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Serviceability Prediction From User-Based Evaluations of

Pavement Ride Quality

SUKUMAR K. NAIR and W. R. HUDSON

ABSTRACT

Presented in this paper are the results of research conducted to develop pre-
dictive serviceability equations to upgrade those currently in use by the Texas
State Department of Highways and Public Transportation (SDHPT). The method has

been based on the serviceability-performance

{(S-P) concept. Experiments were

designed to study two types of variables, one associated with the rating process
and the other related to pavement characteristics, The rated sections were pro-

filed using the new Model 690D surface dynamics profilometer

(SDP) . From the

profile data, a family of profile summary statistics called root-mean-square
vertical accelerations (RMSVAs) was computed. A calibrated Mays meter and Walker
accelerometer device (SIometer) were also operated on these sections. A multiple
linear regression procedure was used to develop reliable serviceability equa-
tions (with good predictive capabilities) by regressing the mean panel ratings
on the set of RMSVA indices. Correlation analysis of the Mays meter and Slometer
measurements with the panel ratings showed that the calibrated Mays meter pre-
dicts panel ratings better than the SIometer. The best prediction of the panel
ratings, however, is achieved by the 690D profilometer.

Road riding quality or roughness has special signif-
icance as it has been shown to directly affect vehi-
cle operating costs and road safety. In previous
studies, relationships have been developed between
pavement serviceability and user costs. Sponsored by
the World Bank, recent studies in developing coun-
tries have provided valuable quantification of road
deterioration, vehicle operating costs, and road
maintenance policy on road roughness. In this light,
the importance of accurate and reliable measurement
of road roughness cannot be overemphasized.

The serviceability of a pavement is largely a
function of its roughness. Results from the AASHO
Road Test (1) have shown that nearly 95 percent of
the information about the serviceability of a pave-
ment is contributed by the roughness of its surface
profile. Roughness has been defined as the distortion
of the pavement surface that contributes to an un~
desirable or uncomfortable ride (2). The American
Society for Testing Materials has defined roughness
as "the deviations of a pavement surface from a true
planar surface with characteristic dimensions that
affect vehicle dynamics, ride quality, dynamic pave=-
ment loads, and pavement drainage (e.g., profile,
transverse profile, cross slope, and rutting" (3).

In 1968 the Texas State Department of Highways
and Public Transportation (SDHPT) conducted a rating
session in order to obtain serviceability equations
using the 1965 version of the surface dynamics pro-
filometer (4). Since then, these equations have been
the basis for the evaluation of Texas highways. With
the recent purchase of the highly sophisticated new
Model 690D surface dynamics profilometer, it is
necessary to upgrade the roughness evaluation system
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by incorporating its new capabilities in
serviceability equations.

Another significant consideration here is the
change in the average passenger vehicle. Over the
years there has been a noticeable shift in vehicle
population from big, heavy automobiles to smaller,
lighter ones. Hence it is essential that the changes
in ride-quality judgments be Feflected in service-
ability predictions.

updated

RATING: A SYSTEMS APPROACH

The rating process that results in an evaluation of
pavement ride quality is a complex phenomenon.
Examining it from a systems standpoint, the process
involves three subsystems: the vehicle, the road
surface profile, and the rater (highway user). The
dynamic interactions between these subsystems are
responsible for the output responses and charac-
teristics of the system. In order to understand the
rating process, it would appear appropriate to study
the interactions between the stimuli and these
receptor systems. Consider a rater in a rating
situation (Figure 1) being subjected to the physical
stimulus (S), the vibrations that are being imparted
to him by the vehicle. Each vibration triggers cer-
tain events in his mechanical energy receptor sys-
tems. Thus, the physical continuum evokes a corre-
sponding sensory continuum. When the same stimulus
(vibration) is presented to the same rater on dif-
ferent occasions, it will not always produce the
same magnitude of the variable on the sensory con-
tinuum. This is where the subjectivity of the rating
process is realized. Three continua are the stimulus
or physical continuum (S), physiological or subjec-
tive continuum (P), and the judgmental continuum (J).

However, as has been previously reported, there
exist certain basic problems typical of serviceabil-
ity ratings. These possible errors (listed next with
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FIGURE 3 Rating form used in the screening sessions.

Each graph gives an idea as to how each rater
performed in comparison to the group. It is not
necessary that all points lie on the equality line,
but at the same time a point with a large deviation
does indicate that for that section, that rater was
at variance with the rest of the group for some rea-
son, mostly subjective differences in perception and
judgment.

