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Effect of Base-Course Quality on Load Transmission

Through Flexible Pavements

Raymonp C. HerNER, Chuef, Airport Division,

CAA Technical Development and Evaluation Center

REPRESENTATIVE test data from the Load Transmission Project illustrate the relative
effectiveness of typical base and subbase materials in protecting the subgrade from
overstress. Angular materials such as crushed stone or crushed slag are particularly
effective in the lower layers of the pavement where their shearing resistance is greatly
augmented by the confining effect of the upper layers.

Relative effectiveness of a wide variety of materials can be predicted qualitatively
by reference to triaxial tests, and there is hope that such correlation can be established
on a quantitative basis. It is important that the triaxial loading rate and the condition
of the specimens at time of test be consistent with service conditions expected in the
pavement.

Knowledge of the comparative values of available paving materials will enable the
designer to establish alternate designs of flexible pavements which are truly equivalent.
Natural competitive forces then will determine the best design for a given construction
area. Significant savings may be possible by intelligent selection of the most economical

materials.

® MOST organizations engaged in the de-
sign and construction of flexible pavements
have developed empirical or semi-empirical
methods for determining the total thickness
of pavement considered necessary to protect
the subgrade from high stresses imposed on
the pavement surface. They also have pre-
pared specifications for the surface, base, and
subbase materials in order to be sure that
the various layers of the pavement will have
the minimum strength necessary to resist in-
ternal failure. Surprisingly little thought
appears to have been given to the possibility
of decreasing the total pavement thickness by
using materials of a quality somewhat higher
than these minimum requirements.

In fairness, it should be noted that a few
individuals have consistently championed the
cause of pavement quality versus thickness,
and at least one organization has made an
effort to incorporate this factor into its design
method.* Also, when designs are based on
load-bearing tests of trial pavement sections,
the effect of pavement quality is included

*The CAA Airport Paving Manual (1948) states, “In
instances where it might prove economical from a construe-
tion standpoint, the depth of bituminous surface may be
increased and substituted for base course on the ratio
of 114 inches of base for 1inch of surface. Also, the thickness
of base course may be increased and substltuted for sub-
base on the ratio of 1% inches of subbase for 1 inch of base.”

automatically, provided the trial section uses
the same materials contemplated for possible
use in construction. Despite these encouraging
exceptions, however, the effect of pavement
quality has been generally ignored in the con-
sideration of pavement thickness.

Through the operation of the Load Trans-
mission Project by the Civil Aeronautics Ad-
ministration and by the Navy Bureau of Yards
and Docks,* quantitative data on the effec-
tiveness of typical base and subbase materials
are now becoming available. A study of triaxial
tests of the same materials also indicates the
encouraging possibility of direct correlation
between the two test procedures. This would
mean that the value of a material in protecting
the subgrade from overstress could be deter-
mined by use of the comparatively simple
triaxial test. Such information, combined with
cost data on available materials, would enable
the design engineer to select the most econom-
ical design for any given condition.

Although the testing and analysis of data
are far from complete, sufficient progress has
been made to warrant a progress report at this
time. The purposes of this paper are (1) to
focus attention on the need for considering

* Since Tebruary 15, 1954, the project has been sponsored
by BuDocks under 4 research contract.
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pavement quality as well as thickness, (2) to
indicate quantitatively the comparative effec-
tiveness of some common paving materials
when used as base or subbase, and (3) to
indicate the possibilities of correlating triaxial
and load transmission test results from a wide
variety of materials. More complete data and
analyses will appear in subsequent reports.

TESTING APPARATUS AND METHODS

The Load Transmission Project is being
carried out at the CAA Technical Develop-
ment and Evaluation Center at Indianapolis.
In simplest terms, the project consists of a
series of static loading tests on full-scale pave-
ment sections, conducted under laboratory
conditions. The natural subgrade is replaced
by a flexible platform ten feet square. This
is composed of 3,600 steel plungers, placed
in 60 rows of 60 each, each plunger being
supported by a calibrated steel spring. The
sides of the platform are confined by wooden
bulkheads. Provisions are made for measuring
the deflection of each plunger under any
loading condition.

