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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-
sionanalysis 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, thefit has been improved through the reduc~
tionof 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.

Anappendix 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 withthe 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

Paper sponsored by Department of Design.
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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 used 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 residual criterion that will
lead to "best" values for the coefficients.

In Figure 1, the selected model is X1 = B:1 + B2X2, 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 residual 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 selec-
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 represented by the observations. Although this paper is con-
cerned with automatic curve fitting, it seems appropriate 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 axis—so that a
linear model is not really representative of the underlying relationship between X, and
X:. 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 re-
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 deviations.

Generally speaking, most automatic curve fitting procedures have employed the tech-
niques of least squares linear regression 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-

Model: X;= B, + By X,

Criterion: R=1xr?

° - Residual 4
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Figure 1. A simple linear regression problem.
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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 B: and B2, and these two
values are the coordinates of a single point in the B1B: 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 BiB: plane there will be one or more least values
for R, and the B; and B; 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 (Bi, Bz) and move over the criterion surface until the minimum is
reached.

In terms of differential calculus, values are sought for B: and B: which satisfy the
equations 3R/3B1= 0 and 3R/3B2= 0. Inthe BiB; 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 B1B: plane from the overlying surface. Starting at A (above A), a parabola is fitted
to the points A, a: and a», 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 bz 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

B

D
G g
ﬁ‘\f::.‘r.._E A
\
end x
Bi=19.71
By=-0.1804

B, <

Figure 2. MORC path for simple linear regression.
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Figure 3. MORC fitting of nuclear density data.

of Bi, Bz and R at 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

C = BiDB2 ¢ BsD

where C and D are 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 itseli. 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 = By/Bs, 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,
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p=co- (co- c1) (W/p)P (1)

in which c¢: < 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 8 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 f and/or 8, 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 8.

The model used for the function p was of the form

= 1040 (a1D~1 + azD2 + asDs + a.}}Az

2)
(L1 o Lz)A‘/ L;‘A“

where L, is load (kip) on a single or tandem axle and where Lz is one for single and
two for tandem-axle vehicles. The terms Di, D and D3 are respective thicknesses
(inches) of surface, base, and subbase in the case of flexible pavements. For rigid
pavements, D: and D; are respective thicknesses (inches) of slab and subbase, and Di
is one or zero depending on whether or nct 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 g8 was noted to depend upon design and load parameters and was of the
general form

ﬁ = bo + f(Dl: DZ) D37 Ll’ Lz) (3>

where the function f has the reciprocal form of p but with different values for the powers
Ao, A, Az and As than were determined for Eq. 2. Thus, in addition to the formulation
of any weighting function for the applications, Egs. 1, 2, and 3 required values for 16
constants. Values for co and ci1 were assigned as described and as was given the value
1. The minimum value for 8, bo,was 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 madebefore curvefitting
indicated that the coefficients a: and az were not significantly different from zero so
these coefficients were taken to be zero in Egs. 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.



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 Egs. 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 start for 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 W at ob-
served points and log W as 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, and 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 gas given in Eqs. 2 and 3 might
be put into shorter forms:

(a1D; + a2D2 + asDs + 3-4)2 Ay (4)

(L_\ + Lg)/Lz 2

p = 10°




TABLE 1
STATISTICS FOR LOG W RESIDUAL DISTRIBUTIONS

Residual Summary

. R Mean Mean RMS Percentile
Alg. Abs. 5 95
Flexible pavements: AASHO Road Test per-
2170 test sections, 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 sections, 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
b1
= b s (5)
g ° sz

Thus, for a specified p the "structure index, " aiD: + a=D2 + a3Ds + a4, is assumed
to be proportional to the square root of the load term, (L1 + Lz)/ LZAZ, and B 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. Egs. 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 closeness 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
particular 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 results 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 andcriterion 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 serviceability 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-halt its original value a critical point is reached in the aigebraic 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 o. 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 0 and 5 which were limits on
the rating scale used for 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 0 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:5.0x2—[B1X1C1+B2XZCZ+...] (6)
may have advantages over other models for calculating present serviceability index
values. The non-negative variables Xi, Xa, ... represent "detractor' items such as
slope variance, roughness index, and cracking and the exponents Ci, Cz, ... determine
the shape of the serviceability decline curves for Xi, X2, ... . The undetermined
constants By, Bz, ..., Ci, Cg ... are constrained to be non-negative during the fitting
of Eq. 6 to observed serviceability data. ~The model can be represented as a product
of 5.0 and multipliers of the form 2- BiXi*i, and when X; = 0, the multiplier is 1. When
Xj is large enough to cause BiXiCi to be 1, then the multiplier is %, and if all remain-
ing X-values are 0, then Xj 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 Bj and C; 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.
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Results obtained after about 12 cycles of MORC are given in Table 2, but these as
well as Figures 4 and § 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 (g) and in Road Test Report 5.
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TABLE 2
ILLUSTRATIVE MORC RESULTS FOR EXPONENTIAL PSI MODELS

