parison of Concrete Pave1nent 

Load-Stresses at AASHO Road 

Test with Previous Work 
W. R. HUDSON, 1 Senior Designing Engineer , Highway Design Division, Texas Highway 

Department 

Existing rigid pavement design equations spring primarily from 
the theories developed by Westergaard in 1925. Some of these 
design equations are based on empirical modifications of the 
original theory, others are merely simplifications. Several of 
the empirical modifications have been developed from strain 
measurements taken under static loads. Recent developments 
in electronic equipment allow more accurate dynamic strain 
measurement than was formerly possible. Such equipment was 
used to make approximately 100, 000 individual strain gage read­
ings under dynamic loads in conjunction with the AASHO Road 
Test (1958 to 1960). 

The purpose of this paper is to discuss these strain measure­
ments and to compare them with the static strain measurements 
used to develop existing empirical design equations. The stresses 
calculatedfrom these strains will be compared with the original 
Westergaard theories. Such comparisons could provide the basis 
for modifying empirical design equations to include a dynamic 
load effect. 

•THE primary results of the AASHO Road Test were performance equations relating 
pavement design, axle load, number of load applications, and pavement serviceability 
( 1). These equations were developed with a great many other design variables held 
constant . Two methods will be helpful in analyzing these remaining variables to com­
plete the general design equation: (a) additional road tests, and (b) development of a 
mechanistic model or equation relating the multitude of design variables. Judging from 
previous experience in structural research both approaches will ultimately be combined 
to provide the final solution of the problem. 

This report is based on the idea that load-stresses offer an approach to a mechanis­
tic model and that such a model will be helpful in extending the results of the AASHO 
Road Test equations . 

It should be pointed out at this point that no stresses have been measured in this or 
any other study. Strains are measured and the corresponding stresses are calculated 
by use of elastic theory. Such stresses will be called "observed stresses" in this 
report. Theoretical stresses or those computed from empirical equations will be 
referred to as "calculated stresses." Symbols used in this report are defined where 
they first appear or where necessary for clarity, and for convenience in reference, are 
listed alphabetically in Appendix C. 

EARLY HISTORY OF MATHEMATICAL AND THEORETICAL ANALYSES 

In the early 1920's, A. T. Goldbeck and Clifford Older independently developed for­
mulas for approximating the stresses in concrete pavement slabs under certain assumed 
conditions. The best known of these formulas is generally called the "corner formula" and 
is expressed 

Paper sponsored by Co=ittee on Rigid Pavement Design. 

1 Formerly, Assistant Chief, Rigid Pavement Research Branch, AASHO Road Test. 
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3 p 
ac=~ (1) 

in which 

ac = maximum tensile stress, psi, in a diagonal direction in the surface of the 
slab near a rectangular corner; 

P = static load, in lb, applied at a point at the corner; and 
h = depth of the concrete slab, in in. 

Eq. l was derived using the assumptions of point load applied at the extreme corner 
and no s upport from the s ubgr ade. The fiber stresses in the s urface of t he slab are 
assumed to be uniform on any s ection at right a ngles to t he corner bisector . 

strain measurements taken on the Bates Road Test in 1922- 23 appeai· to confirm the 
corner formula. Obviously, the assumptions of point load and load applied at the ex­
treme corner were not correct for the Bates test sections. It is interesting tha t in 
spite of this there was reasonably good comparison. This good agreement could be 
partly due to the high impact transmitted to the slabs with the solid rubber tires used 
in the Bates test or to the possibility that subgrade support may have been very low as 
assumed by this formula. 

In 1926, H. M. Westergaard completed a logical and scientific mathematical analysis 
of the stresses in concrete highway pavements. This analysis is concerned with the 
determination of maximum stresses in slabs of uniform thickness resulting from three 
separate conditions of loading: 

1. Load applied near the corner of a large rectangular slab (corner load); 
2. Load applied near the edge of a slab but at a considerable distance from any corner 

(edge load); and 
3. Load applied at the interior of a large slab at a considerable distance from any 

edge (interior load). 

In the solution of this problem, Westergaard made the following important assump­
tions: 

1. The concrete slab acts as a homogeneous isotropic elastic solid in equilibrium. 
2. The reactions of the subgrade are vertical only and they are proportional to the 

deflections of the slab. 
3. The reactions of the subgrade per unit of area at any given point is equal to a 

cons tant k multiplied by t he deflection at t he point . This constant is termed "the 
modulus of subgrade reaction" or "subgrade modulus. " The constant k is assumed to 
be constant at each point, independent of the deflection, and to be the same at all points 
within the area of consideration. 

4. The thickness of the slab is assumed to be uniform. 
5. The load at the interior and at the corner of the slab is distributed uniformly over 

a circular area of contact; for the corner loading, the circumference of this circular 
area is tangent to the edge of the slab. 

6. The load at the edge of the slab is distributed uniformly over a semicircular area 
of contact, the diameter of the semicircle being at the edge of the slab . 

The following expressions for stress were developed by Westergaard: 

p ( Eh
3

) O-i = 0. 275 (1 + µ) 2 log10 - 4 h kb 
(2) 

p ( Eh
3 

) ae = 0.529 (1 + 0.54µ)-
2 

log10- - 0.71 
h kb4 

(3) 
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ac = ~ [1 -(12 (l-1/) k)o.15 (aV2)o. 6] 
h E ll (4) 

in which 

P = point load, in lb; 
ai = maximum tensile stress, in psi, at the bottom of the slab directly under 

the load, when the load is applied at a point in the interior of the slab at a 
considerable distance from the edges; 

ae = maximum tensile stress, in psi, at the bottom of the slab directly under the 
load at the edge, and in a direction parallel to the edge; 

ac = maximum tensile stress, in psi, at the top of the slab, in a directionparallel 
to the bisector of the corner angle, due to a load applied at the corner; 

h = thickness of the concrete slab, in in.; 
µ. = Poisson's ratio for concrete; 
E = modulus of elasticity of the concrete, in psi; 
k = subgrade modulus, in pci; 
a= radius of area of load contact, in in.; the area is circular in case of corner 

and interior loads and semicircular for edge loads; 
b = radius of equivalent distribution of pressure at the bottom of the slab ( = 

✓1.6 a2 + h2 
- 0.675 h). 

As a part of his analyses and in order to simplify further the discussions, Wester­
gaard introduced a factor called the radius of relative stiffness t, defined as 

(5) 

Eq. 4 can be expressed in terms of l as follows: 

Corner loading: 

(6) 

If µ is set at O. 15, Eqs. 2 and 3, respectively, may be expressed in the form: 

Interior loading: 

(7) 

Edge loading: 

ae = 0. 57185 : 2 [ 4 log10 (~) + 0. 3593] (8) 
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Modifications to the original 1926 equations were made by Westergaard in 1933, 
1939 and 1947. The 1933 modifications were concerned primarily with interior loads 
and will not be discussed in this paper. 

In the 1930's, F. T. Sheets introduced an equation containing a constant c which was 
equated to the value of k as employed by Westergaard. The Sheets equation can be 
written as follows: 

2.4P {c) 
a c "" h2 (9) 

Eq. 9 is reported to give stresses which are in good agreement with those obtained at 
the Bates Road Test; however, it is no longer in general use and does not contain all 
the variables of interest to the designer. 

The principal weakness of these early stress equations was the rather broad assump­
tions necessary to facilitate analysis. Furthermore, with techniques available at that 
time it was difficult to make the strain measurements necessary to verify these stresses. 
As a result, very few stress comparisons were actually performed. Subsequent stress 
equations are all based on some modification of the original Westergaard equation. The 
major work that resulted in these modifications will be more completely discussed 
later in this paper, including the Kelley equation developed as a result of the BPR Arling­
ton Test, the Spangler equation developed as the result of the Iowa State College tests 
and the Pickett equations developed as the result of additional mathematical analysis. 
Finally, the Maryland Road Test strain measurements will be discussed with the AASHO 
Road Test measurements in an effort to summarize all recent works in this field. 

EFFECT OF PHYSICAL CONSTANTS 

The values for physical constants assumed in calculation of theoretical stresses and 
in computation of observed stresses from measured strains can greatly influence the 
apparent correlations. For example, a variation of E from 4,000, 000 to 5,000,000 psi 
results in an increase of 25 percent in the stresses computed from observed strain 
values. Such variations in E can exist and must be closely examined. The modulus of 
elasticity of the concrete can vary with age, moisture content, temperature and other 
factors. At best, any value used in computations must be an average value. 

Aside from these variations in the "true" modulus of elasticity, the indicated modulus 
of elasticity as obtained from static load tests or dynamic (sonic) measurements vary 
greatly, with the dynamic value usually being 20 to 30 percent larger than the so-called 
static value. 

Poisson's Ratio 

Poisson's ratioµ is extremely hard to measure; however, it has only a minor influ­
ence on theoretical stresses or calculated observed stresses. 

Modulus of Subgrade Reaction 

The modulus of subgrade reaction k has no influence on calculated observed stress, 
but it can have significant influence on theoretical stress. Being a property of a granu­
lar material or soil, k inherently possesses all variations associated with such heter­
ogeneous materials. For example, k varies with the density and moisture content of 
the material; with the temperature due to the curling characteristics of the slab; with 
the size of loaded area (plate size) used in the determination; and probably with the 
intensity of load due to the greater deflection imposed by higher loads. 