In operation, a test pavement is constructed
on the artificial subgrade, load is applied
through an airplane tire or rigid plate, and
deflections of the individual subgrade seg-
ments are measured. Deflections are converted
to values of vertical stress by means of cali-
bration curves. Fig. 1 is a schematic sketch of
the apparatus and Fig. 2 is a general photo-
graph of the artificial subgrade with a partial
pavement section in place and a tire in loading
position.

If the contact area of the loading medium
is simple and symmetrical in shape—as in the
case of a circular plate or the oval imprint
of an airplane tire—it is necessary to measure
the subgrade pressures only along the major
axes of loading in order to get an adequate
picture of the pressure distribution. Fig. 3 is a
typical graph showing the longitudinal and
transverse distribution of vertical pressure on
top of the artificial subgrade caused by a
loaded airplane tire on top of the pavement
section.

Had the pavement been more effective in
distributing the applied load—due to greater
thickness of the same material or use of a bet-
ter material—the load would have been spread
over a larger area of subgrade and the maxi-
mum stress under the center of load would
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Figure 1

have been less. This maximum subgrade re-
action (r) then becomes a convenient inverse
measure of pavement effectiveness under any
given loading condition. Conversely, the load
required to produce a given value of r will give
a direct comparison of pavement effectiveness.
Although the value of r for any specific test is
a function of many variables, this report will
be concerned only with the effect of pave-
ment quality versus pavement thickness.

The triaxial test is used to measure the
physical strength of the materials used in the
load transmission testing program. An at-
tempt is made to prepare triaxial samples
corresponding to each pavement test section
in gradation, density, and moisture content.
Specimens composed of granular materials are
usually constructed 10 inches in diameter and
20 inches high, but most of the asphaltic con-
crete specimens have been 4 inches in diameter
by 8 inches in height.

In the early part of the program an attempt
was made to determine the cohesion and angle
of internal friction of the materials by means
of the Mohr diagram. In most cases, however,
these values were indeterminate because of
the fact that the Mohr envelope was curved.
It was decided, therefore, that the simplest
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Figure 2. General view—load transmission apparatus.
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Figure 4. Triaxial test data—relationship of principal stresses.

method of describing the strength character-
istics of a material was to construct graphs
showing the relationship of principal stresses
at failure. Typical curves are given in TFig. 4.

The above information has been condensed
from material appearing in previous reports
(1, 2, 8, 4) to which the reader is referred for
more complete information.

DESCRIPTION OF MATERIALS TESTED
Normal Gravel

The material used in a large number of the
tests was a partially crushed pit gravel, rea-
sonably well graded, with practically 100 per
cent passing the 1-inch sieve and an average
of about 10 per cent passing the No. 200 sieve
(by washing). It is typical of base course
material used extensively in the United States.
For this reason, it was chosen as the “stand-
ard” material against which other materials
were rated.

This proved to be a rather unfortunate
choice, as there was considerable variation in
gradation of the gravel received in different
shipments. This, together with variations in
density and moisture content which oceurred
in mixing and placement of some pavement
sections, resulted in rather wide strength var-
iations in the “standard” material. This makes

it necessary to exercise great care in using for
direct comparison only those gravel pavements
which actually were normal in composition
and behavior. In this paper the descriptive
term “weak” has been added to a couple of
gravel sections which were definitely below
average in the triaxial tests.

Clay-Gravel

In addition to the gravel sections which
were weak from accidental causes, there were
a few which were made intentionally weak by
addition of surplus fine material and a higher
amount of water. These were intended to
represent the poorer clay-gravels often used
for subbase—and sometimes allowed in base
course construction.

Sand

The sand used in these tests was a relatively
clean concrete sand, selected to represent fine
non-cohesive materials. It would pass many
subbase specifications.