Serviceability Element By Cj Residuals

74 Flexible Pavements®;

X1 = Slope variance (x 10°%) 0.18 0.56 ~
X = Cracking and patching (ft%/1,000 £t%)  0.027 0.29 pean absoute = 0. 28
X3 = Rut depth (in.) 0.93 02.1 -

49 Rigid Pavements?:
X1 = Slope variance (x 10 0.11 0.58 B
Xz = Cracking and patchmgg’ 0.043 0.58 DR“fa*‘sn_agsgéute = 0.28
X3 = Faulting (in./1, 000 ft) 0.00002 02.91 I

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

When the exponents C;j (Eq. 6) are left to the curve fitting procedure, quite avariety
of shapos become available for the various multipliers that represcnt pavement deteri-
oration and deformation. I C; is more than 2, say, then the corresponding X; does
not detract much until a critical value is reached at which point the multiplier drops
quite rapidly. When Cj 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 before Eqs. 1, 2 and 3 were finally selected, and there were 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

-s -ZSt
Pt = Pt-12 t=po2 (1)

in which p; = po/2 whenever 8 = 1.

In this model, the time scale t is divided into intervals so that the "stress' function

is essentially constant for the period from t - 1 tot. Changes in S 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 S; depends on three
other functions, nt, v, 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 v 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, vi 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 Vi = 1. For example, two possibilities for S; are

st~ (2)" @
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For either Eq. 8 or 9, if vt is always 1, then S; = 1 when the accumulation 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
Vi is quite small, then S; 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 vy 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 v; 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 vi 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 ng.

It is expected that the MORC procedure will be used with available data in further
studies of exponential models such as Egs. 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 (_A_l,
A2, A3, and A4), and a number of new examples have been constructed to provide a
wider variety 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 [XJk] where j=1, ..., J sets of observations have been takenonk =1, ...,
K experimental variables. It is assumed that the data analysis should produce esti-
mates for I coefficients, Bi, ..., By, ..., By, in a specified function

Fi(Xy, ..., Xg; By, .., Bp)=10 (A1)

and that the Bj must satisfy a set of constraints
Cm=Cp(By, ..., Bp)=sCfyform=1, ..., M. (A2)

In the simplest case, the functions Cy, = By, and M = I so that Crﬁ and Cyy are numerical
limits for the coefficient By,. In other cases, Cy, may be a more complicated function
of one or more of the coefficients.

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

I‘gv) = Fl(le, v ey X]K, B£V)7 L ] B:EV)) (A3)

Depending on the algebraic arrangement of Fi, 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 r; will be either absolute or relative deviations
that measure discrepancies between what is observed for a particular Xj and what Eq.
Al gives for Xy upon substitution of B(V) for the Bj and other observations for the
remaining variables.

Let R be a criterion function of the residuals,

R = Faty, wee; I‘J) (A4)

where R might be a sum (or weighted sum) such as zrﬁ, Z|rj|, or a criterion such as
|rj|max, |ZTj| +Z|rj|, etc. Inasmuch as the observations Xjk do not vary during the
MORC program, R varies only as the Bj are changed and the criterion may be expressedas
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R = F3(By, ..., Bp) (A5)

Whether or not there are experimental data, kg. Ab is the equation of a surtace in
I + 1 dimensions and the problem is to determine a sequence of points plv , with ordi-
nates R(V) and coordinates B(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 results
obtained by starting the sequence from several different points in the constraint region.

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 parabola. For any number of
coordinate axes, the plane of the parabola is normal to R = 0 and is either parallel to
a coordinate axis, for an axial descent, or contains the line joining P(V) to a previously
evaluated point P(W) whichis not lower than P V), for a general descent. Figure Al
shows the trace of Eq. A5 in the plane of the parabola. The parabola is determined by
ordinates at B(v) and at B(V) i tD, in which D has components yet to be defined and t is
not large enough to violate the constraints C’ and C”,

From the three ordinates that determine the parabola, quantities L and Q are cal-
culated so that the narahnla vertex is at R(V) & (T./OMD  Tf the vertex ia not ant of
bounds and if the parabola has positive curvature, then the criterion ordinate at the
parabola vertex is generally the end result of a MORC descent. Exceptions will be
discussed later.