It will be recalled that k is a stiffness coefficient that expresses the resistance of 
the soil structure to deformation under load in pounds per square inch of pressure per 
inch of deformation. Furthermore, the ability of a subgrade to maintain its k over the 
life of the pavement is extremely important. There are indications that most pavements 
have sufficient supporting power at the beginning of their life. However, as load appli-
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cations are applied to the pavement, the character of the subgrade support changes 
until the pavement in many cases becomes relatively unsupported, particularly in th·e 
corner area. Common causes of this loss of support are pumping, settlement, and 
permanent deformation of the subgrade or subbase material. In addition to these varia­
tions inherent in the "true k value" there are variations dependent on the method of 
measurement used to determine k. A multitude of methods exist. The three basic 
methods are (a) calculation of k from the deflection of a rigid steel plate usually 30 in. 
in diameter (values of k have been found to vary with diameter), (b) calculations of k 
from measurements of load-deflection characteristics of existing slabs (13) and (c) 
assignment of k-value based on other soil strength tests, such as CBR, and triaxial 
compression tests. 

ROAD TEST LOAD- STRESS EXPERIMENT 

In conjunction with the AASHO Road Test (1958-1960) two major pavement strain 
measuring experiments were conducted: (a) edge strains on normal test pavements were 
measured under moving loads, and (b) a special factorial experiment was provided on 
a spacial no-traffic loop for measurement of strains under a vibrating load. 

All concrete strains were measured with etched foil SR-4 strain gages. The effec­
tive gage length was 6 in. and the nominal gage resistance was 750 ohms. The sensi­
tivity of the gages was ± µin. per in. of strain. The gages were cemented to the upper 
surface of the pavement slab and were protected from weather and traffic. Details of 
the measurement system are reported in the AASHO Road Test Report No. 5 (2). 

In order to use these strain measurements to the best advantage, the gage readings 
were converted to principal strains, major and minor. These principal strains were 
converted to stresses by elastic theory. The development and formulas are given in 
Appendix E of Report 5 (2). In these conversions, Young's modulus E was taken equal 
to 6. 25 x 106 psi, the dynamic modulus measured for concrete pavement at the Road 
Test. The static modulus for the Road Test pavement was 5.25 x 106 psi. Poisson's 
ratio µ, was taken as 0.28, the average measured for the Road Test pavements (see 
Appendix A herein, and also Report 5, Appendix D, p. 284-286). 

Main Loop Stresses 

Measurement of Strains. -During the course of the project, 13 rounds of main loop 
strain data were gathered. A round consisted of one set of measurements on these­
lected factorial experiment, and the test vehicles normally assigned to a given lane 
were used as the test load for that lane (Fig. 1). Each round of strain data is repre­
sentative of (a) the early morning pavement condition (pavement corners and edges 
curled up); (b) the period from 10:00 AM to 4:00 PM (pavements curled down); or (c)the 
period from 6:00 AM to 12:00 PM (pavements relatively flat). By varying this time of 
measurement, normal load-stress variations due to temperature differential within the 
slab could be studied. Several studies of pavement strain were also made continuously 
around the clock to provide more definitive information about strain variation with 
temperature differential. 

No data from cracked slabs were used as a part of this experiment. Inspections 
were made to insure the uncracked condition of the slab being tested throughout the life 
of the project. When a crack occurred in the selected slab, a new slab was chosen and 
the gages relaid. When all slabs in a section cracked or a section was removed from 
the test, no further measurements were made on that section. Two gages were installed 
in each pavement section, one on each side of the joint (Fig. 2). Gages on 15-ft panels 
(nonreinforced section) were placed at the center of the panels, 7. 5 ft from each joint. 
Gages on the 40-ft panels (lightly reinforced sections) were placed 10 ft from the joint. 
Output from the strain gages was recorded continously on paper tape as the test vehicles 
passed by. The strain value representative of one section for one round consisted of an 
average of 6 values, a minimum of 3 measurements on each of 2 strain gages. These 
measurements were made when the centroid of the loaded area (load wheels) was located 
opposite the gage and 20 in. (-3 to+ 2 in.) from the pavement edge. (This biased toler­
ance was selected as the result of special studies of the distribution of the placement of 
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vehicles whose operators were attempting to drive at a specified distance of 20 in. from 
the pavement edge.) This placement resulted in the outer edge of the dual wheels being 
located at approximately 6 to 9 in. from the pavement edge. 

Analysis of Data-Main Loops. -In early studies it became apparent that several 
variables should be isolated in order to simplify the study of strain data. Two of these 
variables were load and temperature. 

Load Effects. -Several load-strain studies conducted early in the Road Test indicated 
that for a given pavement at agiventime, strain varies linearly with load. This was 
substantiated many times. As a result of these studies the general mathematical model 
adopted for strains was 

strain 
le load = f (design and other variables) (10) 

Temperature Effects. - Strain measurements are affected by temperature. This 
was amply demonstrated early in the test. To isolate this variable, several 24-hr 
studies were made during the spring and fall seasons to take advantage of daily variation 
in ambient temperature. Numerous investigations of the data (strains, air temperatures, 
and internal slab temperature) indicated that a consistent variable for study was the 
temperature differential, top to bottom of a 6. 5-in. thick PCC slab. These analyses 
led to the following model for best fit. 

strain = f (design & random variables) x 10f(slab temp) 
axle load 

(11) 

General Strain Equation. -Dynamic edge strain data from Rounds 4, 5, 8, and 9, 
gathered between April and August 1959, were selected for use in determining the most 
representative empirical relationship between edge strain, design, load and tempera­
ture. These rounds cover spring, summer and fall seasons when a large majority of 
the sections were still in good condition. 

Plots of the data and preliminary analyses along with load and temperature studies 
were helpful in selection of a model. The final analysis indicated that the design vari­
ables, reinforcing and subbase thickness, were not significant. The following equations 
resulted: 

Single-axle loads: 

20.54 
(12) 

Tandem-axle loads: 

< 3.814 =------ - - -L1 100. 0035T Dz0. 8523 ( 13) 

in which 

E = estimated edge strain at the surface of the concrete slab; 
L1 = nominal axle load of the test vehicle (a single axle or a tandem-axle set); 
D2 = nom.inal Ulickness of the concrete slabs· and 
T = the temperature (° F) at a point 1/1 in . below the top surface of the 6. 5-in. 

slab minus the temperature at a point % in. above the bottom surface, 
determined at the time the strain was measured (the statistic T may be 
referred to occasionally as "the standard differential"). 
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Residuals from the analyses that are less than the average root mean square residual 
determined in the two analyses correspond to observations that range from 83 to 120 
percent of the predicted values . 

Using the theory of elasticity given in Report 5, Appendix E (~), Eqs. 12 and 13 were 
converted to the following stress equations: 

Single- axle loads: 

139. 2L1 
O"es = --------

100 .0031T n 21. 278 

Tandem-axle loads: 

25.86L1 
O'et 

in which 

aes = predicted stress under single-axle load; and 
aet = predicted stress under tandem-axle load. 

L1, T, and D2 are as previously described. 

Special No-Traffic Loop Stress es 

(14) 

(15) 

Between October 9, 1959, and November 2, 1960, a series of eight experiments, 
designed to furnish information regarding the distribution of load stress in the surface 
of concrete slabs, was conducted on the sections comprising the experiment on the no­
traffic loop (Table 1). 

A rapidly oscillating load was applied to the pavement through two wooden pads on 
6-ft centers, each approximating the loaded area of a typical dual tire assembly loaded 
to 22. 4k (Fig. 3). This dynamic loading was intended to simulate that of a typical 
single-axle vehicle used in the main loop experiments. 

Dynamic Load.-The vibrating loader was mounted on a truck (Fig. 4). The essen­
tial parts were two adjustable weights rotating in opposite directions in a vertical plane 
in such a manner that all dynamic force components except those in a vertical direction 
were balanced by equal and opposite components. The deadweight necessary to prevent 
the upward components from lifting the truck from the pavement was provided in the 
form of concrete blocks resting on a platform located directly above the rotating weights. 

TABLE 1 

EXPERIMENT DESIGN FOR SPECIAL STUDIES OF 
LOAD STRESSES IN THE SURF ACE OF CONCRETE SLABS 

No. of Sections 

Subbase 5,0-In. Slab, 9.5-In. Slab, 12.5-ln. Slab, 
Thickness 12, 000-Lb Load 22, 000- Lb Load 30, 000-Lb Load 

(in.) 
No Reinf. Reinf. No Reinf . Reinf. No Reinf. Reinf. 

0 2 1 1 2 2 1 
6 2 1 1 2 2 1 
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Figure J. Load positions for special strain studies . 

The load was transmitted through in­
verted A-frames which could be folded 
upward against the side of the vehicle 
when not in use. Contact with the 
pavement being loaded was solely 
through the wooden pads. 

During each of the eight experi­
ments (rounds), the simulated single­
axle load was applied at three or more 

Figure l.i . Truck- mount ed vibrat or in po s i - of the positions indicated in Figure 3. 
tion on pavement. Data from Round 7, taken in September 

1960 during the early morning hours 
when panel corners were curled upward 
and the strains were among the highest 

observed, were selected for complete analysis and are presented in the Road Test 
report and used herein. Other data are available in Road Test file , DS 5205. 

Field Procedures. -Strains were measured by means of 33 electrical resist­
ance strain gages cemented to the upper surface of the pavement slab. The gages 
were laid out over the corner 6-sq ft area of the slab in each section (Fig. 5). 

