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Prior to 1948, the criterion in Kentucky for designing the thickness

of bituminous pavements was based upon a modified laboratory CBR
and the 1942 curves developed by the California Department of High-
ways. In 1948, the Materials Research Laboratory reported: "An
Investigation of Field and Laboratory Methods for Evaluating Sub-
grade Support in the Deisgn of Highway Flexible Pavement.” Included
in that report as a recommended method of thickness design for use
in Kentucky was a set of curves based upon an empirical relationship
between minimum laboratory CBR and observed pavement performance.
These five curves accounted for traffic groups up to 10,000, 000 EWL's,
Since that time six additional curves have been included in the design
charts for EWL groups up to 320,000,000, These additional curves
were determined by extrapolation of the results from the 1948 study.
Early in 1957, an evaluation of the design method was undertaken.

The basis for this re-evaluation was a statistical comparison of actual
pavement performances with the designed life as anticipated or pre-
dicted by the design curves currently in use. On this basis, projects
were selected, design records assembled, performances surveyed,
and the data analyzed. Selected pavements which had been designed
by the method developed in the 1948 study were checked for per-
formance by visual survey, by roughness measurements, by meas-
urements of rutting, by measurements of loaded-deflection with the
Benkelman Beam, and by opening pavements for observation and
sampling. Flexible base types studied included waterbound macadam,
bituminous concrete, granular dense-graded aggregate and combina-
tions. Laboratory evaluation on basis of bearing tests were made.

1. The visual survey established a range of performance.

2. Road roughness measurements were related to CBR but no
attempt was made to draw design curves from this data since it
could be greatly affected by factors not related to structural design.

3. Pavements opened for inspection revealed permanent defor-
mation in the upper layers of the system as well as intrusions of
subgrade in waterbound base courses.

4, An alternate method of design based on limiting deflection
under load was developed from the Benkelman Beam measurements.
Curves drawn from this data indicate a need for a slightly greater
thickness than provided by the 1948 curves.

@ PAVEMENT DESIGN ENGINEERS are charged with the responsibility of determining
the thickness and types of pavement courses necessary to support millions of vehicle-
passes, intense loads, and to withstand extreme weather conditions. Most soils are
inadequate for direct service of this type; and so pavements of differing thicknesses,
depending on the supporting ability of the soil and the amount of anticipated traffic, are
needed to distribute the loads and to confine and protect them. Pavement design engi-
neers are, in fact, charged with more far-reaching responsibilities in the sense that
thicknesses must be adequate but not excessive. It is this rather tedious balance be-
tween economy and pavement-sufficiency that guides the engineers and constitutes the
general basis for any thickness-design criterion., Criteria of design are semi-empiri-
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cal and semi-theoretical. In theory they involve boundary applications of stresses on
layered, semi-infinite masses. Often these stresses are either indeterminate or ob-
scure, and therefore, theory must be compensated by empiricisms. Basically, of
course, empiricisms are founded on experience and experiment. In this sense, each
road that is designed and built is, in part, an experiment or test of the design system
used. Thus, a statistical analysis of the performance histories of a large number of
pavements with regard to design-parameters, that is, bearing capacity of the soil,
traffic, and pavement thickness, should provide a reliable derivation of a design cri-
terion and should likewise reveal any need for modifications or re-adjustments in a
criterion so derived and used.

Prior to 1949, the criterion in Kentucky for designing the thicknesses of flexible
pavements was based upon a modified laboratory California Bearing Ratio (CBR) and
the 1942 curves developed by the California Department of Highways (1). In 1948, the
Materials Research Laboratory, in a report on "An Investigation of Field and Labora-
tory Methods for Evaluating Subgrade Support in the Design of Highway Flexible Pave-
ments" (2), recommended a similar method of thickness design for use in Kentucky
and included a set of five curves based upon empirical relationships between EWL's,
minimum laboratory CBR, and the observed performance of Kentucky pavements (Fig. 1)

These five curves accounted for traffic groups up to 10,000,000 EWL's (equivalent
5,000-1b wheel loads, two directions). Since that time, six additional curves have been
included in the design charts and cover EWL-groups up to 320,000,000. These addi-
tional curves were determined partly by extrapolation of the results from the 1948
study. This series of eleven curves, with some modification in methods of evaluating
traffic, has been used by the Department to design flexible pavements during the past
ten years. Early in 1957, the Research Division was requested to evaluate the effec-
tiveness of the extrapolated curves as well as the original five curves and to determine
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if the curves should be further revised in any way or if factors heretofore not consid-
ered in the design of pavement thicknesses should now be taken into account.

Logically, of course, the basis for this re-evaluation would have to be a statistical
study of actual pavement performances, accumulated EWL's, and subgrade CBR's.
On this basis, projects were selected, design records assembled, performances sur-
veyed, the data analyzed, and recommendations offered for revising the present design
chart.