Details for the descent process are given in Figure A2. For completeness the gen-
eral nature of the subroutine for computing criterion values is shown in a special box
at the lower right of the figure. In the R(¥) subroutine either Eq. A4 or Eq. Ab is used
to compute R(v , and if R(V) is lower than R(“), then P(V) ig copied into P(W), After the
last computation of R(V) in the descent subroutine, P(W) is again copied into P(¥) g0 that
the end point of a descent is always the first point encountered such that no succeeding
point is lower.

S— <
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p(u) i\\

P %
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: \? start P
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| < end 3
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Figure Al. MORC descent.
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D, =d; D, = 0forall i#h Al D, = (Bg"’ - B(i“))@/ J):(Bi(v) = 1311“5)2
] (Go to optional print if dy = 0) (Go to print P(V) if zero denominator)

plw) =P(V); R(B) = R(V); ¥y

Test B V44D vs constraints; If violation, t = t/2 and retest;
B(V) = B(V) + tD; Compute R(v); R(B+tD) = R(V);

s _ g 2tD; Compute R\"); R(B- tD) = R™Y);

8" _ 5™ ,p; 1 - %IR(B-tD) - R(B+tD)]; Q = R(B-tD) + R(B +tD) - 2R(B)

t=2tDsgnL; Print LJ

Test B(V) +tD vs constraints; If violation, t = t/2 and retest;
8™ = 8™ . tn; compute RY; pV) - p¥

Yes Yes
v
= g i m 4 [z Enter to Compute R\"
h__£ c Q If Data:
v
Allr, = Fi (X, ; B
Unless Bh = 0: ! ) )
v v
Kd >p|B, |, then rRY - mel,.., o)
9 =P |5yl If No Data:
wlr - y - rY - Fs(B(V))
v
Optional print; Yes Print P*"/; (v) _ (u) (u) _ 5(v).
f=f+1',Isf>I?) Return to TR <R then PH=P
control Exit
No

‘—-{ h=h+ 1 (circular) I

Figure A2. Flow charts for MORC subroutines.

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

For a general descent the notation P(Y) p(z) means that the parabola's plane is to
contain the line thr u sh P(Y) and P(2) and that the descent starts with P(V) the lower of
P(Y) and P(2) and P(W) the higher. The incre ent D then has components proportional
to the direction cosines of the line through B! ) 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 repeated until all constraints are s?tisfied. Linear and quadralic lerms
L and @ are next calculated from ordinates at B(V and B(V) + tD and if Q >0 (positive
curvature) the parabola vertex is at B(V) + (L/QXD. If the latter point is out of bounds
t is halved until the constraints are satisfied and the final calculation of R is at the
modified point. If Q < 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 >0 is completed parallel to axis Bh, dp is modified to d—g %, where

¢ 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 dy, are more or less proportional to the standard errors of the Bj. If the
descent is linear, then dy becomes dh/ ¢, but in no case is any dp permitted to exceed
p|Bp| where p is 0.25, say. After all I axial descents are completed the final result
is printed and the subroutine ends.

Main Flow for MORC
The general strategy in MORC is to satisfy the equations

3R .
3Bg " forg=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

Be=C2

Bo= B%

. eeE

Figure A3. TIllustrative MORC path.
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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 3R/3By = 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 B; 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, ¢ would be doubled and
cycle one would continue into an extra round of axial descents from G to Gi to Gz. The
origin for cycle two would then be at Hi, about half as far from G: as was C. Axial
descents in cycle two would then be from Hi to I to Ji1, followed by a general descent
to Ki in the direction determined by the points J: and G» 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[] denote the origin and final point in cycle s where s = 0,
1, 2, .... After memory is loaded with program and data, initial coordinates BO)are
entered in B(V), Following a breakpoint R(V) = R(0) jg computed and the point p(o) ig
stored in space allotted to PLS-1], Initial basic increments are formed by the rule
di = p |Bj(0)|, but if Bi(o) = 0 then dj = p, and any dj 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 ¢ = 1, a round of axial descents produces the points p(v) - pls,hlgop
h=g, g+1, ..., g-1circularly, that is, g- 1=I1if g=1and g+1=1ifg=1. The Ith
axial descent ends with P(V) = PLS,8-1] which is printed. Brackets are used on the
superscripts since this round of axial descents always completes a cycle, both for cilcle
zero and for any other cycle whose general descent was insufficient. Thus pls,g-1] -
PLs] becomes PLS- 1 after s is incremented to s + 1.