Careful examination of each of the rater perfor-
mance plots was made to check for discrepancies or
abnormalities. No extreme outliers were singled out
although it was noted that some of the raters dif-
fered with the panel as a group. For instance, one
rater may generally tend to rate most pavements bet-
ter than the others, but then, that is quite reason-
able within the 1limits of acceptable subjective
variation. If, however, this variation was found to
be of a consistently high order, then the inclusion
of this rater in the panel would be reviewed.

In order to analyze the data, mixed model, nested
analyses of variance procedures were used. This
technique allowed for the testing of hypotheses about
the significant differences of means of various
variables. The analysis of rating and pavement-—
related variables was performed using the generalized
linear model (GLM) procedure available in the Sta-
tistical Analysis System (SAS). Two levels of rough-
ness were chosen corresponding to sections that had
PSRs greater than 2.5 and less than 2.5. The main
effects of these variables on rating are given in
Table 1. These factors are tested against sections
S(G) (sections nested within roughness).

Measurements using the Model 690D surface dynamics
profilometer are recorded as a road profile, which
provides a complete signature of the road surface.
In a previous study (5), a profile summary statistic
termed root mean square-acceleration (RMSVA) that
simulated the response of a typical Mays meter was
developed. As a set of indices, RMSVAs can reveal
many of the characteristics associated with road
roughness.,

Thus, from the left and right wheelpath profiles
obtained from the operation of the new profilometer,
RMSVA values were computed and the left and right
wheelpath RMSVAs for each baselength were averaged.
For each section, the indices were computed for
baselengths of 0.5, 1, 2, 4, 8, 16, 32, 64, and 128
ft.

In addition to the homogeneity and normality,
sometimes the question of additivity arises, and in
keeping with a sound statistical approach, a nonad-
ditivity test was performed. Tukey's test for nonad-
ditivity (6) was used for this purpose on the main
rating data. The interaction effect turned out to be
insignificant, indicating that the effect of raters
and sections is not multiplicative and that there is
no indication that the data need to be transformed.

Multiple regression models were used to relate
the profile summary statistics to the panel ratings,
and a rigorous statistical procedure (7) was used to
select the best candidate in each case.

In selecting prediction equations obtained through
standard least-squares regressions, the following
criteria were employed:
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FIGURE 4 Individual rater performance, Rater 1.

TABLE 1 Results of Analysis of Rating

Variables

Variable

Effect on Rating

Position in car

Rater’s sex

Rater’s age

Time (night-day)

Rater’s profession
Function in car

Vehicle speed

Time (a.m, - p.m.)
Vehicle wheelbase length
Vehicle size

Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Significant

Significant

Rater fatigue Significant
Pavement type Significant
Maintenance Significant
Surface Texture Not significant
Location of road Not significant

Road width
Surroundings

Not significant
Not significant

1. The value of R? achieved by the least-squares

fit;

2. The Mallows' Cp statistic; and

3. The values of s?, the residual mean square.

The residual sum of squares can be broken
lack of fit and pure error sum of squares.
statistic is a reflection of the adeguacy
model, that is, whether or not the model is
Equations with considerable lack of fit will
significantly above or below the Cp = p line
versus p (number of terms in the model) plot.

up into
The Cp
of the
biased.
show up
on a Cp

The residual mean square, s?, provides an esti-
mate of the variance about the regression, which is
presumed to be a reliable unbiased estimate of the
error variance. For this study, this presumption is
valid, considering the large number of degrees of
freedom. This procedure alleviates the problem of
unreliable inferences that result from using step-
wise regression. Before running the regressions, the
individual regressor variables were plotted against
the PSRs. Figure 5 shows the relationship between
the mean panel ratings and one of the independent
variables, VAy. Overall, it may be observed that
as the RMSVA increases, the rating decreases; here
again, the physical meaning of the RMSVA .concept is
manifested in that, with higher amplitudes, the
degree of discomfort (or roughness) as perceived by
the user is greater.