PRELIMINARY STUDIES
Selection of Projects for Study

The first criterion for selecting the projects to be studied was that the pavement
must have been designed by the method recommended in the 1948 study. It was desired
that the pavements be of high-type bituminous construction and have been in service as
long as one year. The records were studied and a list of all eligible projects, meeting
these requirements, was obtained. From a list of some 100 sections of road built
since 1948, projects were selected so as to be distributed over the state as well as
possible. Most of the major soil and geologic areas of the state were represented, and
projects were selected so that available traffic groups were represented. An attempt
was also made to select projects so that all of the more common base materials would
come under study. Projects one mile or less in length and those not having sustained
sufficient traffic were eliminated. Thus, curve revisions and bridge approaches were
excluded. Projects involving large areas of salvaged pavement were also excluded.

On the basis of these criteria, 70 projects representing 388. 7T miles of Kentucky's
flexible pavements were selected for study (see Fig. 2). Of these 70 projects, 57 were
considered eligible, from the records available, for statistical analysis.

The Fayette-Madison County project and the Johnson-Lawrence County project,
pavements studied in the 1948 investigation and not actually designed by the method
currently under study, were included so as to provide extended distributions of projects.

Design Data

From the Division of Design, the design thickness of each pavement component for
all projects was obtained and recorded. These values were then compared with the
values as recorded on the plans and adjusted accordingly. When available, the design
EWL and design CBR were also obtained. CBR's for most of the projects were gathered
from soil reports on file in the Design and Materials Divisions.

Evaluation of Traffic

Traffic data were obtained from the Division of Planning. For most of the projects,
the ADT (Average Daily Traffic, two directions) for each year, from the time the proj-
ect was completed through 1957, was recorded. Also available were weight data and
vehicle classification counts for each year, from and including 1951, for the ten per-
manent loadometer stations located over Kentucky. With this information, it was pos-
sible to calculate the EWL's which had passed over the pavements and thus to study the
traffic history of each project.

By comparing the actual EWL value with the designed 10-yr EWL's, a "traffic-age"
or "service-age" for the projects could be determined. Thus, if the actual EWL's at
any age exceed the anticipated EWL's at that age, this would indicate that traffic has
increased more rapidly than anticipated and that the service-age of the pavement ex-
ceeds its chronological age.

For computations of EWL's in the 1948 study, the only type of data available for the
entire life of all roads studied was average yearly 24-hr traffic counts. Loadometer
data were available from 10 permanent loadometer stations for the period between 1942
and 1947. During 1947, by the aid of temporary loadometer stations, loadometer data
were obtained for all roads studied. Thus, where applicable, EWL's were computed
from actual loadometer data. However, since many of the roads were built before
1942, it was necessary to project the trends in traffic and distribution factors, evident
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in the 1942-1947 data from each of the 10 permanent stations, to a year somewhat be-
yond the earliest construction date of any road studied. On this basis, the trends of
each of the 10 stations were projected backwards to 1934, Then, for the year 1947, a
ratio of EWL's to total vehicles per year was calculated for each road and each of the
10 permanent loadometer stations. On the basis of these ratios, similarity between a
particular loadometer station and a particular road was established. Thus, the trends
in traffic distribution where lacking on a particular road were calculated from a typical
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or similar loadometer station. These trends in distribution, when applied to the aver-
age yearly 24-hr traffic counts, provided a cumulative total of EWL's which was con-
sidered to be the total EWL's on each road since its construction or last resurfacing.
The EWL's calculated in this manner were correlated empirically with other design
parameters (CBR's, pavement thicknesses, and pavement conditions); and the best
fitting curves, so derived, were adopted as the criterion for design.

None of these traffic data was tested for statistical reliability; and since the period
involved the war-years, it was suspected that these data were unsuitable for predicting
future traffic trends. Alternatively, it was assumed that truck traffic, in percent of
existing ADT, would double in 10 years. (An example of the method of estimating 10-
yr design EWL's for all roads included in this study is given in Figure 3. In 1954, the
method was revised to a 20-yr estimated design EWL basis wherein traffic volume
projection factors, vehicle classification factors, and axle and weight distribution fac-
tors are used in the computation. Examples of this method are given in Figure 4,)
Thus, if it is also assumed that EWL's would increase in direct proportion to the vol-
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ume of truck traffic, the accumulation of 180,
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where x = chronological age in years. /

The equation above describes the 120
"theoretical curve,' curve No. 1, shown /
in Figure 5. Curve No. 2, a locus of
points determined by the least squares
method, represents calculated actual ac-
cumulations of EWL's at all ages for all
roads which were designed and built ac-
cording to the 1948 criterion and for
which traffic data were sufficiently com-
plete to be included in this re-evaluation
study.