Cycle s > 0 is begun by printing s, g, and ¢. As shown Figure A4 coordinates for
the cycle origin are formed in such a way that the new origin is in the op](oosite direc-
tion from the current low point than was the previous low. Moreover, P(S) is about
half as far from P[S-!] 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 PLS-'] then P(V) = P(8) is deter-
mined and printed. Next a round of axial descents is made from P V) - p(s) to PV) =
P(s,h) for h=g, ..., g)- 1 circularly and P(S,8-1) is printed. The points P(S,g-1)
and PLs-1] are now PY) and P(%) for the flow chart of Figure A2 and a general descent
is made to P(v) which will become P[S] if R(V) is less than qR[S"]. Otherwise ¢ is
doubled, and if ¢ is not then greater than ¢’ the current cycle is completed with an
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Load memory with program and data ]
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1
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Bi = 0 then cli =p; g=1; c=1; Print P(v)

!

.| Axial Descents to P[S’ h] forh=g,..., g - 1 (circular);
print pV) - p® 8- 11_ pls]
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!
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lNo
—m—{c=20;lsc>c‘? )
_ ¥ Yes 7

4{ Print s, Form Origin (release pls- 1:l) ‘

Figure Al. TFlow chart for MORC control.

extra round of axial descents from P(V) to P[S,8-1] a5 before. When ¢ exceeds ¢’ a
new origin is formed and the program returns to the point where pPls-1] ig replaced
by the new origin and wide basic increments are again formed. Thus, the lowest point
reached by MORC will generally be within a cycle where ¢’ changes back to 1, but not
necessarily at the most recent change. This rule enables MORC to release pls-1]
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,



19

The subroutine that tests for constraint violations will not be discussed since all that
must be done is to form the functions Cm(B(V) + tD), or just Cm(B?V) + tD) for the one
sided test; then determine whether Cy, is less than Cpy, or greater than Cin for m =

b wae; 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“]; I locations for each
set Dj and dj; and M locations for each set Cyyand Cf.

Space must be reserved for p, q, ¢’, ¢, 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 cycle s there will have been s + 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)+3I(s +s"+ 1) + s (AT)

in which s” is the number of cycles having one extra origin due to 2¢c > c’.

In general, most of the computing time 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’ and s”. 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 employed 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 = Xji - Bi - BoXj2 - ... - BgXjKand if R = Erf the minimization of R for varia-
tions in the Bj 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 B;.

For least squares linear regression the criterion surface is parabolic in every
direction so MORC ultimately solvestthese 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, 3aR/3By = 0, is a parab-
ola whose vertex is at the minimum point on the criterion surface. e 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
TXjkXjk’ = 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=2 i=3 i=4 i=bh R n
I=K=2 p() 10.000  0.000 39.333 1
J =30 pl!] 19.712 -0.18034 10.116 17
Solution 19.711 -0,18035 10.116
dj 1.000 0.032
e 0.393 0.013
I=K=4 p(°) 1 1 1 1 30.333 1
J=6 pl°] 5.001  3.999 3.000 2.000 0.66666 13
X orthogonal ~ P(%?) 5.000 4.000 3.000 2.000 0.66667 26
to Xkl
Solution 5 4 3 2 2/3
Y 1,000 1.000 1.225  0.707
ej 0,408 0,408 0.500 0,289
l=K-5 p() 75 6 -90 2 -40 574.57 1
Jd=a1 pLl 83.43 5.91 -34.14 U.b88 -43.,04 81.2100 (v
(A1, ch, 15) pl*¥1 85,41 2.55 -74.56 1.15 -1.85 83.168 406
pl*]  82.01 2.457  -75.95 1,605 -1.040 83.067 749
Pr*) 82,07  2.478  -75.17 1.591 -1.428 83.065 1,091
Solution 82,174 2.464  -75.371 1,584  -1,379 83.065
d 1.000 0.513 3.624  0.130 1.921
e; 2.015  0.468 3.878  0.309 2.107

A0btained with p = 0.25, q = 0.99, ¢’ =10 and R = ZI‘%/J.

eventually reaches the solution for this problem, it can be inferred from Table A1 that
a great many points are required. The starting coordinates for this problem were
obtained by judgment from plots of Xivs Xz, X3, X4 and Xs. The conventional analysis
shows that only B: and B3 have statistical significance relative to the residual mean
square.