The use of delta rosettes at the 9 interior points permitted the computation of 
the magnitude and direction of the principal strains at those points. Only single 
gages were used along the edge and transverse joint, it being assumed that the 
strain perpendicular to the edge or joint could be calculated by use of Poisson's 
ratio for the concrete. No gages were required at the intersection of joint and 
edge as the strain there was assumed to be zero. Figure 6 shows the points at 
which gages were assumed to act. 

Load cells for measuring the vibratory loads were developed at the project and 
were calibrated on the project's electronic scales. A continuous record of loading 
was made while the strain gage output was being recorded. 



66 

"'N 

GOQB 

"' 

= = 
~ 2, __ _,o ... ow_•_"_•d_ Tra:~•••_•_J_o_-••_1 ___ _ z•-~--

Figure 5. Typical gage layout, no-traffic loop strain experiment. 

,. ---- - --- -- - - - -- -- ---8' 

.., 
s ~ ---.1·---+---­
"' "' "' "-

C 

J' 

• • 

DOWELLED TRANS\/£ RS£ J OINT 

0 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

• 
I 
I 
I 
I 
I 

Figure 6. Control points for special strain i 
studies. 

In normal operation, the load was 
varied sinusoidally with time at a frequency 
of 6 cps, from a minimum value of about 
500 lb on each contact area to a maximum 
value which depended upon the thickness of 
the pavement being tested (Table 1). The 
measured strain also varied sinusoidally 
with time, very nearly in phase with the 
load, and of course, at the same frequency. 
From examination of simultaneous traces 
of the load wave and strain wave it was 
possible to determine the amplitude of 
each as well as the nature (tension or com­
pression) of the strain. 

Data Collection. -Data were taken on 
the test sections in random order within 
the experiment. All load positions selected 
for a particular round were completed on 
a section before measurements were made 
on the next section. With the load in one 
of the selected positions, the recording 
equipment was switched to each of the 33 
pavement gages in succession. The output 
of each pavement gage was recorded on 
paper tape, along with the record from the 
load gages . The overall time required to 
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complete the measurements associated with one load position on one section, including 
the time required to set up the vibrating loader, was about 30 min, of which about 5 
min were spent in recording the strains. 

Data Processing. -The first requirement for each experiment was to derive by sta­
tistical techniques a pair of empirical equations for each load position, of the following 
general forms: 

Major principal strain= a function of pavement design, 
load and the coordinates of the gage point 

Minor principal strain= a function of pavement design, 
load and the coordinates of the gage point 

(The coordinate system used was that shown in Figure 6.) 

(16) 

(17) 

The second requirement was to compute from Eqs. 16 and 17, and the appropriate 
plane stress equations linking stress and strain, the estimated value of major and 
minor principal stresses at closely spaced points in the pavement surface within the 
36 sq ft area of observation. 

Examination of the data indicated that variations in the strain observed on sections 
at the same level of slab thickness but at different levels of reinforcing and/or subbase 
thickness were small and apparently random in nature. Therefore, within each round 
and for the same load position, the readings of gages with the same coordinates x and 
y installed on panels of the same slab thickness (irrespective of subbase thickness and 
reinforcing) were averaged to obtain a set of data representing the round-load position­
slab thickness combination. 

Thus, for one load position within an experiment, the processing resulted in three 
sets of data corresponding to the three levels of slab thickness (5.0, 9.5, and 12.5 in.) 
with each set consisting of 33 averaged strain gage readings. As the third step in proc­
essing, each such set was converted from strain gage readings to magnitude and 
direction of major and minor principal strains at the 15 gage points on a panel employ­
ing standard techniques based on elastic theory. 

As the fourth and final step before analysis, each principal strain was divided by the 
corresponding load in accordance with experimental evidence (as described herein) that 
strain is directly proportional to load. Thus, as a result of the four-step processing 
of the data, the only remaining independent variables to be considered in the analysis 
of strain were the coordinates x and y of a gage point and the thickness D2 of the slab. 

Typical stress Distribution Results. -Analysis of strains. -The three sets of data 
corresponding to each round-load position combination were analyzed using statistical 
procedures. The strain data were represented by a linear model whose 48 terms (3 
slab thicknesses by 16 combinations of x and y) were mutually orthogonal polynomials 
in x, y, and D2. As a result of the elimination of reinforcing and subbase thickness as 
independent variables, there were 6 sections within each round-load position-slab thick­
ness combination whose variation in strain furnished a measure of residual effects. The 
residual effects, in turn, were used to determine the statistical significance of each 
coefficient. (The coefficients from each analysis, with significant terms indicated, are 
available in Road Test file DS 5211.) Of the 48 original coefficients only those that were 
found to be significant at the 1 percent level were used in the calculations to be described 
below. 

Distribution of Principal stresses. -As previously indicated, the analyses of data 
from load positions 1, 2, 3, and 4 of Round 7 were selected for complete study. The 
stresses determined were used in plotting contours of equal principal stress (see Fig. 9). 
In these plots all stresses are recorded in pounds per square inch with the usual sign 
convention-tensile stresses positive, compressive stresses negative. 

Critical stresses (Edge Load Condition). -Maximum values of tensile stresses and 
maximum values of compressive stresses for the edge load positions studied were taken 
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TABLE 2 

MAXIMUM TENSILE AND 
COMPRESSIVE STRESSES 

FOR 1-KIP SINGLE-AXLE LOAD 
(Data from Design 1, Loop 1, Lane 2) 

Load 
Position 

Slab Thickness (in.) 

5,0 9.5 12.5 

(a) Maximum Tensile Stress, psi 

1 
2 
3 
4 

12.47 
9.39 
8 . 58 

4.21 
3.27 
2.85 
2,60 

2,62 
2.05 
1.38 
1. 52 

(b) Maximum Compressive Stress, psi 

1 
2 
3 
4 

- 3.78 
-17.97 
-18.821~ 

-17. 57 

-1. 61 -1.12 
-7.41 -4.71 
-7.82 -4.89 
-8 .10* -5. 57~· 

*l1axi1llurn for indicated slab thick­
ness. 

from Figure 7 and recorded in Table 2. 
Figure 7 shows the load position and the 
stress distribution when these critical 
stresses occurred. 

According to an assumption commonly 
made in the application of elastic theory to 
a slab resting on an elastic foundation ( 4), 
the stresses at points on a vertical line­
through the slab are equal but opposite in 
sign at the slab surfaces and exceed, in 
absolute value, the stress at any other 
point on the line. If this assumption is 
made in the present instance, then each 
stress marked with an asterisk in Table 2 
is equivalent, in absolute value, to the 
critical tensile stress for the indicated 
slab thickness and load position. These 
stresses occur along the pavement edge 
with the center of the outer loaded area at 
a distance of 1 ft from the edge and 4 to 6 
ft from the nearest transverse joint (edge 
load conditions). 

The following empirical equation is 
fitted to the three pairs of values of D2 and 
critical stress given in Table 2. 

l60L1 
aev = D2r. 33 (18) 

in which 

a = the critical load stress, in psi, as determined under a vibratory load on 
ev the no - traffic loop (edge load); 
L1 = single-axle load, in kips; and 
Dz = slab thickness, in in. 

or in terms of wheel load (Lw): 

320Lw 
rrev=DT-33 (19) 

Eq. 18 (Fig. 8) predicts the three critical stresses denoted by asterisks in Table 2 
with an error of less than 2 percent. The critical load stress for any combination of 
single-axle load and pavement thickness, within the range observed, presumably may 
be estimated from Eq. 18. Additional stresses which may be present as a result of 
temperature or moisture fluctuations, of course, are not included in the stress estimated 
from this curve or from the contours (Fig. 7). It is also probable that stresses arising 
from static loads would be greater than those estimated from the strains measured in 
this study. 

Stress Distributions for Corner Loading Conditions. -Previous research has indi­
cated t hat the corner loading condition is .of considerable importance in the study of 
pavement behavior. To provide a basis for comparison with previous data for this case 
of loading, the results of the corner load position of the Loop 1 strain experiments are 
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given in Figure 9; the directions of the principal stresses are given in Figure 10. These 
stress directions have not previously been reported although the stress contours are 
part of the Road Test reports . 

Maximum stresses indicated for corner loading can be obtained from Figure 9. Using 
these values a corner stress equation can be developed exactly as Eq. 18 was developed 
for edge loading. 

193L1 a =--
cv n/•7 (20) 

in which 

acv = maximum load stress, in psi, as determined in Loop 1 for corner load. 

L1 and D2 are as previously defined. In terms of wheel load ~ this equation becomes 

_ 386Lw a - ---cv n/•7 (21) 

(Eq. 20 is also shown in Figure 8.) 

Comparison of Main Loop and No-Traffic Loop Stresses 

The use of dynamic loaders (such as the vibrator used in the no-traffic loop) in future 
experiments would facilitate the study of pavement strains under dynamic load conditions 
However, such studies will be useful only if the stresses observed under this dynamic 
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loading device are comparable to stresses under normal traffic. It seems reasonable 
to compare the stress equations obtained for the two loading conditions to evaluate this 
device. It is also desirable to compare the observed stresses for selected pavement 
slabs under both routine truck traffic and the vibrator loaded to the same axle weight. 

Figure 11 indicates that strains measured under a normal 30-kip single-axle vehicle 
and a 30-kip vibratory load are substantially equal. 