While there is wide variance among
the data (standard deviation = ¥ 67. 64
percent); the average or trend shows close
agreement with the theoretical curve. To

/ AVERAGE POINTS
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this extent, it may be said that actual ac- / / —te L~
cumulations of EWL's have closely par-

7

alleled the predicted accumulations and ® | ~
that, on the average, "traffic-age" or / OF e
"'service-age' has closely paralleled ole—"

chronological age. On the other hand, ° 20 40 60 8o 100
extreme variations in the percentage of PERCENT OF DESIGNED GHRONOLOGICAL AGE
accumulated EWL's at a particular chron-
ological age, expressed as the 99.9 per-
cent confidence limit, would be equivalent
to * 3 standard deviations or approximate-
ly £200 percent. Expressed on a 75 percent confidence limit basis, the extreme de-
viations, of course, would not exceed ¥1.15 x 67. 64 percent. It may be similarly
stated, therefore, that 15.9 percent of the roads accumulated traffic at a rate 1. 68
times greater than the predicted rate. Likewise, 15.9 percent of the roads would
reach 100 percent of their designed traffic-age within 68 percent or less of their de-
signed life-expectancy. To be precise, statistically speaking, the mean square error
could have been used rather than the variance since the ratio estimates used involve a
slight bias. However, the bias would be negligible in comparison with the variance
and can safely be ignored,
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Figure 5. Statistical relationship between
percent of designed EWL accumulated and
percent of designed chronological age.

Traffic vs Pavement Life

Since the only parameters considered in the present design criterion are CBR's,
pavement thicknesses, and EWL's predicted for a chosen number of years in the future,
it is implied thereby that a pavement would have a designed life-expectancy comparable
to the number of years for which the EWL's were predicted. Hence, the variations
evident in actual accumulations of EWL's should have an analogous effect on actual
pavement-life statistics. While terminal-life statistics are not available for this
study, it may be surmised from variations in traffic alone that the service-life of 68
percent of the roads in this series may vary between 68 and 168 percent of their so-
called designed life-expectancy or between 6. 8 and 16. 8 years.

Actual average life and survivor statistics (3, 4) should provide helpful insight into
this aspect of the problem and should also provide a test of the validity of the design
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system, For instance, if the EWL's were accurately predicted for a 10-yr period and
the average life of the pavements proved to be 18 years, it would have to be concluded
that the thicknesses were excessive and that the design curves were unrealistic. The
design system would seem equally unrealistic, of course, if the EWL's were accurate-
ly predicted for 18 or 20 years and the average life from survivor statistics proved to
be only 9 or 10 years. Likewise, it can be seen from the present design curves (Fig. 1)
that the difference in thickness between a 10-yr design and a 20-yr design, assuming
that the 20-yr estimate of EWL's exceeds the 10-yr estimate by a factor of 2, would be
about 1% in.

PERFORMANCE SURVEYS
Visual Inspection

Visual inspections of the various projects were made in the summer of 1957. To
aid in evaluating pavement condition, each project was inspected throughout its entire
length, and all evidences of distress were noted as to type, extent and location. Con-
ditions recorded included cracking of all kinds—longitudinal, alligator, hairline—and
skin and structural patching. Wavy sections, any signs of slides, fill settlement, as
well as any adverse or unusual drainage conditions were noted. Numerous measure-
ments of rutting were taken on each project in order to obtain an indication of the ex-
tent of permanent deformation in the wheel tracks. In order to reduce the notes taken
during the visual inspection to a numerical value, the lengths of wheel track showing
longitudinal cracking, alligator cracking, skin patching, and structural patching were
summed for each project and tabulated as a percent of the total length of wheel track
in the project.

Unfortunately the only traffic groups represented by enough samples to permit a
cursory correlation of pavement condition with CBR and thickness were Groups IV and
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VI. For projects in traffic Group IV, a plot of thickness vs CBR, with the percent of
pavement failed noted by each point, is shown in Figure 6. Here again, there was not

a sufficient number of failed pavements to clearly define a relationship, and the straight
line represents an approximation of the required thickness assuming that the excessive-
ly failed pavement (13 percent) and the two adequate pavements falling on this line are
near or below the critical thickness.

Data for projects in Traffic Group VI plotted in the same manner are shown in Fig-
ure 7. Here better control for the curve was provided by nearly equal numbers of
failed and unfailed pavements in this group. The two excessively failed pavements,
shown below the curve at CBR values of approximately 16 and 17, were on the same
route (different projects); and performance may have been affected by other factors.
Placing these points above the curve would require flattening the curve more sharply
at CBR 10.

In Figure 8, the curves in Figures 6 and 7 are shown superimposed upon the original
design curves and may indicate a need for slight revision of the design chart,

Rutting

Rutting measurements were made by laying a straightedge transversely across a
traffic lane and measuring the maximum deviation (see Fig. 9). This measurement is
not entirely rutting in the strict sense because a portion of the deformation may be the
result of upheaval between the wheel tracks as illustrated in Figure 10. However,
throughout this report the term "rutting'" implies the total deviation from a straightedge.
Measurements were made at more-or-less random intervals. From these measure-
ments, a simple arithmetic mean of all values was computed for each project.

At first it was thought that rutting was the result of consolidation either in the pave-
ment courses or in the subgrade. Any extreme rutting would then be considered an
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Figure 9. Rutting of pavement within wheel tracks as deviation from a straightedge.



Figure 10.

advanced stage of failure extending into the subgrade.

Extreme rutting and upheaval.