Crushed Stone

The crushed limestone was well graded,
with a top size of 114 inches and about 10 per
cent pasing the No. 200 sieve. Although pos-
sessing little true cohesion as used, it showed
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high strength at low lateral pressures in the tained from a commercial hot-mix plant in
triaxial test because of good particle interlock. regular production for street and highway
A blend of three fractional sizes of stone was  work. The aggregate for this mixture was a
used in these tests in order to insure uniform- blend of partially crushed gravel and sand.
ity. The resultant material was typical of a The resulting blend was gap-graded, with very
well-graded, high-grade crushed stone base little material in the No. 4 to No. 8 range and
course. very little passing the No. 200 sieve. Five per
cent of 80-penetration asphalt cement was
Crushed Slag used. A density of 145 pounds per cubic foot
The crushed slag was of the same top size was obtained by means of vibratory com-
as the crushed limestone, but with practically paction and pneumatic tamping.
no minus-200 material and with no cohesion. The average Marshall stability of the mix-
The particles also were more blocky in shape. ture was 1,170, with a flow of 28 which is
In order to avoid segregation due to lack of higher than allowed by many specifications.
cohesion the slag was placed in two sizes, using  Triaxial specimens, tested at room temper-
a macadam type of construction. The coarse ature, showed a wide variation in strength
fraction, l-inch to 1ls-inch size, was placed when tested at different rates of loading. This
in 4-inch layers; then fine slag, all passing the  will be discussed later.
No. 4 sieve, was vibrated into place. The re-
sulting mixture had a dry density of about EFFECT OF PAVEMENT QUALITY ON
130 pounds per cubic foot, which was ade- SUBGRADE PRESSURES
quate for a gap-graded material practically Fig. 5 portrays graphically the effect of
devoid of fines passing the No. 200 sieve. The  pavement quality in reducing the vertical
triaxial specimens would hardly stand when pressures transmitted to the subgrade. Each
unconfined but increased rapidly in strength  curve shows the measured distribution of sub-
as the lateral pressure was increased. grade pressure, along the longitudinal axis of
the tire contact area, for a different test pave-
ment. In each case the applied load is 20 kips,
A rather open-graded binder-course ma- the tire inflation pressure is 100 psi, and the
terial was used for the asphaltic concrete pave-  total pavement thickness is 24 inches.

Asphaltic Concrete

ment tests reported in this paper. It was ob- Each curve represents data from only one
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Figure 5. Longitudinal load distribution pattern for various base course materials—24-inch thickness, 20-kip
load, 100-psi inflation pressure.
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test section, and may be subject to minor
revision as more test data are accumulated
and averaged. The indicated differences in
performance are large enough, however, to
overshadow any probable experimental error.
Moreover, the differences appear very logical
when one considers the nature of the materials.

The pavement section composed entirely of
sand, with consistently low strength at all
confining pressures in the triaxial test, is also
the weakest in the load transmission test. The
clay-gravel, with excess fines and moisture,
1s little better. On the other hand, the crushed
slag and limestone—with sharp angular par-
ticles—show up well under the high degree of
confinement present in the 24-inch depth of
pavement. The normal gravel is intermediate
in effectiveness, and the composite section
with an 8-inch gravel base on a 16-inch sand
subbase very properly falls between the values
for these two materials.

Similar information from 16-inch pavement
sections is given in Fig. 6. A 10-kip load is
used for these comparisons.

Here again, the crushed slag and stone are
the most effective materials but have changed
places in the rating. Although this difference
is minor and may not be significant, it is log-
ical in view of the lower degree of confinement
in the 16-inch pavement and the cohesionless
nature of the slag. The weak gravel section

(density a little low and moisture a little high)
gave the poorest performance of the 16-inch
group, while the composite stone and sand
section fell into its logical intermediate po-
sition.