If T is made equal to zero the main loop equation for edge stresses under single­
axle loads (Eq. 4) becomes 

139.2 L1 
t>/· 278 

(22) 

Eq. 22 gives stresses nearly equal in value to those computed from the Loop 1 cri­
tical edge stress equation (Eq. 18) as shown in Figure 12. When D is 11 or 12. 5 in., 
the stresses are numerically equal. The difference between these two equations could 
be due to one or more of the following reasons among others: 

1. a ev are maximum stresses and their location varies with slab thickness, whereas 
aes is calculated for a fixed edge location. 
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Figure l2. Comparison of normal load and vibratory load edge stress equation. 

2. The loads used to induce a ev were applied through a wooden contact area of fixed 
size; aes were induced by normal tires and in general the contact area increased with 
slab thickness. 

3. Both aev and o s occurred with the load near the pavement edge· however, the 
centroid of the loadea area was slightly closer to the location of aev than to the location 
of aes. 

This close agreement between these stress equations supports the thesis of using 
the dynamic loader for future experiments with dynamic stresses. 

PREVIOUS THEORETICAL AND EXPERIMENTAL WORK 

This section compares the AASHO Road Test strain experiments with the theoretical 
equations developed by Westergaard, as well as the observed stresses and the result­
ing empirical equations from: 

1. Bureau of Public Roads Tests conducted at Arlington, Va., 1933 to 1942, by 
Bureau of Public Roads' personnel and reported by Teller and Sutherland (4). Equation 
was developed and reported by Kelley (9). -

2. Iowa State College Tests conducted indoors, 1930 to 1938, by Spangler (5). 
3. Maryland Road Test, strain measurements made on the Maryland Road Test 

pavements 1950 (12) Highway Research Board Special Report 4. 
4. Pickett Equation, mathematical work done by Pickett (11) in an effort to make an 

~mpirical equation which has rational boundary conditions aswell as fit observed data 
·reviously reported by others. 
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These comparisons and analyses are broken into four categories: corner load con­
ditions, edge load conditions, miscellaneous comparisons, and general overall com­
parisons. Necessary descriptive data relative to comparisons with the Road Test data 
are given. 

Bureau of Public Roads' Arlington Tests 

In 1930, the BPR began a research project, a portion of which had as its objective, 
"a study of the deflections, strains, and resulting stresses caused by highway loads 
placed in various positions on concrete slabs of uniform thickness." The data obtained 
from this project were analyzed using Westergaard's 1926 equations primarily. 

Description of the Project. - Concrete Pavement. -The investigation was carried 
out on 10 full-size concrete pavement slabs especially constructed near Arlington, Va. 
Each of these slabs was 40 by 20 ft overall, divided by 1 longitudinal and 1 tranverse 
joint to produce 20-by 10-ft panels. Each slab was separated from those adjoining it 
by a 2-in. open joint. Slabs of uniform thickness of 6, 7, 8, and 9 in. were constructed. 
All slabs were nonreinforced (plain concrete). The static modulus of elasticity for con­
crete control specimens after 12 months' storage in a normal laboratory atmosphere 
averaged 4, 500, 000 psi for summer conditions and 5, 500, 000 psi for winter conditions. 
Poisson's ratio was assumed to be 0.15. Coarse aggregate was 1¼-in. maximum size 
limestone. The concrete was proportioned to provide an average 28-day flexural 
strength of 765 psi. The average compressive strength at 28 days was 3, 525 psi. 

Subgrade Conditions. -The supporting soil for the slabs was a uniform brown, silty 
loam, Class A-4. The subgrade was plowed to a depth of about 10 in. before construc­
tion of the slab. After remaining in this loose condition for several weeks it was com­
pacted with a 5-ton tandem roller followed by a loaded 5-ton motor truck. Daily sprin­
kling was provided during construction to maintain a uniform moisture content. The 
soil had a liquid limit of 25, a plasticity index of 9, a shrinkage limit of 19, and a 
shrinkage ratio of 1. 8. 

Testing Procedures. - Loading Procedures. - For the corner and interior loading 
conditions circular metal bearing plates with 6-, 8-, 12-, 16-, and 20-in. diameters 
were used. For edge loadings the bearing plates were semicircular with the diameter 
acting at the slab edge. static loads were applied through a jack and reaction loading 
system. It was found that from 1 to 5 min of load application was required to "develop 
maximum stress." Therefore, all loads were applied for 5 min with a recovery period 
of at least 5 min between loads . This long loading period should be kept in mind when 
these observed stresses (strains) are compared with stresses observed under normal 
momentary dynamic loads. Loads of 7, 000, 9,000, 12,000 and 15,000 lb were applied, 
respectively, to the 6-, 7-, 8-, and 9-in. pavement slabs. These loads created maxi­
mum stresses which approximated one-half of the modulus of rupture of the concrete. 

Determination of Modulus of Subgrade Reaction. -Westergaard's original equations 
involve a coefficient of subgrade stiffness k called the subgrade modulus. To make 
practical use of the Westergaard equations, it is necessary to assign a value to this 
subgrade modulus for the conditions prevailing during the test. At the time of this 
particular investigation no determinations of the value of such a soil coefficient had 
been made. There was, therefore, no previous experience to indicate either the prob­
able range of values of coefficients or a procedure by which values might be obtained. 
It was decided, however, that the factor used should simulate the action of a loaded 
slab. As a part of this experiment, tests were made to develop a proper testing pro­
cedure for determination of k. The procedure selected was that of loading a 30-in. 
diameter steel plate on the subgrade until a deflection of 0.05 in. was reached. Unit 
load required to produce this deflection was divided by 0. 5 in. resulting in the coeffi­
cient k in pounds per square inch per inch of deflection. 

It is important to note at this point that the k value used by the Bureau of Public 
Roads in its analysis of this test was not derived from the described plate bearing test. 
Instead k was determined by substituting the observed deflection of a loaded slab in the 
theoretical equation for maximum deflection and solving the equation for the value of k. 
In general a pavement design would not have the advantage of this method of evaluating 
k and other correlating methods must be developed. 
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Strain Measurements and Stress Determinations. - Strain Measurements. - Strains 
were measured with a temperature compensating recording strain gage approximately 
6. 6 in. in length installed between metal plugs set in the top surface of the concrete 
slab. To evaluate the bottom strains it was assumed that the strain in the bottom of the 
slab was equal to the strain in the surface of the slab directly above it though opposite 
in sign. The assumption has previously been substantiated. Teller reported that in 
one test series the recording strain gages were attached to both bottom and top of a 
concrete slab which was supported on the ends only. Equal and opposite strains were 
recorded at both slab faces when load was applied. Additional research into this point 
would be very helpful because some tests at very high loads indicate a shift in the neu­
tral axis of the slab with a resulting differential in the strain at top and bottom. How­
ever, the assumption of equal strains top and bottom is common to all the tests dis­
cussed in this paper. An example slab showing locations of applied load and arrange­
ment of strain gages is shown in Figure 13. 

Stress Determinations. -The measured strains were converted to stress by the use 
of elastic theory. The equations used are the same as those reported in Report 5, 
Appendix E, p. 290 for the Road Test measurements. 

Iowa State College Tests 

About 1930, research was begun at Iowa State College in an attempt to study corner 
stress conditions. The primary purpose was to provide experimental data for verifica­
tion or modification of the original corner equation and the Westergaard corner equation 
for the design of concrete pavement slabs. 

Description of the Project.-Concrete Pavement.-Five experimental slabs were 
cons tructed in a basement labora tory to provide co11trolled conditions for testing . Slab 
1 was used primarily for development of procedure and measuring techniques. Details 
of the remaining slabs are given in Table 3. In the study of these slabs, slight tipping 
of the corner opposite the load was noted, but this was assumed to be negligible by the 
original author. 
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Subgrade. -The subgrades for the ex­
perimental slabs were constructed by tamping 
moist, yellow, clay loam in thin layers 
within a 12- by 14-ft wooden crib for slabs 
2 and 3, and a 14- by 14-ft crib for slabs 
4 and 5. All the subgrades were 2-ft thick 
above the concrete floor. Values of k, sub­
grade modulus , were assigned by dividing 
the unit load at any point within the slab by 
the deflection of the slab at that point. For 
analysis, the value of k was taken to be 100. 
Spangler reports that under the slab the 
value of k decreases as the radial distance 
from the corner increases. For example, 
under slab 5, k varied from 650 psi per in. 
at the corner to about 50 psi per in. at a 
distance of 40 in. from the corner . This 
is not consistent with the original Wester­
gaard assumption that k is considered uni­
form at every point under the slab. Wester­
gaard later reports, however, that k prob­
ably varies under the slab with the deflection. 

Load Procedures. -Static loads were 
applied to slabs through a circular cast­
iron 6. 72-in. diameter bearing plate. A 
cushion of corn-stalk insulation board was 
used between the plate and the slab to help 
distribute the load uniformly over the cir­
cular area. Loads were measured with a 
pair of calibrated springs mounted between 
two cast-iron plates. Load magnitudes are 
given in Table 4 . 

Stress Determinations. -Strains were 
measured by means of optical levered 
extensometers approximately 3 in. long . 
These extensometers were placed in a 
rosette pattern and provided data for cal­
culation of the maximum and minimum 
principal strains by graphical construction. 
These principal strains were then converted 
to stresses by the equations given in Report 
5, Appendix E (~) . 