Table Al includes "'unit valley widths''; that is, dj values obtained when ¢ = 1 after
axial descents and when there is no restriction on the size of dj. H c were always 1,
these values would remain essentially constant over the criterion surface. For com-
parison, standard error factors, ej are given where ej times the residual standard
deviation gives the standard error estimate for B; as determined by conventional re-
gression analysis. It can be seen that the dj give a certain amount of relative informa-
tion about the standard errors of the coefficients. In the orthogonal case it can be
shown that dj = ej4/J for all i,

Results shown in Table Al are peculiar to p= 0.25, q = 0.99, and ¢’ = 10. If any
of p, q or ¢’ 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 X: = X;B1. 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.
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TABLE A2 If the model is linearized by taking loga-
DATA FOR I = 1 EXAMPLE rithms, and if residuals are considered
to be discrepancies between log Xj: and
j Xij Ko Bi log Xjz then it turns out that the least

J squares estimate for B: is 2,9979. For

1 9 2 the illustration, however, relative resid-
2 60 4 uals
3 200 6 . Xj1
4 568 8 ri=1-%%
5 910 10 J
J=26 1,800 12

are used in connection with several cri-

teria. R = Erf/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 the solution R = 0.00777, B: = 3.0030 is reached after about 30 points

have been evaluated, even if B) = 1 or 5, as many as 100 more points may be needed
to reach five digit accuracy for By when q = 0.80. Other criteria for this problem and

corresponding MORC solutions are: R =Z|rj|/J = 0.08215 when By = 3.0162, and

R = max|1’j| = 0.11552 when B = 3,0122,

Fitting a Normal Curve with MORC

While not a practical application, one of the experimental problems consists of J=7
relative frequencies, Xj1, at Xja2 = 1, ..., T such that all

rj = Xj1 - (exp[— (Xj2 - Bz)z/ZB%])/VE; B

are zero when By = 1.0468 and Bz = 4.000. If the criterion is R = £r{/J the criterion
surface has a rather peculiar valley system. As long as B: is greater than about 0.5
there are only two main valleys such that 3R/3B: = 0 is the straight line B, = 4, and
dR/3B: has the appearance of a normal curve whose peak is at the solution. For

B: <« 0.5 however, there is a network of valleys and relative minima which can prevent
MORC from reaching the solution if B: is not constrained to be greater than 0.2, say.
It is clear for the data, however, that the standard deviation B: must be greater than
0.5 so there is no practical problem.

_‘_.)-Mecm square of
relative residuals

10 |~
R
5 |-
R=0.00777
5=3.0030
Il ==
| i = 1
2 3 4 5 6
B

Figure A5. Criterion curve for an example with I = 1.
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Starting from P(0) with B1 = 6, Bz = 2, and R = 0.0218, MORC reaches PL®] at
Bi1=3.9997, B, =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. Inthis
problem J = 6 sets of values are given for X1 and X2 which are assumed to be related
through

X1 = B1 + Bz exp (BsXz)
Residuals and the residual criterion are defined by

= Xj1 - B1 - Bz exp (BsXzj), R= 12

Starting from the same origin as did Hartley, Table A3 shows how different choices

for p, q, and ¢’ 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 mav be optimizing stratecies vet to be worked out.

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

Let rj = - By(1 - BXj?) where Xji=3(1 - 27 iy and Xjz=j. Then minimize R =Xr]
forj= 1 2, ‘}3 J. For this problem the solution is R= 0 when Bi= 3, Bz= 0.5, and
the derlvatlve valleys project on the B:iB: plane in the patternshown in Flgure 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(B; - B})® + (1 - B1)? is to be minimized. The valley system
has a sweeping curve in the Bsz plane and when the start is at Bi= -1.2, By = 1.0 the
descent moves in the direction of (0, 0) then out to the solution at By = 1, Bz =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 withq = 0.6, ¢’ = 2, then the
solution is reached somewhat faster as is shown in Table AS5.

Another interesting problem given by Rosenbrock is the maximization of the function
B1B:Bs subject to the constraints 0 < Bj < 42fori=1, 2, 3 and 0 < By + 2Bz + 2Bs < 72.

TABLE A3
STATISTICS FOR THE HARTLEY EXAMPLE

Points B, B: Bs; R n
p= 0.10 P() 580 -180 -0.16 27377 i
q= 0.99 P[] 546.6 -181.9 -0.1796 13507 49
c'= 64 pl®]  523.2 -157.0 -0.1996  13390.1 88
p= 0.25 PO 580 -180 -0.16 27377 1
q= 0.80 P®] 545.9 -181.0 -0.1812 13500 58
c’=32 ple] 530.2 -165.1 -0.1924 13402 106