The differences found in comparisons of
8-inch pavements (Fig. 7) are not quite so
great as those found in the thicker pavements.
This is only natural, as the thin pavement does
not provide sufficient confinement to bring
out the potential effectiveness of the angular
crushed slag and limestone materials. The
crushed stone still is the best material, due to
its good interlock even at low degrees of con-
finement. The slag, however, is now hardly as
effective as the normal gravel. The weak
gravel and clay-gravel are relatively ineffec-
tive. Although there is no corresponding sec-
tion constructed of sand, there are data avail-
able from tests at other inflation pressures
indicating that such a section would be very
ineffective also.

The performance of the 8-inch asphaltic
concrete section barely equalled that expected
of normal gravel, which confirms limited test
results previously reported (4). These results,
whicy may prove surprising to many, may be
explained by the differences in properties of
the various materials tested. The granular
materials, which support loads largely through
interaction between discrete particles, tend to



230 DESIGN

0 [

2

4
o 6
]
W
¢4
210
[}
ve
a LIMESTONE LIANS (r)
g SLAG N 8.3
=16 ——— ASPHALTIC CONCRETE \ l%-'z
@ ——-—— NORMAL GRAVEL 6.3
28 —_ GRAVEL (WEAK) N

———— CLAY-GRAVEL 19.0
20
SR ‘
N
22 I \\
24l L] [ 23.4
60 55 50 45 40 3% 30 25 20 15 10 5 0

DISTANCE FROM CENTER OF LOAD (INCHES)

Figure 7. Longitudinal load distribution pattern for various base course materials—8-inch thickness, 5-kip load,
100 psi inflation pressure.

behave in a semi-elastic manner when loaded.
Movement ceases soon after loading, and there
is measurable rebound when the load is re-
moved. The asphaltic concrete, on the other
hand, behaves as a very viscous solid. On
application of a static load, as in the load
transmission test, plastic flow may continue
for several hours before a state of equilibrium
is approached. In triaxial tests, with load
applied at a constant rate of strain, there is a
wide variation in apparent shear strength,
depending upon the loading rate selected.

This phenomenon of viscous flow in asphal-
tic concrete has been discussed quite thor-
oughly in excellent papers by Nijboer (§) and
MecLeod (). Nijboer gives values of dynamic
shear moduli more than five times as high as
those for static loads. It is apparent, therefore,
that the quantitative data on paving materials
presented herein can be applied directly only
to those design problems where the critical
loads are either static or slow-moving.

CORRELATION OF LOAD TRANSMISSION
AND TRIAXIAL TEST RESULTS

A further study of Fig. 4 reveals the ex-
cellent manner in which the protection of the
subgrade by various pavement sections has
been predicted by triaxial tests of the same
materials. The strength curves for crushed
stone, normal gravel, and sand are generally

parallel and definitely separated throughout
the range of lateral pressures used in the tri-
axial tests. If these tests are indicative of what
may be expected in the pavement loading
tests, the crushed stone should give the best
performance of these three materials, regard-
less of pavement depth, and the sand should
give the worst. It has been shown that this
was consistently true.

The triaxial curve for slag starts low, crosses
the gravel curve at about 0.5 psi lateral pres-
sure, and continues upward to cross the
crushed stone curve at about 2 psi lateral
pressure. Referring again to the load trans-
mission data given in Figs. 5 to 7, it appears
that comparative performances of 8-inch pave-
ments could be predicted qualitatively at
least by running triaxial tests of the materials
at a lateral pressure of about 0.5 psi. Similar
comparisons for 16-inch pavement could be
made by running tests at about 1.5 psi, while
comparisons for 24-inch pavements would re-
quire triaxial tests at about 2.5 psi.

In the preceding paragraph an attempt has
been made to select a single lateral pressure
in the triaxial test which reflects the average
over-all degree of confinement existing in a
pavement of given depth. This would be ap-
plicable only to a single-layered pavement,
using the same material for its entire depth.
In multiple-layered pavements, composed of
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different surface, base, and subbase materials,
it will be necessary to establish the lateral
pressure corresponding to the degree of con-
finement at any depth in the pavement struc-
ture. After evaluating each layer of material
according to its position in the pavement, it
then will be necessary to combine these figures
into an over-all rating for the entire pavement
structure.