However, from information ob-

tained by opening selected pavements showing medium to extreme rutting, it was noted

that, on the average, only 4 percent of the
rutting occurred within the bituminous
layers while 72 percent occurred within
the granular base courses. These per-
centages are based upon comparisons of
the thicknesses of the layers within and
outside the wheel tracks. This indicated
that the original thoughts concerning rut-
ting were in error and that waterbound
macadam is more highly susceptible to
consolidation or movement under traffic
than previously suspected. The densities
of the WBM obtained while opening the
pavements do not indicate any great de-
gree of consolidation in most cases; thus,
the deformations must result primarily
from particle rearrangement and move-
ment and must be the combined result of
upheaval and subsidence.

From what has been said, it might be
expected that rutting would increase with
total pavement thickness and with traffic.
These general trends are also indicated
by Figure 11. However, the implied in-
creases in rutting with increased pave-
ment thicknesses are considered to be in
the nature of a paradox and should be more
properly interpreted as indicating that the
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conditions causing rutting are more critical in the thicknesses designed for high inten-
sities of traffic.

Road Roughness

With information from the field condition survey available, the traffic lane which
exhibited the most distress was selected for an evaluation of roughness by the triaxial
acceleration method reported in 1955 (5). The only deviation from the reported pro-
cedures was in evaluating the roughness records. The following method was used in
determining the roughness of a road in terms of change in acceleration, sometimes
referred to as "jerk." To obtain average acceleration, a compensating polar planim-
eter was used to measure the area under the vertical acceleration curve representing
the length of pavement under consideration. Since the recorder chart was driven at a
pre-set speed of Y in. per sec, each inch of chart length representing an elapsed time
of 4 sec, and the galvanometer sensitivity pre-set to 2 in, per g, it was possible to re-
solve the total area beneath the curve into g sec (1 sq in. = 2 g sec); and:

Area (in sq in.) x 2 g sec = Total g sec

Total g sec

Tofal fime ~ AVE €
(Total time = 4 x length of chart considered, in inches)

By careful measurement of many charts, the average frequency of the acceleration
wave was found to be 5 cycles per in. or %s cps, giving a period of 0.8 sec per cycle.
Since "jerk" is described as da/dt; average "jerk" would be:

Averagea _ _A
Average t 1.6L

t = average period per acceleration cycle, 0.8 sec per cycle.
The vertical acceleration wave was

analyzed by dividing the curve into short 42
lengths of particular interest and deter- AVERAGE VI:OUGHNESS
mining the average "jerk' for that length MEDIAN CBR

using the above equation, To obtain an il
average "'jerk" value for the entire proj-
ect a weighted average was calculated.

In reviewing the roughness values it
was noted that there is a general tendency
for roughness to increase with increased
rutting. However, in certain instances,
it was noted that rutting could be rather
uniform throughout a project and still re-
sult in good riding qualities provided that
the vehicle remained in the wheel tracks.
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AVERAGE VERTICAL ROUGHNESS (G’S/SEC)

The curve in Figure 12 indicates that N
roughness decreases as the bearing capa- \\
city of the subgrade increases. o7 .
\\
Pavement Deflections
In the late summer and early fall of o6
1957, Benkelman Beam measurements
were made at 50 locations on 20 projects.
Deflections were measured in both the 05§ 5 T B
outside and inside wheel tracks under an MEDIAN SUBGRADE CBR
18,000-1b axle load on dual tires. In or- Figure 12. Generalized apparent relation-
der to evaluate the seasonal effect, de- ship between average roughness values and

flection measurements were made again median CBR of the subgrades.



Figure 13. Benkelman Beam in-place for measuring pavement deflection under 18,000-1b
single axle.

under the same conditions of loading in the spring of 1958 at the same locations pre-
viously visited as well as an additional 18 locations representing 11 other projects.

To obtain deflection readings, the probe beam was placed between the dual tires of
the test vehicle so that the foot of the beam rested on the pavement 5 ft ahead of the
axle (see Fig. 13). The reference beam then rested on the pavement well back of the
influence of the loaded wheels. As the test vehicle moved forward at creep speed, the
probe foot deflected with the pavement, and the amount of deflection was read from an
Ames dial. At each location, measurements were made until two consecutive readings
were in agreement.

Also, in 1958, deflection measurements were made under a tandem axle loading of
32,000 1b at 8 locations on 5 projects. Two of these locations were also loaded with a
36,000-1b tandem axle load and deflection measurements recorded.

Since the length of the probe beam on the Benkelman Beam was designed for obtain-
ing deflection measurements under single axles, modifications in the method of meas-
uring were necessary. The probe beam was placed between the dual tires so that the
foot rested on the pavement beneath the front axle (see Fig. 14). As the test vehicle
moved ahead, the partial rebound between axles was noted, then the deflection was
read as the rear axle passed the probe foot, and finally the complete rebound was read
as the loaded vehicle moved well away from the setup.

Most of the measured deflections occurred over about a 3-ft span. Deflection in-
creased slowly until the wheel was within 12 to 18 in. of the probe and then increased
rapidly to the maximum. This condition was more pronounced in the thinner pave-
ments. Thick pavements and pavements having one or more courses of bituminous
base deflected less and over a wider area of pavement surface. Least deflections
were measured on pavements made up of full depth bituminous concrete. For the fall
series of measurements, pavements with standard waterbound macadam bases aver-
aged 0. 028 in. of deflection. Minimum design pavements having one 3- or 3%-in.
thickness of waterbound base averaged 0. 048 in. of deflection while pavements having
3 in. or more of bituminous base averaged 0. 015-in. deflection.