pl12] 524.2 -157.9  -0.1988 13390.2 238

Solution (A2) 523.3 -156.9 -0.1997 13390.2
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STATISTICS FOR THE BEALE EXAMPLE
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Points (p = 0.25, q =0.90, c’=8) B: B R n
First start p©) 13.0 0.9 0.8948 1
Plo] 3.516  0.724 0.1056 69
pLY] 3.000 0.500 10-® 131
Second start P 0 0.9 14.20 1
Same results as for first start
Third start p(®) 13.0 0 355.45 1
pt2] 2.967  0.491 0.0002 33
pl¥] 3,000 0.500 1077 85
Solution (A3) 3 1/2 0
2.905 0.4944  0.0091 27
TABLE A5
MORC MINIMIZATION OF
R = 100(B:z - B)? + (1 - By)?
Point B: B2 R n
p= 0.25 p0 1,2 1.0 24.2 1
q= 0.8 pl¢)  _o.519 0.269 2.31 103
c'= 32 pL?)l 0,632 0.394 0.138 163
pl] 0.999 0.998 10-¢ 235
p=0.25 PO _1.2 1.0 24.2 1
q= 0.6 Pl _0.435 0.189 2.06 87
cla: 2 plv] 0.945 0.887  0.006 143
pl]  0.999  0.998 107% 211
Solution 1 1 0
TABLE A6
STATISTICS FOR THE ROSENBROCK CONSTRAINT PROBLEM
Points B: B B3 R B1B:B3 n s”
p=0.50 P 1 1 1 4999 1 1
q=0.99 pL2] 21.72 13.74 11.40 1600 3400 75
c'=4 pl] 22.91 13.98 10.57 1616 3384 177 1
pL] 21.23  13.12 12.25 1589 3411 289 3
pl=] 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 B: B> B3 R n

Two equations: P(O) 0 0 74 1

Bi+2B2= 1T pl2] 1,037 3.005 0.0083 27

2By + Bs= 5 pl*l  1.0000 3.0000 107° 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

Bi+B:+Bs=5 (] 2,472 0.708 1.896 0.634 68

Bi=Bsexp(l - By) PL®l 1,984 1.024 2.008 0.063 116

Bi=B3 + (Bz - 1)° pl] 2,000 1.000 2.000 0.00083 212
Solution 2 i} 2 0

The solution is Bi1 = 24, By = B3 = 12, B1B;B; = 3,456 and lies on the constraint surface
B: + 2Bz + 2Bs = 72, When MORC was applied to this problem the criterion used was
R = 5,000 - B:B:Bs and results are given in Table A6. Linear descents are Lthe rule in
this problem and much time is spent in backing off the effective constraint surface,
Release of PLS-1] after ¢ exceeded c’ produced higher values of R for a few cycles,
but succeeding cycles soon brought the MORC path back to the correct neighborhood.

Solution of Simultaneous Equations

Given a system of J simultaneous equations in I unknowns,

Bi(Biy 1oy Bi=0108 J= 1, couy J

where the B{ may be subject to constraints, then a criterion such as R = SEfor R =

% |E;| can be minimized in order to find "best" values for the unknowns in tl]w region
of constraint. If the 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, B: + 2Bz = 7 and
2D: + Bz = 5. The Rosenbrock and MORC results are given in the top part of Table A7
where R = (By + 2Bz - 7)® + (2B1 + Bz - 5)°.

The bottom part of Table A7 shows the MORC solution of three equations of different
forms. For variety this problem was solved using the criterion

R=|Bi+Bz+Bs- 5| +|Bi- Bsexp(l - Bg)| + |Bi1- Bz - (Bz- 1)2'

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 its bibliography has been selected for 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
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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
lessthan 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 atorementioned
special subcommittee by the Bureau of Public Roads in coopera-
tionwiththe 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 remaining life
of pavements in service.

Nationwide, the average terminal serviceability index was
determinedto 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.

Nearly 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 indexwaslessthan 1.5, the value at which the AASHO Road
Test sections were declared out of test.

Whenall classes of pavement were 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.

oA 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 spongored 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 Nlinois, 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 modificalion ol the Ruad 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) foruse inapplications of the AASHO Road Test findings.

In the serviceability scale, ranging in value from 5 to 0 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 resurfacedor 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.

SCOPE OF SURVEY

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 regions, 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 !, 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.

1J. R. Huff, G. S. Iehman and F. D. Swaim, Bureau of Public Roads junior engineers;
P. J. Heath, K. H. Severson, engineer technicians from the AASHO Road Test; Frank
Russo, Bureau of Public Roads engineering technician.
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TABLE 1
CLASSIFICATION OF SURVEY PROJECTS

Class 1 Class 2 Class 3
Primary Rigid Primary Flexible Secondary Flexible
Ah5HO Pav t P t Pavi i
Region avemen avemen avemen
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. L
2 13 Ark,, Fla., Ga., La., 17 Ark., Fla., Ky., La., 7 Fla., Ga., Ky., La.,
8. €., Tenn.y Va., Miss., S. C., Tenn., Miss., W. Va.
W. Va. Va.
3 18 1l., 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 direction
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 - 1.801log {1 + SV) - o.og‘l‘c'c + P,