Enough work has been done to warrant a
hope that such a quantitative method of eval-
uation can be worked out, and that it will be
simple enough for practical use. More testing
and analysis remain to be done, however, be-
fore this phase of the project can be reported.

When asphaltic triaxial specimens were
tested at the same rate of strain (0.5 percent
per minute) used for granular materials, the
apparent strengths were too high for corre-
lation with load transmission test data. This
was due to the viscous effect previously men-
tioned. Through a series of supplementary
tests it was found that increasing the rate of
strain by a factor of 10 increased the apparent
strength of the asphaltic specimens by 50 to
100 percent, whereas a similar change in rate
for granular specimens increased the values
by only about 10 to 20 percent. In order to
obtain comparable results it was found nec-
essary to reduce the rate of strain to about
0.02 percent per minute when testing as-

phaltic samples. The asphaltic concrete curve
shown in Fig. 4 was obtained by interpolating
between tests run at higher and lower rates of
strain,

ECONOMIC SIGNIFICANCE OF DIFFERENCES
IN BASE COURSE QUALITY

The comparative effectiveness of different
materials is illustrated very foreibly in Fig. 8.
Here are two pavements supporting the same
load (20 kips) with the same tire inflation
pressure (100 psi) and yielding very nearly
the same pressure pattern on the subgrade.
One pavement, of conventional construction,
is 24 inches thick; the other, using superior
material, is only 16 inches thick but is doing
a slightly better job of protecting the sub-
grade.

By interpolating between test values given
in this paper—and with some reference to
other test data not included herein—it is pos-
sible to arrive at thicknesses of different ma-
terials and combinations of materials which
might be considered equivalent in value under
a given design condition. Fig. 9 shows such
equivalent designs for a 15-kip load on a soft
subgrade, the subgrade pressure to be limited
to a maximum of 12 psi. Estimated costs per
square yard for each type of construction are
given also. These are based on prices in the
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Indianapolis area, and are intended only for
purposes of illustration.

Because of the fact that sand is very cheap
in this area, being a plentiful byproduct of
gravel production, the composite section using
sand as a subbase is estimated as the cheapest
construction shown. Crushed stone should be
competitive with gravel, even at a higher
price per unit of volume. There would be no
advantage in specifving clay-gravel in this
area, as the natural product is relatively clean
and the price differential is small. The crushed
slag would be out of the question due to high
shipping costs.

The reader can visualize readily how the
picture might change for other areas, partic-
ularly those where the better materials are
locally available and do not have to overcome
a large differential in freight costs. In any
event, we now are obtaining data which will
allow the paving engineer to prepare designs
which are really equivalent from the stand-
point of subgrade protection. The normal
forces of competition then may be depended on
for selection of the most economical design
for any given locality.

CONCLUSIONS

The principal points in this paper may be
summarized as follows:

1. Subgrade pressure distribution eaused by
application of static loads to a pavement

c

34.30
ESTIMATED COST PER SQUARE YARD FOR INDIANAPOLIS AREA (SURFACING OMITTED)

Figure 9. Economic comparison of equivalent pavement sections.
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structure is affected to an important degree
by the physical characteristics of the base
and subbase materials.

2. Angular coarse-graded materials are par-
ticularly effective in the lower layers of the
pavement structure due to the confining action
of the upper layers.

3. Comparative performance of various ma-
terials in protecting the subgrade can be pre-
dicted qualitatively by study of triaxial data.
With sufficient test information there is hope
that the comparison may be made quanti-
tative.

4. The performance of viscous materials,
such as asphaltic concrete, varies widely with
the rate of loading. The ratings of such ma-
terials under short-duration dynamic loads
should be much higher, therefore, than their
ratings under static loads.