For the spring 1958 series of measurements, pavements with waterbound bases
averaged 0. 033-in. deflection, the minimum design pavements with waterbound bases
averaged 0. 078-in. deflection, and pavements with bituminous bases averaged 0. 016 in.
This increase in deflection during the spring was expected since the influence of sub-



Figure 1k. Benkelman Beam in-place for measuring pavement deflection under 32,000- or
36,000-1b loads on tandem axles.

grade moisture would logically be greater during this period. The three locations
measured during both periods on pavements having their total depth made up of bitu-
minous concrete averaged 0. 003 in. less deflection for the spring measurements. This
decrease might be attributed to the lower temperatures at the time of spring testing.

The average difference between inner wheel track and outer wheel track deflections
for the fall measurements was only 0. 0003 in.; however, the outer wheel tracks aver-
aged 0. 005 in. more deflection than the inner wheel tracks during the spring measure-
ments. This was probably due to greater susceptibility of the outer portion of the sub-
grade to climatic changes.

Four of the locations measured under 32,000-1b tandem axle loadings were over
waterbound bases, one was over combined waterbound and bituminous base, and three
over full depth bituminous bases. At creep speed over waterbound base, the tandem
wheels acted independently. Rebound between the wheels was about one-half the max-
imum deflection and maximum deflection was 15. 8 percent less than for the 18,000-1b
single axle. For the combined waterbound and bituminous bases, rebound was less
than one-half the maximum deflection and maximum deflection was 15. 3 percent less
than for the 18,000-1b single axle. For full depth bituminous bases, the tandem axles
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acted as a unit with no appreciable rebound between wheels. Maximum deflections for
the 36,000-1b tandem and 18,000-1b single axle were equal. The lack of rebound be-
tween tandem wheels demonstrates the slab or beam action of bituminous concrete
under the test conditions.

Deflections under a 36,000-1b tandem axle loading were measured at two locations
over a combined waterbound and dense-graded aggregate base. Rebound between the
wheels was more than half the maximum deflection, and the maximum deflection was
approximately equal to the maximum deflection under an 18,000-1b single axle.

A plot of deflections according to traffic groups, with all points marked to dis-
tinguish between satisfactory or unsatisfactory pavements, is shown in Figure 15,
Pavements marked unsatisfactory were showing patching or cracking at or near the
point measured. The curve best separating satisfactory and unsatisfactory pavements
implies a maximum deflection that can be tolerated by pavements in each traffic group.
Deflection values were subsequently interpolated from this curve and plotted semi-
logarithmically against the mid-points of the corresponding EWL group. Thus, Figure
16 relates permissible deflections with EWL's, Independently of this apparent rela-
tionship, deflections taken in the spring of 1958 were plotted against the corresponding
thicknesses of pavements that were adjudged satisfactory (Fig. 17). Spring measure-
ments were used here in order to eliminate seasonal influences, and only satisfactory
pavements were used in order to eliminate exaggerated deflections due to failed or
weakened pavements. Here, also, a best-fitting curve was drawn, and a relationship
between deflections and thicknesses appears to exist. Assuming these two relation-
ships to be valid, to the extent that whatever hidden variables may be involved are
either of minor influence or else vary only slightly, thicknesses and EWL's corres-
ponding to the same limiting deflections were interpolated from Figures 16 and 17 and
were plotted as shown in Figure 18.

According to Figure 18, pavement thicknesses should be increased in proportion to
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Figure 15. Pavement deflections, 18,000-1b single axle, obtained from both satisfactory
and unsatisfactory pavements plotted according to traffic groups corresponding to ac-
cunulated EWL's.
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Figure 16. Pavement deflections as obtained in Figure 15, plotted according to the log-
arithm of the mid-point value of the respective EWL groups.

the logarithm of the EWL's, This relationship appears to have been derived more-or-
less independently of any parameter describing subgrade support. However, it is
rather evident, since each pavement involved in the derivation was originally designed
on the basis of a subgrade support parameter, that Figure 17 must reflect a modal or
prevailing subgrade CBR. Otherwise, the curve could not have been drawn. There-
fore, while the relationship between thickness and log EWL may be of a general natur
the plot itself would be significant only with respect to a particular CBR value which,
in this case, should be very close to the average or median value of the group of road
involved or of the entire series.

To test the logic employed here, a cursory analysis of the frequency and distributi
of project median CBR's was made; and it was found that 90 percent of the CBR value
from all data available fell within the range of 3 to 11. Within this range, the arith-
metic mean was 7.1, and the average deviation was only 1.7. Thus, the assumption
of a strong central tendency in CBR's seemed proper.