Maryland Road Test Strain Measurements 

During the last six months of 1950, con­
trolled traffic tests were run over a 1.1-mi 
section of PCC pavement constructed in 
1941 on US 301 approximately 9.0 miles 
south of LaPlata, Md. The pavement con­
sistedof two 12-ft lanes each having a 9-7-9-
in. cross-section and reinforced with wire 
mesh. Expansion joints were spaced at 120 
ft intervals with 2 intermediate contraction 
joints at 40 ft spacings . All transverse 
joints had ¾-in. diameter dowels on 15-in. 
spacing, and the adjacent lanes were tied 
together with tie bars 4 ft long spaced at 
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TABLE 4 

LOAD VALUES USED 
IN IOWA STATE TESTS 

Slab Loads for Which 
Strains Recorded 

2 
3 
4 
5 

1,000 
3, 000 
3,000 
2,500 

200 
4,000 
4,000 

3,000 
5,000 
5,000 

4-ft intervals. These pavements had been under 
normal traffic for approximately 9 years. There 
were very slight and localized systems of distress 
which indicated that their design was adequate for 
the traffic carried before the test. The test pave­
ments were divided into four separate sections. 
Each section was subjected to repetitions of a single 
load. The four loads were 18-kip single axle, 22. 4-
kip single axle, 32-kip tandem axle, and 44. 8-kip 
tandem axle. 

Description of the Project.-Concrete Pave-
ments. -The concrete in these slabs had an average 
compressive strength of 6,825 psi, an average mod­
ulus of rupture of 785 psi. The design cross-section 
thickness was closely approximated in construction 

according to field measurements. The static modulus of elasticity varied from 
4,200,000 to 5,003,000. A value of 5,000,000 was used for all strain-to-stress con­
version. The sonic or dynamic modulus averaged 5,700,000 for air-dried conditions 
and about 5,900,000 for wet specimens. · 

Subgrade Conditions. -The subgrade classifications and variation for the four test 
sections are given in Table 5. 

Program of Strain Measurements . - Strains were measured for a variety of loads 
including the standard cases of interior loading, edge loading and corner loading. The 
results of the free edge load and the corner load conditions are primarily dealt with 
herein. Figure 14 shows these loadings with reference to the slab. Various studies 
were made on these test pavements. Those discussed in this comparison are load­
stress relationships, speed-stress relationships, variation of stress with temperature 
differentials with the slab and variation of stress with subgrade support conditions. 

Strains were measured with SR-4, type A9 (6-in. length electrical resistance) strain 
gages. All strain values were recorded with a direct-writing oscillograph. The strain 
gages were cemented into place on the slab surface and sealed with appropriate water­
proof protection. Conversion of strain to stress was made using the appropriate elas­
tic equations given in Report 5, Appendix E (~). 

Pickett's Mathematical Studies 

Pickett noted that several of the theoretical and empirical formulas developed for 
corner stresses in concrete pavement had poor boundary conditions. For example, the 

TABLE 5 

SUBGRADE CONDITIONS-MARYLAND ROAD TEST 

Load 
No. 

1 
2 
3 
4 

Max. Axle Loading 
(lb) 

18,000 (single) 
22, 400 (single) 
32, 000 (tandem) 
44, 800 (tandem) 

HRB Classification Groupa 

A-1 A-2-4 A-4 A-6 A-7-6 

27 
25 

0 
0 

2 
6 
0 
0 

4 
4 

14 
14 

56 
54 
68 
65 

11 
11 
18 
21 

aP8rcent of total number of slabs in each lane supported by 
indicated soil. 
Note: In general, the ratings of soils within these groups as 

a subgrade material are: (1) excellent for A-1; 
(2) good to fair for A-2-4; (3) fair to poor for A-4; 
and (4) poor for A-6 and A-7-6, 



~-

LONGIT UDINAL JOINT 

FREE-EDGE 

~ 50"•55''--\ LOADING 

@ ® 
DIRECTION OF TRAFFIC 

DURING TEST 

@ ® 

12'- 20' FROM TRANS. JT. -----\ 

{.

STRAIN GAGES 

@) @ 

_J._. @---J... 
12•1 I 5'' 

POSITION OF WHEELS AND LOCATION OF STRAIN GAGES FOR 
MEASUREMENT OF CRITICAL STRAINS FOR FREE-EDGE LOADING 

CORNER 

DIRECTION OF TRAFFIC 
DURING TEST 

I 
STRAIN GAGE (APPROX. 

2" FROM EDGE) 

POSITION OF WHEELS AND LOCATION OF STRAIN GAGES FOR 

MEASUREMENT OF CRITICAL STRAINS FOR CORNER LOADING 

Figur e 14, Wheel positions for critical edge and corner strains. 

79 



80 

1,0 

o.q 

0.6 

0.7 

0,6 

0. 

f.o.s 
'b 

0.4 

0.3 

0.2 

0.1 

0.0 0.1 0.2 

Curve 1 (Westergaard) 

Ourve 2 (Bradbury). 

Curve 3(Kelley) 

Curve 4(Spangler) 

8 

0.3 0.4 0.5 0.6 0.7 0.8 O.Q 1,0 

~~· =•-(tt 
dh' (.a )o.6 
3P = 1-\m 

-W= 1-(-f-)"' 

1t; = \2 [1- f-] 

SJ/l 
U:EGlE.N11> 

Curve 5, Theoretical ----Full su bgrade 
support 

Curve 6, n1eoretlca1----Part1a1 subgrada 
support 

curve 7, Theoretical ---- SOo/o Increase 
over Curve 5 

Curve 8,'5em1-emplrlcal--.SW=l.4~- l.l+~o:] 

0 Plotted points representexperlmental data furnished b!jthe Public Roads Administration 

Figure 15. Comparison of theory with existing stress equations. 



81 

Westergaard, Kelley, and Spangler equations all indicate stress to be zero when the 
ratio of the radius of the loaded area to the radius of relative stiffness equal 1. 0 (Fig. 
15). Because of these observations, Pickett has worked toward the development of a 
formula which has the shape and characteristics of the Westergaard equation, but which 
has more rational boundary conditions. 

COMPARISON OF THEORETICAL AND OBSERVED STRESSES FOR 
CORNER LOAD CONDITIONS 

Many of the concrete pavement design equations used in the past 30 years have been 
corner equations. Thus, it is interesting to compare all available information with the 
Road Test experimental results for the case of corner loads. 

BPR Arlington Tests 

Effect of Modulus of Elastici on Indicated Stresses. -Figure 16 shows in solid lines 
the comparison of indicated and theoretical s resses in the 6-, 7-, 8-, and 9-in. slabs. 
The stresses were obtained by using an average value of E determined for the corner 
load conditions. Table 6 indicates that this value of E is considerably lower than E 
determined from the other two load conditions. The authors of the BPR report there­
fore calculated the values shown in dashed lines by using the average E for interior and 
edge loading. In their opinion, the theoretical (Westergaard) and observed stresses 
agree closely for the 6- and 8-in. slabs because these slabs were tested when warped 
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Figure 16. Comparison of theoretical and observed stresses for corner load. 
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TABLE 6 

VALUES FOR VARIOUS COEFFICIENTS, WESTERGAARD EQUATIONS, 
DETERMINED FROM MEASURED DEFLECTIONS, BPR TESTSa 

Slab 
Load Testing Thick- 1 k K D E 

Position Time ness (in.) (pci) (psi) (psi) (psi) 
(in.) 

Corner Late summer 6 26 143 3,708 96,400 3,540,000 
Winter 7 28 161 4,515 126,400 3,390,000 
Winter 8 30 227 6,825 204,700 4,220,000 
Late fall 9 33 168 5,535 182,600 3,200,000 

Interior Late summer 6 25 195 4,880 122,000 4,140,000 
Winter 7 29 238 6,895 200,000 5,750,000 
Summer 7 28 222 6,230 174,400 4,670,000 
Winter 8 31 260 8,065 250,000 5,500,000 
Late fall 9 36 203 7,315 263,200 5,490,000 
Summer 9 33 220 7,290 240,500 4,210,000 

Edge Late summer 6 26 171 4,440 115,400 4,235,000 
Winter 7 29 212 6,145 178,200 5,125,000 
Winter 8 30 279 8,365 251,000 5,175,000 
Late fall 9 34 243 8,260 280,800 5,220,000 

asource : Public Roads, 23:8, p . 187 . 

downward. Observed stresses for the 7- and 9-in. slabs were higher than theory in­
dicates because they were tested while warped upward. Additional tests on the 7- and 
9-in. slabs while warped down seem to verify these observations. The following con­
clusions were drawn: 

1. Values of E calculated for corner leading conditions are unrealistic. 
2. If the conditions are such that the corner is receiving full subgrade support, val­

ues of critical stress for corner loading (Case 1) computed from the Westergaard equa­
tion can be used with confidence. When full support does not exist the computed stresses 
will be too low. 

Variation of Critical Stresses with Slab Curling or Warping. -The authors compared 
critical or maximum load stresses observed for three positions of the slab: (a) corners 
warped up, (b) flat, and (c) corners warped down. Table 7 gives a compilation of these 
values with the comparative values of maximum stress observed at the Road Test (for­
mulas were used to interpolate for the correct load and slab thickness). 

Figure 17 shows the stress-slab thickness comparisons for the Arlington and Road 
Test experiments as well as for several stress equations. The Road Test stresses are 
considerably smaller than the BPR stresses or the theoretical stresses. The Road 
Test stresses are those due to dynamic (transient) loads (load time 1/ 12 sec), whereas 
the BPR stresses are those under a static load (load time 5 min). The Road Test 
stresses were also measured at a corner with a doweled joint, whereas the BPR slabs 
had free joints and edges. Based on a comparison of other strain studies at the Road 
Test it appears likely that one-fourth to one-third of the load is transferred to the ad­
jacent slab, thus reducing the induced strains and, thus, stresses in the study by 25 to 
33 percent. 