5. These findings are of economic signifi-
cance in any construction area where high
quality materials are available at prices ap-
proaching those of inferior materials.

In applying the above data and conclusions
to his own specific problems, the pavement
designer is urged to keep in mind that the load
transmission data reported herein were ob-
tained from static loads, with the pavement
sections supported by a weak mechanical sub-
grade. He should remember also that there
may be wide differences in physical character-
istics of materials of the same general type.
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Any material contemplated for use should be
tested triaxially, therefore, under conditions
approaching those expected in actual service.
If these limitations are observed, the data
have great potential value in pavement design.
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DISCUSSION

W. M. Avpous, Consulting Engineer, Ann
Arbor, Michigan—The paper by Raymond C.
Herner, Airport Division, Civil Aeronautics
Administration, Technical Development and
Evaluation Center, Indianapolis, Indiana,
provides the subject for this discussion. It was
presented at the annual meeting of the High-
way Research Board in January 1955, at
Washington D.C.

There are numerous statements throughout
the paper which indicate that the method of
interpreting factual load transmission test
data is the underlying cause of the major
differences making this discussion necessary.
Complete rebuttal would require extensive
documentation and will not be attempted in
this discussion.

The principal objection to certain portions
of Herner’s paper is relative to his comparison
of the structural properties and cost of crushed
slag and crushed stone. These data are shown
in Figures 5, 6, 7 and 9. He has supplemented
these figures in the text on page 227 (Crushed
Stone), page 228, (Crushed Slag), and in Eco-
nomic Significance of Differences in Base
Course Quality on page 231. Of particular
interest is the statement contained in a
paragraph on page 230, quoted as follows:
“A  further study of Fig. 4 reveals the
excellent manner in which the protection of
the subgrade by various pavement sections
has been predicted by triaxial tests of the
same materials. The strength curves for
crushed stone, normal gravel and sand are
generally parallel and definitely separated
throughout the range of lateral pressure used
in the triaxial tests. If these tests are indica-
tive of what may be expected in pavement
loading tests, the crushed stone should give
the best performance of these three materials,
regardless of the paving depth, and the sand
should give the worst. It has been shown that
this was consistently true.” Although unmen-
tioned, triaxial results on slag are very favor-
ably located on Figure 4.

From data contained in previous C.A.A.
reports and papers, and employing perform-
ance values of the material as obtained from
direct load transmission test observations,
without recourse to any doubtful or unneces-

sary interpretation of unrelated triaxial test
results, it is possible to compare the structural
performance of the materials under consider-
ation. By the use of the section in the Engi-
neering News Record of March 10, 1955,
covering Materials and Labor Prices, authen-
tic costs per ton of slag, stone, gravel and sand
may be obtained. This cost information is
presented, not to refute the figures Mr. Herner
considers representative of his testing oper-
ations, but to correct any impression that the
paving costs shown in Figure 9 of his paper
are representative.

Herner has employed the following design
criteria to develop the information shown in
Figure 9:

Applied load—15.0 kips (15000 Ibs.)

ArPLIED LoaD, PAVING THICKNESS

From C.A.A.Dota for Slag, Stone And Gravel

Cr. Slag
Applied Load - Thickness
Relationsnip

Kips
o
60 30*
50°|-% 25
-
40° — 20
30°}3 15
o
207l 16
10° —— 5
°
0 (o] a" 16" 24"
Cr. Stone
Applted Load -Thickness
K Relationshp
1ps
60°
4
S0°}-5 30*
25
40°k
of 2 2
30y 5
< 12
20° ] 10
10° 5
-] o=
0 o g T 24"
Gravel
Applied Load - Thickness
Relationship
Kips
40°) *
B 30
3 25
30°L9 2 20
20°t3 io
1o & 5
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Note (%) Figures and curves show range of subgrade pressure