Taking 7.1 as the value most likely associated with Figure 18, thicknesses for eact
of the EWL groups were interpolated from Figure 18 and replotted at CBR 7.1 on the
original design chart as shown in Figure 19. Here the points tend to favor somewhat
greater thicknesses than were required by the original curves. However, considering
the fact that these points were derived on the basis of satisfactory pavements only
(Fig. 17), the points would naturally reflect safe design thicknesses but not necessaril
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Figure 19. Present design chart showing thicknesses tor each median point of the traf-
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Figure 20. Exposed cross-section of a rutted pavement.
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the minimum design thicknesses. In any case, the derivation of these points provides
a rather unique independent check upon the original curves as well as the revisions
previously indicated in Figure 8.

Pavement Openings

In order to investigate the extent to which rutting, evident at the surface, penetrated
the different layers of the pavement, eight locations on seven projects were opened to
eXpose a cross-section to full view. An eighth pavement not originally scheduled for
study was opened (in Bullitt County) in order to examine the performance of a different
lype of granular base material with regard to subgrade infiltration. The Bullitt County
vase was dense-graded aggregate (DGA).

To open the pavements, a pavement saw with an 18-in. diamond blade was used. An

pening approximately 30 in. wide was made across the full width of a traffic lane.
The saw was used to cut through the top layers of the pavement while the granular base
naterials were carefully removed by hand so that the layers could be separated and
studied. Samples were obtained from the bituminous layers and returned to the labo-
atory for density determinations (by weighing in air and in water). These samples
vere taken from the wheel tracks as well as from between the wheel tracks. In-place
lensity tests were made on the different layers of granular base by the calibrated sand
nethod. Subgrade densities were obtained by both the rubber balloon method and the
and method. Sufficient measurements were made so that the extent of rutting in most
f the pavement components could be noted (see section on Rutting).

Disturbed samples from the layers of granular base and from the subgrade were

Figure 21. Exposed cross-section of a rutted pavement. Markers indicate the thickne.:ss
of pavement layers. Demarcation line shows +the height to which subgrade soil had in-
truded into the WBM base.
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returned to the laboratory for other testing. It may be noted that no significant differ-
ence in density occurred between samples taken from the wheel tracks and those taken
between the wheel tracks. This was particularly true of the surface and binder courses
but less so of the lower portions of the pavement.

It was observed that much subgrade material had penetrated the WBM base courses
as much as 10 in. in some places (see Figs. 20 and 21). This indicates that the insula-
tion or subbase courses normally used in waterbound base construction in Kentucky
has not performed properly and is not fulfilling its intended function, which is to pro-
tect the WBM courses from infiltration of soil and subgrade material. Observations
made in this investigation indicate that soil in the WBM courses is a result of improper
rolling during construction or as a result of traffic action. In those instances where
the penetration of soil was rather uniform across the section, infiltration appears to
have been caused by construction rolling while the subgrade was wet. In other instance
greater penetration within the wheel tracks indicates that the clay or soil was forced
up by traffic. Naturally, some loss of strength of the affected WBM courses would be
expected; however, the degree of this loss and its equivalent in terms of reduced pave-
ment thickness could not be determined.

SUMMARY

This re-evaluation of the Kentucky flexible pavement design criterion has empha-
sized some recognized shortcomings of pavement design systems in general and has
further clarified some opinions concerning needed revisions in the present flexible
pavement design.

Traffic evaluation based upon summations of equivalent-wheel loads does take into
account both volumes and weights of traffic. The projected service-life of a flexible
pavement designed by this method is dependent upon the accuracy of the traffic projec-
tions. The original 10-yr basis of predicting traffic has been revised to a 20-yr basis,
and the report indicates that the 20-yr traffic projections may be reasonably valid.

The average value for each volume system analyzed is close to the projected traffic
value.

The need for an adequate method of rating pavement performance is recognized.
The four methods used here are advocated only as being a combination that can be used.
The visual rating while probably the oldest and soundest method is usually open to mor:
criticism than some of the others. Visual ratings were the basis for selection of loca-
tions for load deflection measurements and pavement openings. Design curves for two
traffic volume groups were prepared from the visual performance ratings.

The roughness measurements taken by the triaxial acceleration method, though dif-
ficult to analyze on a project basis, undoubtedly have basic significance with regard to
over-all pavement adequacy. The data appear to correlate with the visual performance
rating.

Load-deflection measurements were used in the analysis of adequate pavement
thickness for average subgrade support on various traffic volume groups. Those points
indicated a need for revision of thickness.

Pavement openings were used to examine the layered system of selected rutted
pavements. The openings permitted the determination of the extent of rutting in each
layer of the pavement. The majority of the pavements studied were constructed using
waterbound macadam base and 7 of the 9 locations opened were constructed with layers
of WBM base. Of the pavements opened, it was noted that 72 percent of rutting was
confined to the layers of WBM base while 4 percent was localized in the bituminous
courses. Only 24 percent of the rutting penetrated the pavement structure to the sub-
grade. It appears that one of the greatest shortcomings of WBM type base is its sus-
ceptibility to subgrade infiltration. Clay subgrades tend to fill the voids in the base
and to lubricate the stone and cause rutting.