Directions of Maximum Principal Stresses. -In connection with the main studies, 
the BPR made some supplementary studies to indicate the direction and magnitude of 
the principal stresses induced by corner loads (Figs. 18 and 19). An 8-in. uniform 
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COMPARISON OF CRITICAL STRESSES 
BPR ARLINGTON TEST AND AASHO ROAD TEST 

Slab 
Thick 
(in.) 

Arlington BPR Theoretical 
Westergaard 

Case 1 

AASHO Road Test 
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thickness slab and a 9-6-9-in. slab were compared with a symmetrical corner loadand 
an eccentric corner load (Fig. 19). Moving the load from the corner toward the center­
line 18 in. caused a shift in the direction of maximum stresses. The shifts were 
counter-clockwise angular displacements of 7 to 14 degrees. 

Kelley's Empirical Equation. -To summarize their work on corner stresses the 
authors of the BPR report indicate that the Westergaard equation for Case 1 (Eq. 4) 
gives an accurate indication of maximum load stress when the pavement corner is in 
full contact with the subgrade. In the BPR investigation this condition was attained 
only when the corner was warped downward. If Eq. 4 is used for computing load stress, 
the condition of corner warping due to temperature would be such as to create a mod­
erate compressive stress in the upper surface of the slab in the region where the load 
would create the maximum tensile stress. Thus the combined stress would be slightly 
lower than the load stress. 

For other cases when the slab corner is not in complete bearing on the subgrade due 
to upward warping, Eq. 4 will give load stress values somewhat lower than those which 
are actually developed. For this condition the Arlington experiments indicate an em­
pirical equation which gives computed values which are more nearly in accord with 
those observed. This equation was reported by Kelley in 193 9 ~). 

3 p 
IT 

in which 

ere = maximum tensile stress, in psi; 
P = load, in lb; 
h = thickness of concrete slab, in in.; 

(23) 

a1 = the distance, in in. from the corn~r of the slab to the center of the area of 
load application; it is taken as a ,J2 where a is the radius of a circle equal in 
area to t he loaded area; 

Ell d . f 1 t· tiff t = 
2 

( 2) = ra ms o re a 1ve s ness; 
1 1 - µ k 

E = Young's modulus for the concrete, in psi; 
k = subgrade modulus, in psi/in.; and 
µ = Poisson's ratio for the concrete. 

To summarize, as a general rule the most critical condition for the corner loading 
is at night when the corner tends to warp upward; the subgrade support is least effec­
tive at that time. Any warping stress in the corner is also additive to the load stress. 

Iowa state College Tests 

New Hypothesis for stress Distribution in Corner Region. -The Westergaard corner 
equation and the Older corner equation both imply the same assumption of uniform dis­
tribution of the maximum tensile stresses along a line normal to the corner bisector. 
Observations of stress and observation of structural corner breaks both in the labora­
tory and the field, led Spangler to the hypothesis that the locus of maximum moment 
produced in a concrete pavement slab by a corner load is curved line which bends 
towards the corner as it approaches the edge of the slab. It appears that the locus may 
lie anywhere between a straight line normal to the bisector (Westergaard assumption) 
and a circular curve tangent to that bisector having the corner as its center. Under 
this hypothesis the maximum stress will occur when the locus is a circular curve inas­
much as this is the shorter of the two limiting sections. 

Figure 20, from the Spangler report, shows these limiting conditions along with a 
typical corner break. 

Stress Direction and Magnitude. - Figures 21 and 22 indicate the direction and mag­
nitude of principal stresses in slab 4 (6-in. thickness) under a 5, 000-lb static load. 
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These values were obtained by averaging 
readings from three separate loadings of 
the slab. 

Slab 3 (6-in. thickness) was a smaller 
experiment than slab 4. Figure 23 shows 
the approximate principal stress contours 
observed on this slab for a circular and 
an elliptical load. As in slab 4, there is 
a considerable area over which the stress 
in slab 3 does not vary greatly. Although 
the slabs were of the same nominal thick­
ness and approximately the same size, 
the maximum stress in slab 3 was only 
about 50 percent of that in slab 4. Spangler 
makes the following observations: "This 
is probably due to the fact that the sub­
grade under Slab 3 was stiffer than that 
under Slab 4 and that the modulus of elas­
ticity of the concrete in Slab 3 was less 
than of Slab 4. It is difficult, however, 
to account for such a divergence in stress 
in this way since published analyses of 
stresses indicate that large variations in 
either or both of these coefficients cause 
relatively small variations in stress." 

Iowa Study Conclusions 

Table 8 compares the observed stresses 
in these studies with existing stress equa­
tions. It was concluded that in these 
studies observed stresses were in general 
agreement with the equation proposed by 
Kelley. The Kelley equation actually gives 
calculated stresses that closely agree with 
the observed stresses only for slab 2. 

The Westergaard equation shows ex­
cellent agreement with the observed 
stresses for both slabs 4 and 5 and does 
not show too large a variation for slab 2. 
Since these slabs were constructed and 
tested in a closely controlled environment, 
to eliminate temperature and moisture 
curling, it would appear that the observed 
stresses should check the Westergaard 
equation more closely than the Kelley 
equation. 

The corner load-strain measurements at the Maryland and AASHO Road Tests were 
not as complete as the edge measurements. For that reason these comparisons will 
not be extensive. Comparisons will be made of load vs stress relationships and effects 
of corner warping (temperature differential). 

These comparisons are further complicated by the nonuniform slab thickness of the 
Maryland pavements. In an effort to overcome this difficulty, results for several 
thicknesses from the AASHO tests have been compared with the Maryland data. 

In the analysis of data from the Maryland test, static modulus of elasticity was used 
in the conversion of strains to observed stresses, whereas in the AASHO results 
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TABLE 8 

COMPARISON OF STRESS EQUATIONS AND 
OBSERVED STRESSES-CORNER LOADING 

(Iowa state College Tests) 

stress 
Slab Slab Slab 

Avg. 2 4 5 

Westergaard Eq. 170 260<> 255<> 228<> 
Kelley Eq. 215lf 350 415 326 
Corner Eq. 250 410 470 376 
Observed 230 285 215 243 

-l<·Indicates equation giving closest prediction 
for that s lab . 

tion existed with the slab warped down 
(day measurements). At the AASHO 
test after 26 series of such experiments, 
it was concluded from regression analyses 
that the relationship was a straight line 
within the limits of significant statistical 
error. There was some indication, how­
ever, that the relationship might be cur­
vilinear for weaker subgrades. 

Figure 24 shows that the indicated 
stresses from the MD-1 test approximate 
the stresses in a 7-in. slab at theAASHO 
test for conditions of upward warping. 
For conditions of downward warping, the 
MD-1, 9-7-9-in. slab acted much like an 
8-in. slab at the AASHO test. This last 
comparison is considered to be the more 
valid since strain measurements of a slab 
on two different reasonably hot afternoons 
will agree without significant variation; 
whereas strains measured on two different 
mornings may vary considerably depend­
ing on moisture and temperature. There­
fore, the general condition of downward 
warping is more stable than upward 
warping. 

Effect of Corner Warping. -Additional 
complications arise with this comparison 
since quantitative information is not avail­
able about temperature differentials which 
existed at the time strains were measured. 
(The report merely indicates slabs warped 
up, flat or warped down.) The amount of 
warping, or more specifically the exact 
temperature differential of top minus 
bottom of the slab is very important in 
absolute strain existing. It can generally 
be concluded that the apparent effect of 
warping or curling was much the same 
for the Maryland and the AASHO Road 
Tests. 

dynamic E was used. It seems that a com­
mon type of E must be used if comparisons 
are to be valid. In the following work 
dynamic E has been used since the loads 
involved were dynamic or moving loads. 

Load vs stress. - Figure 24 shows a 
comparison of load-stress relationships 
at the two road tests . The MD-1 report 
indicates that a curvalinear relationship 
was found for slabs warped upward (early 
morning); whereas a straight-line rela-
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COMPARISON OF THEORETICAL AND OBSERVED STRESSES 
FOR EDGE LOADING 

Edge loading was one of the three cases originally investigated by Westergaard. 
Study of these edge stresses has become more important with the advent of load trans­
fer devices to help limit corner stresses. The use of longer joint spacing on reinforced 
concrete slabs and finally the development of continuously-reinforced concrete pave­
ments have increased the need to study edge stresses. The largest strain experiment 
at the AASHO Road Test was measurement of edge strains. The most important edge 
strain experiments reported prior to the AASHO Test include the Bureau of Public 
Roads' Arlington Tests (4) and the Maryland Road Test (12). 

IntheAASHOtests, stresses under edgeloadsweregenerallyhigher thanthe stresses 
under corner loads. Figures 7 and 9 show some of the results of these tests. In all 
cases the maximum edge stresses occurred directly opposite the load. For tandem 
axles the maximum occurred opposite one of the pair of axles, usually the rear axle. 

BPR Arlington Tests 

The conditions of the BPR test and the AASHO Road Test have previously been dis­
cussed. It was necessary to adjust the AASHO results to conditions approximating the 
BPR test to compare the results. The following adjustments in the equation were made 
using experimental results from the Road Test: 

1. Stresses will be 22 percent higher at creep speed, which is as nearly static as 
was tested. 

2. Stresses will increase 24 percent due to change in placement of loaded wheels to 
approximate BPR placement. 

The resulting equation for stresses at the Road Test which can be compared to the 
BPR tests is 
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Figure 25. Effect of vehicle speed on pavement edge stresses . 
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or 

422 P 
100 .0031T n i. 28 (25) 

in which Lis the axle load and Pis a half axle load or wheel load. Other terms have 
previously been defined. 