Figure 1
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Maximum allowable subgrade pressure— ically on Figure 1, this discussion. Such in-
12.0 psi. formation requires that a minimum of three
Load medium—Very necessary but not tests be performed on three different thick-
mentioned. We have assumed that a 477 nesses of a selected base course, in order that
8.C. aireraft tire at 100.0 psi inflation the curves may be developed. Only one test was
pressure has been used. run on the composite gravel-sand section re-
Preparatory to our solution we have as- ferred to on Herner’s Figure 9. This made it
sembled the applied load, base course thick- necessary to employ the equation showing the
ness and range of subgrade pressure for slag, relationship between applied load (Vi) and
stone and gravel. These data are shown graph-  subgrade reaction (r) to check the adequacy of

TABLE A

‘ Composite section
Slag Stone Gravel | e
i | Gravel i Sand

Required Thickness of Compacted Base Course Material, inches

18.0 ] 19.0 \ 21.8 ~ 8 ‘ 16

Recorded Load Transmission Test Densities in Lbs. per Cu. Ft.

130.0 1 138.0 “ 135.0 \ 135.0 ‘ 120.0

Weight per Square Yard of Compacted Material, lbs.

| |
1755 [ 1966 | 2208 ‘ 814 ‘ 1436

Yield in Square Yards per Ton of 2000 Pounds

1.140 \ 1.017 \ 0.906 ‘1 2.457 1.393

Cost of Slag, Stone, Gravel and Sand At Locations Shown

Slag Stone
Location - N
Price—ton Cost, sq. yd. Price—ton Cost, sq
Baltimore . .............. $2.65 Dld. $2.32 $2.75 Did. 82.20
B?rminghum A 1.35 Plt. 1.18 :2.75 ?./0
Chicago ....... 2.25 DId. 1.97 3.50 Did. 3.44
St. Louis.. ... 1.50 Plt. 1.32 1.60 Plt. 1.57
Cleveland ............... 3.35 Did. 2.94 i 4.10 DId. 1.03
AVE oo §2.22 ‘ $1.95 | $2.94 ‘ $2.89
‘ Gravel l Composite section--8” gravel, 16” sand
Location N
\ Price—ton Cost, sq. yd. Type Price—ton ‘ Cost, sq.yd.
i FEP .. $2.60 DId. $2.87 (G) $2.60 Did. ‘ §1.061 4.
g?l}rtrl)[i?gifum 253 Cnrs 2.79 (S) 2.00 Did. 1.44/82.50
ChiGAZO . oo oo e 3.25 DId. 3.59 (&) 2.53 Car ‘ 1.03lgy 5o
St. Louis.. . .............. 3.10 Trk. 3.42 () 2.08 Car 1,49/
Cleveland . ... 2.05 2.26 Q) 3.25 Did. 1.32}sri ot
L S PP $2.71 82.99 ()] 3.65 DId. 2.62
Avg. ..o } 7 (& i 15 651
) 2.90 Trk 2,08/
. (G) 2.05 0.83}
| ® 1.65 1.19/%2-02

$2.58 i $2.86
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Note Indianapoks Ind. data from Herner's paper

Others from data in discussion.

Vertical hnes denote base thickness

for identical design conditions.

Dollars § cents across edch vertical hne

represent cost per square yard. Method
used by Herner not explainedin his paper
Discussion costs based on material costs,

for details, see +ext.

GRrRAPH SHowine Base Course
THickness Anp Cost Per Sq. Yo,

AT VARIOUs LocATiONs
See Herners Paper $ Discussion Text

Figure 2

the selected section to handle the applied load
in accordance with the imposed design con-
ditions.

The applicable equation is V, 1.838
7085067 Using logarithms for most expeditious
solution, log V, 0.26429 + 1.07918 X
0.85067 1.18232. The anti-log is 15.22
which is the allowable load in kips which this
section will carry. This checks closely with
design requirements.