Clay subgrade can be forced into the base during construction by extensive rolling
over a wet subgrade. Water bonding itself can provide the moisture for the subgrade
softening. Where the infiltration of subgrade does not vary through the cross-section
and is at the same elevation in the wheel tracks as elsewhere, it appears that the infil-
tration occurred at the time of construction.
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Figure 22. Revised flexible pavement design curves.

Traffic can pump subgrade soil into the voids of WBM. I traffic is the motivating
force, the height of infiltration would normally be greater in the wheel tracks. In the
majority of the locations opened the infiltration was to a uniform elevation, and it is
deduced that the subgrade soil was rolled into the base by construction equipment.

Dense-graded aggregate base is less susceptible to damage from subgrade infiltra-
tion and lubrication. Present Kentucky specifications require the moisture to be added
to the stone in a plant-mix operation, thereby eliminating the possibility of over-wetting
the subgrade at that time. Dense-graded aggregate type base having considerably less
voids than the average waterbound macadam is a much better insulation against sub-
grade infiltration.

The flexible pavement design curves shown in Figure 22 represent the combination
of the data from the 1948 study, revisions to 1957, and the results of the various ap-
proaches presented in the present investigation. These curves require a somewhat
greater total thickness of pavement in the lower CBR range. The curves have been ex-
tended to a CBR value of 2, primarily to emphasize the need for subgrade improvement
or stabilization of soils with CBR values of less than 3. It is still recommended that
soils with CBR of less than 3 not be used for subgrade. The curves have been extended
to CBR 100 to permit the use of the curves for subbase or local granular materials.
The thicknesses have been reduced for CBR values of over 20.

Present Departmental policies regarding the types of base materials and relative
course thicknesses for the various highway systems appear to be sound.



54

ACKNOWLEDGMENTS

The authors wish to acknowledge the cooperation and assistance of many individuals
in the Kentucky Department of Highways: D.H. Bray, State Highway Engineer; A.O.
Neiser, Assistant State Highway Engineer, who through his special interest in pave-
ment design requested that the study be made and suggested specific approaches that
should be investigated; George D. Aaron, Acting Director, J.R. Pulliam, Engineer of
Traffic Surveys, J.J. Constantine, Head of the Statistical Section, Division of Planning
J.A. Spears, Director of Maintenance; W. B. Carrington, Director, and 8. T. Collier,
Assistant Director, Division of Design; and J. A. Bitterman, Director, and O. R.
Threlkeld, Soils Engineer, Division of Materials. The cooperation of the District
Engineers and their Maintenance Assistants aided materially in the field operations.

Robert C. Deen, Research Engineer and Head of the Soils Section, presently on edu-
cational leave of absence, was directly responsible for assembling the design data, the
soil testing, and analysis and some phases of the performance survey.

Loren H. Strunk, formerly Research Engineer and Head of the Bituminous Section,
supervised the laboratory testing of base materials and conducted certain phases of the
performance surveys.

REFERENCES

1. Grumm, Fred J., "Designing Foundation Courses for Highway Pavements and Sur-
faces." California Highways and Public Works (Nov. 1941 and March 1942).

2, Baker, R.F., and Drake, W.B., "Investigation of Field and Laboratory Methods
for Evaluating Subgrade Support in the Design of Highway Flexible Pavement
Bulletin No. 13, Engineering Experiment Station, University of Kentucky
(Sept. 1949) and Proceedings, Highway Research Board, Vol. 28 (1948).

3. Gornberg, G.D., and Blosser, N.B., "Lives of Highway Surfaces—Half Century
Trends.' Public Roads, Vol. 29 (June 1956).

4, Carter, Jas. Lee, Jr., "A Study of the Service Life of Pavements in Kentucky."
Master's Thesis, College of Engineering, University of Kentucky, unpub-
lished (1955).

5. Gregg, L.E,, and Foy, W.S., "Triaxial Acceleration Analysis Applied to the Eva
vation of Pavement Riding Qualities.” Proceedings, Highway Research
Board, Vol. 34 (1955).

Discussion

S.M. FERGUS, Standard Oil Company—Messrs. Drake and Havens have prepared an
excellent paper setting forth the design method for flexible pavement presently in use
by the Kentucky Department of Highways and have presented a re-evaluation of that
method based on a statistical study of actual pavement performance. As a result of
the study, it is suggested that the present curves be redrawn to provide slightly greate
thicknesses.

This paper should be of great interest to highway engineers everywhere since it pr
vides usable data for design evaluation which takes into consideration not only the axle
loads but also the number of axles using the pavement. In this respect it is unfortunat
that the curves are designated for Equivalent Wheel Loads (EWL's) only, rather than i
terms of particular axle loads.

A study of the data reveals that inherent in the method is the assumption that a com
putable relation exists between a certain number of coverages with one axle load and a
different number of coverages with another axle load. This must be so since different
combinations of axle load and vehicle number yield the same value for EWL. It can b
shown that this relation is given by the equation

N2 = N (2)F: (1)

where N; and Nz are the numbers of axles carrying respectively, the axle loads (in ton
P:and P.. In a given case, assuming that values for P1, P2, and Nz are known, the
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equivalent number of coverages N1 can be computed from the expression |
N1 = N2 (2)p2 - P, (2)

As an example, assume it is desired to know what effect one coverage with a 10-ton
axle load would have in terms of a greater number N: of coverages with a 5-ton axle
load. From Eq. 2

N = (1)(2)10 - 5= 32

Thus it is shown that one 10-ton axle load is assumed to produce as much wear on the
pavement as 32 5-ton axle loads.