Flexible pavement formula:

PSI = 5.03 - 1.91log (1 + SV) - 0.01yC; + B; - 1.38 RD

in which

PSI = present serviceability index;

SV = slope variance in wheelpath, average for all sections of the project;

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

@

Ef = 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;

P, = bituminous patching in sq ft per 1,000 sq {t of pavement surface, average for
all sections of the project;

Ff = skin or deep patching in sq ft per 1, 000 sq ft of pavement surface, average

for all sections of the project; and
RD = 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

Serviceibilit Class 1 Class 2 Classes 1, 2 Class 3 Classes 2, 3
Index Ran ey Primary Rigid Primary Flexible All Primary Secondary Flexible All Flexible
g Pavement Pavement Pavement Pavement Pavement
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 g 27
1.5-2.0 5 20 25 6 26
1.0 -1,5 5 7 12 3 10
0.5-1.0 2 — 2 2 2
0-0.5 1. — 1 — —
No. of Projects 47 55 102 22 i
TABLE 3
AVERAGE TERMINAL SERVICEABILITY INDEX
AASHO Class 1 Class 2 Classes 1, 2 Class 3 Classes 2, 3
Reeion Primary Rigid Primary Flexible All Primary Secondary Flexible All Flexible

& Pavement Pavement Pavement Pavement Pavement

1 2.2 (8)% 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 (8) 2.3 (22)

All 2.2 (47) 2.1 (55) 2.1 (102) 1.9 (22) 2.0 (77)

dFigures 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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TABLE 4
ANALYSIS OF VARIANCE FOR PROJECT PSI DATA

Class 1 Class 2 Class 3
Primary Rigid Primary Flexible Secondary Flexible
Line Type of Variation Pavement Pavement Pavement
af® ms” at MS at Ms
A Total 46 0.48 54 0.33 21 0.43
B Among regions 3 1.04 3 1.07 3 139
C Among States in regions: 20 0.64 22 0.40 15 0.24
Ci Region 1 3 1.29 4 0.42 4 0.13
C: Region 2 7 0.52 ki 0.45 5 0.29
Cs Region 3 1 0. 66 5 0.27 2 0.18
Cq Region 4 3 0.23 6 0.43 4 0.27
D Among projects in States: 23 0. 26 29 0.21 3 0.37
Dy Region 1 4 0.28 5 0.04
D: Region 2 5 0.04 9 0.39 1 0.03
Dy Region 3 10 0. 05 6 0.07 1 0.04
Dy Region 4 4 1.03 9 0.22 1 1.04
E Among sections in projects: 0.30 (0.23)° 0.24 (0.17)° 0,17
Ey Region 1 0.23 0.14 0.11
E; Region 2 0.24 0.24 0.13
E; Region 3 0.21 0.36 0.34
Eq Region 4 0.67 0.23 0.15

a

1df = Degrees of freedom.

MO = rall sYuale UL vad Ldnll.

Three projects having extreme section-to-section variance were excluded.

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 regional 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 Ci, C,, Cs 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) shows that this is the result of three projects having PSI's less than 1. 0.
Mean squares in lines C can be compared with corresponding mean squares in lines D
to judge whether State-to-State variation is significant relative to project-to-project
variation within States. In general, corresponding variances are 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 PSTs in the same State, and lines
D;, D;, D; and Dy 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 D are 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
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TABLE 5
AVERAGES FOR MEASURED DATA®

Class 1 Class 2 Class 3
AASHO Primary Rigid Pavement Primary Flexible Pavement Secondary Flexible Pavement
Region
SV C+P F Sc| 8v C+P RD |8V C+P RD
1 32 76 2.7 43 49 316 0.21 |71 217 0.27
2 18 48 2.6 22 32 113 0.19 |41 140 0:1%
3 26 83 2.8 3 a1 496 0.18 | 18 309 0.12
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

PUnits of measuremen
8V = slopo warl o pobied multiplied by 10°);

i y £t of pavement gurface for

q £t of pavemsnt surfnce exhibiting

q 't per -},ti_'
fls

e in in. per 1,000 1lin ft

L in sq £t per 1,000 sg ft of pavement swfece; and
RD = rut depth in vheelpath in in.

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 PSI'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 that (1) slope vari-
ances of pavements scheduled for resurfacing are greatest in Region 1 for all three
classes of pavement, (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 serviceability index values.

RESULTS

The data recorded 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 level 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-
iceahility.