Linear multiple regression analyses were performed
on the data with the mean panel ratings as the in-
dependent variable and the RMSVAs (average of the
mean left and right wheelpath values) in the base-
lengths of 0.5, 1, 2, 4, 8, 16, 32, 64, and 128 ft
as dependent (regression) variables. Separate analy-
ses were carried out as follows:

1. Overall data,

2. Overall data with a forced dummy variable for
pavement type,

3. Flexible sections, and

4. Rigid sections.

For each analysis, all possible numbers and com-
binations of terms were included in the regression
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FIGURE 5 PSR versus VA,.

and Cp values were generated for
each model. From this 1list, the best model was
selected based on the R?, Cp, and s? criteria.
Diagnositc checks were made on each of the selected
equations to verify that the assumptions of regres-
sion were fulfilled satisfactorily. Plots of the
predicted values and the residuals were examined and
the normality of errors was checked using the W-
statistic or the D-statistic, as appropriate.

models and R?

FINDINGS AND CONCLUSIONS

Based on the controlled experiment designs discussed
earlier in this paper, the main effects of the vari-
ables associated with the rating process were found
to be significant or not significant at the 0.01
a-level as shown in Table 1.

The conclusion is that the position of the rater
in the car (whether in the front or rear) does not
influence the rating. Similarly, it can be concluded
that whether the rater is male or female, young or
0ld, riding in the vehicle or driving the vehicle,
or is a technically experienced person or not, has
no effect on his or her rating; also, whether the
rating is done during any particular time of day has
no effect on the rating. These findings support the
relationship between roughness (as manifested through
the road surface and vehicle characteristics) and
the rating of ride quality. The finding that vehicle
speed has no effect on rating appears contrary to

expectation; however, it should be expected that the
interaction between vehicle speed and road roughness
would be significant. The conclusion here is that
the rater's receptor system adjusted for the range
of levels considered (30 mph versus 50 mph) in such
a way that there was no significant difference in
his or her ratings.

The variables that indicated a significant effect
on rating at the 0.0l a-level were vehicle wheel-
base, vehicle size, and rater fatique. The effect of
different vehicle characteristics on the perceptions
of ride quality is exemplified here. It was found
that raters expressed lower ratings (as much as 1.5
serviceability units) while riding in short wheel-
base vehicles compared with longer wheelbase vehi-
cles. The role played by vehicle characteristics in
the rating process has been shown by the significance
of the effect of vehicle size on rating. The signif-
icance of rater fatigue as a variable demonstrated
the sensibility of the rater via-i-vis the condition
of his or her receptor system.

Two pavement-related variables, pavement type and
maintenance, were found to have significant effects
at the 0.0l1-level, whereas surface texture, location
of road, road width, and surroundings had no signif-
icant effect on ratings. Using regression analyses,
a set of serviceability prediction equations was
developed. The best formulas obtained are listed
next (PSI refers to present serviceability index and
Vh, 1is the measure of root-mean-square vertical
acceleration associated with baselength b, ft).
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Overall (167 sections):
PSI = 4.42 + 1.55 1073 VAg, 5 ~ 0.311 VA,
- 3.35 VAgy
with R? = 0.86, s? = 0.10.

Overall {(with dummy variable PTYPE):

PSI = 4.31 = 0.039 VA, - 0.504 VAg - 822 VAjyg
+ 0.366 PTYPE
with R* = 0.88, s? = 0.09.

Flexible (125 sections):

PSI = 4.43 - 0.016 VAy — 0.237 VAy - 0.4 VA3,
- 10.4 VAjqg
with R* = 0.89, s2 = 0.10.

PSI = 5.00 - 0.0029 VAg, 5 - 0.2609 VA4
- 5.006 VAg,
with R? = 0.82, s? = 0.15.

Rigid (42 sections):

PSI = 4.34 - 0.092 VA - 0.47 VAg
with R? = 0.73, s? = 0.03.

The Mays meter data and the mean panel ratings
showed good correlation for flexible sections (cor-
relation coefficient r = =-0.91). The correlation
coefficient for rigid sections was found to be much
lower (r = -0,513). Regression analysis on the over-
all sections indicated an R? value of 0.79, com-
pared with 0.859 for the profilometer [refer to Nair
(7) for prediction equations]. From this it was con-
cluded that

1. The Mays meter can predict PSR better on
flexible sections (with an R? of 0.83) than on
rigid sections (R?> of 0.26),

2. The SIometer can predict PSR better on flexi-
ble sections (with an R? of 0.56) than on rigid
sections (R? of 0.11), and

3. The 690D SDP is by far the best overall pre-
dictor of PSR.

For all of the foregoing discussions, it should
be remembered that Mays meter and SIometer data cor-
relations have been obtained only after properly
calibrating these devices.