It is also evident that the California factor (f) used in the Kentucky design system
may be computed from the expression

£=(2P - (3
and that the EWL values for each class (2 directions) may be computed from
EWL = 2,000,00002)% - ° @
The relationships between these various values are shown in the following tabulation
Axle Load California’ EWL? EWL
Tons = P Pounds Factor Millions Class
2 4,000 {o Ya IA
3 6,000 A T I
4 8,000 Y 1 1)
5 10,000 1 2 1L
6 12,000 2 4 v
7 14,000 4 8 v
8 16,000 8 16 VI
9 18,000 16 32 vl
10 20,000 32 64 VIII
11 22,000 64 128 X
12 24,000 128 256 X

! Computed from Eq. 3.
?Computed from Eq. 4.

It is thus shown that in each class the pavement is designed to accommodate
2,000,000 (2 directions) axle loads of the indicated weight or their equivalent in axle
loads of other weights. If the Kentucky curves were to be designated by axle loads
rather than by EWL's, it would be necessary for design purposes to determine the
equivalent design load rather than the total EWL. This could be accomplished by
means of the equation

5

N: (9P 5 N (P25 4 Ny (2P "% 4 ete. = 2,000,0002)Fd"° (5)

Assuming that values for Nj, Nz, N3, etc. and P;, Pz, Ps, etc. are known, the value for
Pq can be determined. As a numerical example, take the case presented in Figure 3
of the subject paper. Taking values for N from column (6) and for P from column (1),
the following equation is obtained

2,000,0002)74" 5 - (416,534)(1) + (378,682)(2) + (478,714)(4)
(434,060)(8) + (448,224)(16) + (128,922)(32)
(12,644)(64)

(2)Pd-5 _ 18,667,538
= 72,000,000

(Pg - 5) log(2) = log 9. 33

= 90.33
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_ log (9. 33)
(Pd - 5) = log (2)
Pqg = 8.22tons = 16,440 1b

The indicated curve is for an axle load of 16,000 Ib or curve VI. This is the same as
for an EWL of 18,667,538 as given in Figure 3.

For multiple-lane highways, in which the outer lane traffic is more numerous and
heavier than that in the passing lane, it may become desirable to express the vehicle
frequency in terms of axles per lane per day. In this case, Eq. 5 would become

2,000,000(2) 74 " °
72) (365) (%)

where the lower case n's indicate that the frequency is in axles per lane per day and
where y indicates the design life of the pavement in years.

Taking y = 10 and using again the values from Figure 3, but dividing each value by
7,300 which is the product of 2 times 365 times 10, the computatlons are

= 3.22

m (2)P1- 5+ nz(Z)Pa - 5+ ns (Z)Pa- 5

2742)747% = (5m)(1) + (52)(2) + (66)(4) + (59)(8) + (BL)(16) + (18)(32) + (2)(64)
(P02 BT _ g4
Log 9.4 _ 0.97313
Pd-5 = o5 = 930108 = 323

P4 = 8.23 tons = 16,460 1b

this checks the design axle load computed from Eq. 5.

Where the design life is 20 years, the computations are the same except that the
values are all divided by 14,600 which is the product of 2 times 365 times 20. Taking
the values from column F of Figure 4, the computations are

13727475 = (60)(1) + (55)(2) + (56)(4) + (53)(8) + (48)(16) + (15)(32) + (2)(64)
Pq-5 _ 2,194 _
(2) d = _137— = 16.0

Logl6.0 _ 1.20412
Log 2.0 ~ 0.30103

Pgq = 9.0tons = 18,000 Ib

The design load of 18,000 lb indicates Curve VII which is the same as for an EWL
of 31,691,311, the value shown in Figure 4.

It may seem only an academic question whether the basis of design is in terms of
EWL's or axle loads but since it is desirable that knowledge accumulated by engineers
in one district should be readily understood by those in other districts and since most
methods for determining the design thickness of flexible pavements are based on load-
ing considerations, it would seem desirable to include that factor in Kentucky's curves
also.

In any case, a vote of approval should go to the authors and to the Kentucky Depart-
ment of Highways for an important contribution to flexible pavement knowledge.

Pa_-5 = = 4,0

W. B. DRAKE and JAMES H. HAVENS, Closure—The authors are grateful to Mr.
Fergus for an enlightening and scholarly development which appears to enhance the
significance of the EWL method of evaluating traffic as well as the axle load method.
Since it is now possible to relate each to the other, interesting comparisons may be
made among various design criteria, particularly those involving CBR and EWL's or
axle loads as the independent parameters.

There is a slight inconsistency in the progression of EWL's used in the Kentucky
design chart. However, Mr. Fergus has rounded this out in his calculations; and, for
all practical purposes it seems that the progressions of both the California factor and
EWL's should be considered as being truly geometrical.
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