FUTURE APPLICATIONS AND RESEARCH NEEDS

The scheduling of projects for construction, reconstruction or resurfacing 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 the type of traffic service rendered.
It is suggested that this would provide a preferred means to the development of more
appropriate improvement standards for the roads in each class of service. The devel-
opment of such standards is a condition precedent to the adequate pricing of future im-
provement programs. Within the fiscal budget limitations, pricing is the key to the
orderly establishment of construction project priorities. The extent to which the pro-
grams may embrace the mileage of lesser importance should be more 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, and more rapid
means to determine pavement conditions which warrant improvement and to insure that
the improvements made will be compatible with the anticipated traffic. Serviceability
histories, developed and maintained on projects or control sections, would result from
a more extensive use of rating procedure to establish the current serviceability of
existing pavements. 10is type Of delerutination would take tctter account of the traffic
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 which appears ideally suited to the greatly ex-
panded use of such means as the electronic scale for weighing vehicles in motion and
automatically recording the needed load-distribution data. The 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 pavementis scheduled for improvement by reason
of their struclural condition. Since the proccdures of the pavement evalnation survey
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 and dimensions of motor vehicles permitted use of the highway system. This
sequence of steps would therefore appear to constitute a valid application of the AASHO
Road Test findings.

Equally valid applications of the road test equations are indicated 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 [indings can be translated 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
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TABLE 7
PROJECT AND SECTION PST DATA — PRIMARY FLEXIBLE PAVEMENTS

PSI for Individual 500-ft Sections
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TABLE 8
PROJECT AND SECTION PSI DATA — SECONDARY FLEXIBLE PAVEMENTS
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TABLE 10

PROJECT MEASUREMENTS: SLOPE
VARIANCE AND CRACKING AND
PATCHING — PRIMARY FLEXI-
TABLE 9 BLE PAVEMENTS

PROJECT MEASUREMENTS: SLOPE

VARIANCE AND CRACKING AND Broject Slope crggl;mg
PATCHING — PRIMARY RIGID Variance Patchin
PAVEMENTS -

—— AASHO Conn. 29 277
Bt Slope racd"‘g Region N. H 42 109
rojec Variance e 1 N. H 31 211
Patching N. Y. 46 104
AASHO N. H. 31 16 E § Ei1'17 §§Z
Region N. J. 67 30 Pa. L 616
1 N.J 17 15 Pa. 84 261
g- J. gg Zg Vt. 22 386
e Vt. 25 338

Pa. 10 20
‘1;:1- ég 43} AASHO Ark. 53 217
i Region Ark. 44 244
2 Fla. 14 31

AASHO Ark. 16 15
Bogiono izl 15 A% = 32 Tt
S Fla, 9 4 0 . "8
i. ig ;; Miss. 29 138
I . = 110 Miss. 12 135
a. Miss. 33 69
La. 31 92 s. ¢ 20 80
g. g 12 §§ S. C. 38 44
: G S. C. 58 258
Tenn. 37 156 S. C 40 93
Xa- 1583 ié Tenn. 34 196
4. Va. 74 768
W. Va. 27 34 Va 24 30
AASHO 1L 23 199 b : .
Region TI. 52 112 AASHO Ind. 52 337
3 %owa ig gg Region Ind. 48 477
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vfl:- 2 5 Kan. 3 309
Mich. 27 57 %;En' §§ ggg
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TABLE 11

PROJECT MEASUREMENTS: SLOPE
VARIANCE AND CRACKING AND
PATCHING — SECONDARY

FLEXIBLE PAVEMENTS TABLE 12
- PROJECT MEASUREMENTS: RUT
Bhafet Slope Crzfl‘é“‘g DEPTH — PRIMARY FLEXIBLE
Variance Patching PAVEMENTS
. Rut Dept
AASHO Conn a7 242 Project popte
Region N. H 39 515 ‘
N ;T{ 65 774 AASHO  Conn. 0.16
N. Y. 130 201 Region N. H. 0.19
R. 1 5 751 1 N. H. 0.11
. Y. 0.
AASHO Fla. 71 532 E § 0 3?
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Tex. 24 357 e B 59
S 6. 0.18
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TABLE 13 Va. 0.28
Va. 0. 24
PROJECT MEASUREMENTS: RUT
DEPTH — SECONDARY FLEX-
IBLE PAVEMENTS ﬁgggg Im“g' 8' i;
3 Kan 0. 14
Project Ru?De)pth Kan. 0.14
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TABLE 14

PROJECT MEASUREMENTS: FAULTING
AND SCALING — PRIMARY
RIGID PAVEMENTS
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Use of Loadometer Data

In Designing Pavements

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, relative topavement design, 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.
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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 stati