A static modulus has been used to convert the BPR strains because the load was 
static of 5-min duration. A dynamic modulus is assumed to apply for the AASHO Road 
Test since the load was always moving. 

Stress Variation with Load. -To compare load study result, Tis set equal to zero 
since no mention of warping conditions was made in this regard (4, Fig . 26). The re­
sults of this comparison are shown in Figure 26 for a 7-in. and §: in. uniform thickness 
concrete slab. The load vs stress relationships are linear in all cases and the results 
for a given thickness very nearly agree. This indicates that the effect on stress of in­
creasing the load might be expected to be the same on two pavements if the major phys­
ical variables such as temperature differential, load placement, and slab thickness are 
equal for the two pavements. 

Stress Variation with Slab Thickness. -In the BPR report the effect of slab thick­
ness was illustrated (4, Fig. 43). These data are shown in Figure 27. The basic in­
formation presented is for a study with pavement edges curled up. A similar curve 
for flat slabs has been developed by adjusting BPR data to a common load of 10, 000 lb. 
Road Test data for both the curled up and flat positions are shown. A comparison of 
these curves indicates that the effect of curling was probably more severe on the BPR 
pavements than on the Road Test. This is to be expected because the BPR slabs had 
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no adjacent slab giving restraint, whereas the Road Tests slabs were doweled to ad­
jacent slabs. Further examination shows a variation in the shape of the curves which 
results in a cross at 8 in., thus explaining why Figure 26 shows BPR stresses higher 
on 7-in. slabs, but lower on 9-in. slabs. Figure 28, a plot of Westergaard's equation 
(Eq. 8) for the BPR physical conditions, agrees almost perfectly with the BPR "flat 
condition" data. 
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Figure 28. Comparison of BPR and AASHO with Westergaard equations for curled down 
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Maryland Road Test 

To compare results , certain adjustments must be made in the AASHO stress equa­
tion and the Maryland data. Where reliable data were developed as part of the tests, 
the following changes were required: 

1. The standard placement for the Maryland test was 3 to 4 in. nearer the edge than 
the AASHO Test. (For the AASHO Test the centroid of the loaded area was located 20 
inches from the pavement edge.) Using published data (12, Fig. 13), Maryland results 
were adjusted to the AASHO placement. -

2. In some cases the AASHO equation was adjusted to creep speed. 
3. The Maryland tests involved normal dynamic vehicle loads. 

At the AASHO Road Test the decision was made to use dynamic modulus of elasticity 
(Ed) with dynamic loads. For comparisons, the Maryland report gives results of load 
studies for pavement "warped or curled" up. To compare these results with the AASHO 
data, T (Eqs. 14 and 15) was taken as 7 degrees, a condition of moderate upward curl 
(-10° was the maximum negative temperature differential T observed at the Road Test) . 
Figure 29 compares the load vs stress curves for the Maryland and AASHO Road Tests. 

For single-axle loads the stresses on the 9-7-9-in. Maryland pavements were ap­
proximately equal to the stresses in a 9-in. uniform thickness pavement at the AASHO 
test. This indicates effective reduction of edge stresses by use of edge thickening. 

For tandem-axle loads the stresses in a 8-in. AASHO Road Test slab closely approx­
imate the stresses observed for the Maryland slabs. This indicates an averaging effect 
of the 9- and 7-in. portions because the stresses, although smaller than might be ex­
pected in a 7-in. thick slab, are not as small as they probably would have been for a 
9-in. uniform thickness slab. The difference intneactionofthe9-7-9-in. slabunderthe 
two types of load may be due to the broader stress patterns of the tandem loads . In 
other words, the tandem axles spread the load in such a way that a larger percentage 
of the 7-in. portion of the Maryland slabs comes into action. The apparent difference 
may be only experimental error in testing conditions though it is not likely since aver­
ages are used in the comparisons and no major known biasing effect is involved. 

The load vs stress studies in the Maryland test indicate non-linear action (Figs. 29 
and 30). The AASHO results show a linear effect. It is important to note that during 
the AASHO Test several individual studies indicated non-linear action. For the total 
picture, a linearequationalwaysfitsthedata better than a non-linear one. 
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It was the conclusion at the AASHO Test that the load effect was linear, and it is be­
lieved that this holds true in general. It appears , however, that unexplained interac­
tion effects may result in non-linear behavior for any given case study. Inasmuch as 
the Maryland tests were primarily case studies, this could explain the non-linear effect. 

Variation of Stresses with Curling. -Curling, the warping of concrete pavements 
due to vertical internal temperature differential in the slab, affects the stresses in a 
concrete slab. A pavement which is curled upward will ordinarily exhibit higher com­
pression stresses in the top than one which is curled downward. This was found to be 
true for both the Maryland and the AASHO Road Tests. 

Figure 30 compares stresses in the AASHO and Maryland test pavements curled 
upward and downward. For both the single- and tandem-axle loads, the Marylandpave­
ments indicate a greater reduction in stress from curled up to curled down condition 
than do the AASHO pavements. The stresses in the Maryland pavements were 28 per­
cent smaller for the curled down condition than for the curled up condition, whereas 
the stresses for the AASHO pavements were 19 percent smaller for the down than for 
the up condition. 
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This situation is hard to explain because during a 2-yr period on the AASHO Test 
only 1 percent of the observations of pavement temperature differential shows T greater 
than +20°. This was, therefore, taken as the maximum downward curl condition and 
used in these comparisons. The minimum differential was -10° for the up condition. 
Either the maximum temperature differential was greater in the Maryland test for the 
days involved or other conditions affecting curling warping (moisture, humidity, etc.) 
affected the results. 

Summary of Edge Stress Comparisons 

1, For equivalent conditions of load placement, vehicle speed, temperature differ­
ential within the slab, and physical constants, slab stresses vary in direct linear pro­
portion to the load . 

2. The load effects in the BPR test and the AASHO tests were equivalent within the 
limits of experimental error. 

3. The edge stresses observed for the 9-7-9-in. slabs on the Maryland test were 
equivalent to the stresses in a 9-in. AASHO slab for single axles and an 8-in. AASHO 
slab for the tandem axles. 

4. The variation of stress with slab thickness was regular for both the BPR and the 
AASHO tests. The BPR data for the flat or curled down condition is closely approx­
imated by the original Westergaard equation. The Road Test results, however, show 
a smaller effect of thickness. 

5. The general effect of pavement curling was observed to be the same in all tests. 
However, the effect of curl on stresses reported for the Maryland test was greater than 
any observed at the AASHO Road Test. 

SUMMARY OF NEEDED RESEARCH 

As a result of these dynamic studies, it appears that there is a need to study the 
effect of physical constants with relation to dynamic loads. It is believed that such a 
study would ultimately lead to a design equation relating all these factors in a manner 
similar to that proposed in the AASHO Rigid Pavement Design Guide, May 1962. 

It would be desirable to study the effect of dynamic loads as related to modulus of 
elasticity, modulus of subgrade support, and strength of the concrete. There is suf­
ficient proof available from the AASHO Road Test to indicate that such a study is both 
physically and economically feasible by employing a vibrating loader similar to that 
introduced at the Road Test. 

Additional studies should be made on numerous factors including: (a) various types 
of load transfer devices, and (b) various types of supporting media including granular 
materials and various stabilized materials . 

A large area of research is the combination of load-stresses with warping stresses 
in order to investigate the ultimate failure stresses in the pavement. 

SUMMARY OF FINDINGS 

Corner Load stress Comparisons 

1. The stresses predicted by the Westergaard equation, the corner load equation, 
or the Pickett equation are considerably higher than those observed at the AASHO Road 
Test. This is probably because (a) the effect of dynamic loads is not as great as a 
sustained static load of the same magnitude, and (b) the Road Test slabs were doweled 
to adjacent slabs and were not as free to deflect as theoretical equations predict. 

2. The stresses observed for the Maryland test 9-7-9-in. slabs approximated those 
of 7- and 8-in. slabs at the AASHO Road Test in a curled up and curled down condition. 

3. The directions of principal stresses are not symmetrical about the corner bisector 
for dual-tire loadings. The pattern is further altered if the slab joints are not free 
from restraint by other slabs . 

4. The effect of slab warping or curling was observed to be much the same for the 
Maryland and AASHO Road Tests. 



5. The load vs stress relationships at the Maryland and AASHO Road Tests were 
approximately equal and linear. There is some indication that slabs curled upward 
show non-linear variation of stress with load as the bottom support increases with 
increased load. 
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6. In future studies of pavement stresses a special effort should be made to obtain 
complete information concerning the physical factors affecting these stresses, includ­
ing modulus of elasticity, modulus of subgrade support and concrete strength. 

Edge Load Stress Comparisons 

1. For equal load placement, vehicle speed, temperature differential within the slab, 
and physical constants, slab stresses vary in direct linear proportion to the load. 

2. The load effects in the BPR tests and the AASHO tests were equivalent within the 
limits of experimental error. 

3. Edge stresses observed for the 9-7-9-in. slabs on the Maryland test were equiva­
lent to the stresses in a 9-in. AASHO slab for single axles and an 8-in. AASHO slab 
for tandem axles . 