The major development of this research study is a
set of equations relating the ride quality of pave-
ment sections to pavement roughness. This was
achieved by relating a set of roughness summary sta-
tistics (RMSVAs associated with different wave-
lengths) obtained from the pavement profiles to the
mean panel ratings. The study showed that up to 88
percent of the variation in PSR can be explained by
the roughness variables; this a very high degree of
linear association (a correlation coefficient of
-0.94) between PSR and roughness as characterized by
the set of RMSVAs. Thus, this study further attests
to the serviceability-performance (S-P) concept in
general, and to the validity of using road profile
measurements to predict PSRs and to obtain indices
of serviceability in particular.
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Discussion

R. M. Weed*

This discussion pertains to both the paper and the
project report (1) summarized in the paper. The
authors have done many things extremely well and, in
several ways, have illustrated how a thorough sta-
tistical analysis should be performed. However, there
is one particular area in which a further refinement
may be desirable. This involves the use of multiple
linear regression and a perplexing result that ob-
viously was of concern to the authors. After com-
menting on certain aspects of mathematical modeling,

*New Jersey Department of Transportation, 1035 Park-
way Avenue, Trenton, N.J. 08625



Nair and Hudson

I would like to suggest what might be a more appro-
priate theoretical model.

The primary goal is to find the mathematical model
that most accurately describes the process being
investigated. To this end, it is appropriate to use
every resource available, including any prior knowl-
edge of that process. In the case of pavement ser-
viceability rating (PSR, the Y data) versus vertical
acceleration (VA, the X data), it can be reasoned
that if a pavement were so smooth that no vertical
acceleration could be detected, it would be appro-
priate to rate it at a value of PSR = 5. At the other
extreme, there is essentially no difference between
a very high VA value and a slightly higher VA value;
for all practical purposes both would correspond to
PSR = 0. This suggests that the appropriate mathe-
matical model will originate at (VA = 0, PSR = 5)
and decline in some way to eventually become asymp-
totic to the X axis. (This assumes, of course, that
the roughness-measuring device is sufficiently re-
sponsive to justify such a relationship. This must
be confirmed by an examination of the data. If the
device is not sufficiently responsive, it is unlikely
that any mathematical model would be very useful, and
the use of a different device would be indicated.)

2 further consideration is a philosophical one.
It is believed by many analysts that known prior
knowledge (the engineering constraints on the inter-
cept and the asymptote in this case) should take
precedence over empirical statistical measures. In
other words, if it were believed that a model of a
particular form was fundamentally correct, it would
be chosen in favor of a competing model that hap-
pened to have a higher correlation coefficient. The
rationale is that, while the competing model might
appear to have greater predictive power for this
particular data set or range of data, the more theo-
retically appropriate model is likely to perform
better in the long run (especially if, as so often
happens with published research findings, it should
be used outside the range of data from which it was
generated).

A basic exponential decay function that is capable
of satisfying the constraints on the intercept and
the asymptote is given by Equation 1 in which A and
B are constants and e is the base of natural loga-
rithms. Other similar forms may also be used. If
several different wavelengths of VA must be accounted
for, then Bx in this expression would be replaced by
a function f(x). Figure 6 illustrates three general
shapes that these functions can take.

y = ae Bx (1)
A
o .
o} oo

FIGURE 6 Examples of exponential decay curves.
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If possible, because of the collinearity problem
that the authors have duly noted (1,p.115), it might
be both practical and desirable to choose a single
wavelength on which to base the equation. All the
data plots (1,pp.116-124) exhibit the same general
trend and PSR versus VAg, for example, would ap-
pear to have the most uniform variability about a
fitted line.

The decision to use a linear model was apparently
made by visual inspection (1,p.115) of the data
plots. However, in most of the plots presented in
the report, it is very easy to visualize how the
exponential forms in Figure 6 might more appro-
priately be fitted. (It should be noted that failure
to locate the Y axis at VA = 0 in these figures tends
to mask this effect.) One of the figures, PSR versus
VAjg, is reproduced here as Figure 7 to illustrate
an approximate exponential fit. (Actual exponential
fits obtained by least squares with similar PSR data
may be seen in the discussion of the paper by Janoff
elsewhere in this Record.)

It is always disconcerting whenever an analysis
produces a result that is inconsistent with a (pre-
sumed) known fact. The authors are appropriately
concerned about the positive coefficient for Vg 5
in the overall equation for PSI, reproduced here as
Equation 2. This implies that, if VA, and VAg,
were held constant, the PSI improves as VAg .5 in-
creases, an obviously incorrect conclusion as they
have noted. Although the authors state that there is
no evidence of incorrect specification of the model,
this result in itself may be an indication that the
chosen form of the model (linear) is inappropriate.
Their attempt to obtain a better model was unsuc-
cessful, most likely because only linear models were
considered.