4. The variation of stress with slab thickness was regular for both the BPR and the 
AASHO tests. The BPR data for the flat or curled down condition is closely approxi­
mated by the original Westergaard equation. The AASHO Road Test results however 
show a smaller effect of thickness. 

5. The general effect of pavement curling was observed to be the same in all tests. 
However, the effect of curl on stresses reported for the Maryland test was greater 
than any observed at the AASHO Road Test. 

ACKNOWLEDGMENTS 

This report was made possible through the work of the AASHO Road Test commit­
tees, staff and workers, particularly Frank Scrivner, Rigid Pavement Research 
Engineer. Appreciation is due to Bert Colly for assistance in the Road Test strain 
experiments and for his leadership in this field. 

Recognition is also due to the Texas Highway Department personnel who participated 
in the preparation of this report, particularly Miss Patsy White. This work was done 
under the general supervision of T. S. Huff and M. D. Shelby, whose continuedencour­
agement in the preparation of this report is appreciated. 

REFERENCES 

1. Carey, W. N., Jr., and Irick, P. E., "The Pavement Serviceability-Performance 
Concept." HRB Bull. 250, 40-58 (1960). 

2. "The AASHO Road Test: Report 5-Pavement Research." HRB Special Report 
61E, 352 pp. (1962). 

3. "The AASHO Road Test: Report 2-Materials and Construction." HRB Special 
Report 61B, 173 pp. (1962). 

4. Teller, L. W., and Sutherland, E. C., "The Structural Design of Concrete Pave­
ments." Public Roads, 16:8, 9, and 10; 17:7 and 8; 23:8. 

5 . Spangler, M. G. , "Stress es in the Corner Region of Concrete Pavements . " Iowa 
Engg. Exp. Sta. Bull. 157 (1942). 

6. Westergaard, H. M., "Stresses in Concrete Pavements Computed by Theoretical 
Analysis." Public Roads, 7:2 (April 1926). 

7. Westergaard, H. M., "Analytical Tools for Judging Results of Structural Tests 
of Concrete Pavements." Public Roads, Vol. 14 (1933). 

8. Westergaard, H. M., "New Formulas for Stresses in Concrete Pavement of Air­
fields." ASCE Proc. 73:5 (May 1947). 

9. Kelley, E. F., "Application of the Results of Research to the structural Design 
to Concrete Pavements." Public Roads, Vol. 20 (1939). 

10. "Concrete Pavement Design." Portland Cement Association, Chicago (1951). 
11. Pickett, Gerald, Raville, M. E., Janes, W. C., and McCormick, F. J., 

"Deflections, Moments and Reactive Pressures for Concrete Pavements." 
Kansas State College Bull. No. 65, Engg. Exp. Sta. (Oct. 15, 1951). 



96 

12 . "Final Report on Road Test One-MD . " HH.B Special Report 4, 142 pp. (1952). 
13 . "Results of Modulus of Subgrade Reaction Determination at the AASHO Road Test 

Site by Means of Pavement Volumetric Displacement Tests." Corps of Engineers, 
U.S. Army, Ohio River Division Laboratories (April 1962). 

Appendix A 

ELASTIC CONSTANTS-AASHO ROAD TEST PAVEMENTS 

TABLE 10 

DYNAMIC TESTS ON 6- x 6- x 30-IN. BEAMS 

TABLE 9 Dynamic Modulus of Poisson Is Ratio , µ 

MODULUS OF SUBGRAD E Max. 
Elasticity, E (10° psi) 

SUPPORT (k) Aggregate Age 
Std. No. Mean, Std . 

Size (in.) No. M~ n, Dev., Tests x Dev . , 

Outer wheelpath 107 Tests X s s 
Inner wheelpath 109 
Average 108 2½ 8 mo 11 6. 14 0 . 31 11 0.28 0.047 

1 yr 11 6.14 0.38 11 0.27 0 . 044 

11/2 8 mo 10 6,39 0 , 25 10 0.28 0.075 
1 yr 10 6 . 20 0.61 10 0.25 0.035 

TABLE 11 

STATIC AND DYNAMIC TESTS ON 6- x 12-IN. CYLINDERS 

Static Modulus of Dynamic Modu lus of 

Max . Elasticity (106 psi) Elasticity (10° p..qi) 

Aggregate Age 
Std. Std. Size (in.) No. M~n, Dev., 

No. M~n, Dev., 
Tests X s Tests X s 

2½ 3 mo 10 4.57 0.80 
1 yr 11 5.15 0.57 10 6 , 25 0.33 

1 ½ 3 mo 9 4.61 0.68 
l yr 11 5,25 0 . 40 10 5,87 0,74 

TABLE 12 

SUMMARY OF TEST RESULTS ON HARDENED CONCRETE 
TABLE 13 

(Obtained from Data System 2230) SUMMARY OF STRENGTH TESTS 
(Obtained from Data System 2231) 

Flexural Compressive 
Strength 1, Strength, Flexural 

Max. 14 Days 14 Days Max . No. Strength (psi) 
Aggregate Loop Aggr egate Age 

Tests Size (in.) No. Mean Std. No . Mean Std. Size (in.) Mean Std. 

Tests (psi) Dev. Tests (psi) Dev. Dev . 
(psi) (psi) 

2½ 3 days 11 510 23 
2½ 1 16 637 46 8 3,599 290 7 days 11 620 34 

2 20 648 37 9 3,603 281 21 days 11 660 51 
3 71 630 44 38 3, 723 301 3 mo 11 770 66 
4 96 65lq 38 48 4,062 288 1 yr 11 790 61 
5 96 629 28 48 4,196 388 2 yr 11 787 66 
6 99 628 51 48 3,963 325 

11/, 3 days 12 550 37 All 398 636 45 199 3,966 376 7 days 12 630 35 
1 ½ 1 4 676 65 2 4,088 162 21 days 12 710 53 

2 39 668 44 19 4,046 295 3 mo 12 830 41 
3 24 667 47 14 3,933 440 1 yr 10 880 53 

All 67 668 46 35 4,004 352 2 yr 12 873 48 

1 AASHO Designation: T97- 57 (6- X 6- X 30-in . beams) . 



Appendix B 

CHARACTERISTICS OF MATERIALS-RIGID PAVEMENT 
(AASHO Road Test) 

TABLE 14 

PORTLAND CEMENT CONCRETE 

Pavement Thickness 

Item 
TABLE 15 
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5 In. and 2½ and 31/2 
Greater In. 

SUB BASE MATERIALS 

Design characteristics: 
Cement content1

, bags/cu yd 
Water-cement ratio, gal/bag 
Volume of sand, % total agg. vol. 
Air content, % 
Slump, in. 
Maximum aggregate size 2

, in. 
Compressive strength, psi: 

14 days 
1 year 

Flexural strength, psi: 
14 days 

1 year 
Static modulus of elasticity 

(10 6 psi) 
Dyna mic modulus of elasticity 

(10° psi) 

1 Type I cement. 
2 Uncrushed natural gravel . 

6.0 
4.8 

32.1 
3-6 

l 1/2-21/2 
2½ 

4,000 
5,600 

640 
790 

5.25 

6.25 

6.0 
4.9 

34.1 
3-6 

1 ½-2½ 
1½ 

4,000 
6,000 

670 
880 

5.25 

5.87 

Appendix C 

LIST OF SYMBOLS 

Item 

Aggregate gradation, % 
passing: 

1 ½ -in . sieve 
1-in. sieve 
%-in. sieve 
½-in. sieve 
No. 4 sieve 
No. 40 sieve 
No. 200 sieve 

Plasticity index, minus 
No. 40 material 

Max. dry density, pcf 
Field density, as per­

cent compaction 

Value 

100 
100 
96 
90 
71 
25 

7 

N.P. 
138 

102 

a radius of area of load contact, in in. ; the area is circular in case of corner and 
interior loads and semicircular for edge loads. 

a1 the distance, in in. from the corner of the slab to the center of the area of load 
application-taken as a 12 where a is the radius of a circle equal in area to the 
loaded area. 

b radius of equivalent distribution of pressure at the bottom of the slab. 
D2 nominal thickness of the concrete slabs. 
E modulus of elasticity of the concrete, in psi. 
h = thickness of the concrete slab, in in. 
k subgrade modulus, in pci. 
,e, radius of relative stiffness. 

L1 nominal axle load of the test vehicle (a single axle or a tandem-axle set). 
P point load, in lb . 
T the temperature (° F) at a point ¼ in. below the top surface of the 6. 5-in. slab 

minus the temperature at a point 1/2 in. above the bottom surface determined at 
the time the strain was measured (the statistic T may be referred to occasionally 
as "the standard differential"). 

E = estimated edge strain at the surface of the concrete slab. 
µ Poisson's ratio for concrete. 
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ac maximum tensile stress, in psi, at the top of the slab, in a direction parallel to 
the bisector of the corner angle, due to a load applied at the corner. 

ae maximum tensile stress, in psi, at the bottom of the slab directly under the load 
at the edge, and in a direction parallel to the edge. 

CTi maximum tensile stress , in psi, at the bottom of the slab directly under the load, 
when the load is applied at a point in the interior of the slab at a considerable 
distance from the edges . 

crcv maximum load stress, in psi, as determined in Loop 1 for corner load. 
aes predicted stress under single-axle load. 
cret predicted stress under tandem-axle load. 
crev the critical load stress , in psi, as determined under a vibratory load on the no­

traffic loop ( edge load). 