PSI = 4.42 + 0.00155 VA, 5 - 0.311 VA,
- 3.35 Vag, (2)

The authors' investigation of a model with the
intercept forced to be at PSI = 5.0 was certainly
sound and logical but, unfortunately, had 1little
chance for success unless it was also recognized
that an exponential model was needed. In the form
given by Equation 1, for example, this would involve
setting A = 5 and determining the coefficient B by
regression.

Still another troublesome factor may come into
play. Figure 8 shows an example illustrating how
data conforming to the same fundamental exponential
relationship can produce two distinctly different
equations when linear regression is used. If flexible
pavements tend to be smoother than rigid pavements
(as is the case in the state of New Jersey), they
lie farther up on the exponential curve. If analyzed
by linear regression, they produce a steeper slope
than that obtained from the data representing rigid
pavements. In this case, depending on where these
lines cross, either could be falsely perceived to
serve better than the other. An effect similar to
this may also be present in the Texas data.

A final point is very speculative. Roughness mea-
surements produced by wavelengths that are similar
in length are stated to be correlated (1,p.115),
resulting in a collinearity problem among the several
independent variables of the multiple regression.
Because the measurements in question deal with a
vibrational phenomenon, there may also be some sort
of harmonic relationship between wavelengths that
are integral multiples of each other. It is possible
that the positive coefficient in Equation 2 is the
result of correlation among the measurements obtained
from different wavelengths. If it is absolutely nec-
essary to include more than one wavelength, perhaps
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it would be better to choose wavelengths that cannot
produce harmonic frequencies.

In view of the apparent problem with a linear
model, as well as the possible collinearity problem,
it may be inappropriate to conclude that rigid pave-
ments are perceived to serve better than flexible
pavements (1,p.133). The use of a dummy variable
representing pavement type in the PSI equation
(1,p.130) may be unnecessary if an exponential model
is used. It is also conceivable that some of the
other conclusions regarding performance of the var-
ious types of equipment might be altered to some
extent with an exponential model.

In summary, the authors have conducted a very
thorough experiment and have made an important con-
tribution to the understanding of the perception of
pavement serviceability. Consideration of exponential
models that satisfy the fundamental engineering con-
straints, and a concerted effort to avoid the col-
linearity problem, may serve to further enhance
their efforts.
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Authors’ Closure

We are most appreciative of Weed's discuseion of our
paper. In general, we agree with his comments and
thank him for his very careful review of our work.
It is generally true that every available modeling
resource should be used in conceptualizing a problem
and we did attempt to do this.

It is not necessarily true that boundary condi-
tions such as proposed of VA = 0, PSR = 5 will always
govern such concepts and it presumes too much knowl-
edge of the problem. In reality, a VA = 0 may not,
for example, be attainable on a pavement nor may it
be considered perfect by the average rater. Further-
more, any time individual raters are forced to use a
scale that is bounded, such as 0 to 5, it is almost
precluded that the average of a set of 10 or more
raters can ever equal 5.0. For these reasons, it is
difficult, in our opinion, to consider forcing the
model through an origin of VA = 0, PSR = 5.0.

We concur wholeheartedly that the exponential
form should be considered. We chose to consider and
use the basic linear form because we were replacing
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an existing eguation with the linear form, and the
sponsors desired minimum acceptable change. We do
agree, however, that the exponential model is a
worthwhile model to examine, and we will examine
that possibility as time permits. There is not suf-
ficient time, however, to do so for this closure.

Review of the relationship between vertical ac-
celeration and serviceability rating leads to the
conclusion that several wavelengths are necessary to
fulfill the correlation. Therefore, Equation 1 as
proposed by Weed will involve a more complicated
function of X.

The comments about the relative smoothness of
rigid and flexible pavements in the state of New
Jersey are not applicable to Texas pavements. In
general, Texas pavements in the study exhibited
similar roughness ranges for rigid and flexible. We
will certainly attempt to further investigate the
concept of nonharmonic wavelengths as further work
is permitted.

In summary, we greatly appreciate Weed's contri-
bution and his thoughtful review and ideas in ex-
tending this work. We will certainly take them into
account as additional work progresses.