Another factor which complicated our dis-
cussion was the failure to include any test
information relative to crushed stone in the
original paper. In absence of these data, it was
necessary to make interpretations from such
as was available from previous reports. It is
believed that this will have but little effect
upon the accuracy of our presentation.

Using the stipulated 12.0 psi allowable sub-
grade pressure from the graphical values for
slag, stone and gravel and the 8 inch grave!
and 16 inch sand thickness for the composite
section, the information of Table A is ob-
tained.

The comparison of prices and cost in Table

A is based on material only. The handling
and placing on actual construction is not in-
cluded, but is reasonable to assume that any
construction operation would be so equipped
as to handle either material equally well.

Although it is my belief that the presen-
tation of construction costs based upon test
or assumed conditions are of little significance
in a technical article concerning the structural
properties of material, a graph shown in Fig-
ure 2, this report, will be presented as a basis
for comparison with the data shown by Mzr.
Herner in his Figure 9, original report.

In conclusion, I would like to express my
conviction that the Load Transmission Test,
if properly conducted and if results are pre-
sented strictly upon a factual basis, can be of
great benefit to those who believe that rational
design, in lieu of empirical methods, is neces-
sary to the efficient and economical design of
paving for both highways and airports.

NormaN W. McLeob, Enginecring Consultant,
Department of Transport, Ottawa, Canada—
Engineers concerned with flexible pavement
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design are indebted to Mr. Herner and the
Civil Aeronautics Administration for contin-
uing research with the load transmission ap-
paratus at Indianapolis. The Bureau of Yards
and Docks of the U.S. Navy also deserves our
gratitude for the financial support which made
the continuation of this project possible at a
critical time.

So little is known about the fundamental
mechanism of failure of flexible pavements
when overloaded, that every reasonable ap-
proach should be squeezed dry of any infor-
mation it can contribute to the solution of
this problem. The load transmission equip-
ment at Indianapolis is a unique instrument
for investigating certain phases of flexible
pavement design. The development of the
device itself required several years of pain-
staking, patient effort by Mr. William Aldous
and his associates, as Mr. Herner has gener-
ously pointed out. Those of us who are inter-
ested in flexible pavement design are looking
forward to additional papers on the further
information that is gradually developed by
this large scale apparatus.
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Mr. Herner’s paper and this discussion are
confined to consideration of the thickness of
base course needed to prevent failure within
the subgrade. Mr. Herner’s data point to the
very definite conclusion that the thickness of
flexible pavement required to carry any speci-
fied wheel load over any given subgrade should
be varied (within limits) with the quality of
the base course material. For relatively cohe-
sionless base course aggregates, his paper indi-
cates that the thickness of the base course can
be decreased as the angle of internal friction
of the base course material is increased; that
is, as the inherent strength or stability of the
base course aggregate is increased.

Mr. Herner’s conclusions in this respect are
based upon test data provided by his load
transmission apparatus at Indianapolis. From
an entirely different starting point outlined
in a paper on “An Ultimate Strength Ap-
proach to Flexible Pavement Design,” pre-
pared for the annual meeting of The Associa-
tion of Asphalt Paving Technologists in
February, 1954, the writer arrived at the same
conclusion, which is illustrated in Figure A.

16
b— (0* —
ULTIMATE STRENGTH @
a=112 PSL. ULTIMATE STRENGTH
" qeli2 PSI.
2" SURFACE ¢ = 40° c-orst. /3
T i 0
VARIABLE BASE ¢ = VARIABLE c=0 \.\
13 ]
§ SUBGRADE .10 ¢= 5 RS, § 40 a5 50 55
¢ ANGLE OF INTERNAL FRICTION"¢ FOR BASE

(a)

— 10" —

(b)

ULTIMATE STRENGTH
q=112RS].

ﬁ ~ SURFACE ¢ =40

c-iorsl. 3

—krg

72 BASE 9= 40° Gs2:62P.S.1
{ SUBGRADE  $=10° G=5PSI i
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Figure A. Influence of base course strength characteristics on base course thickness requirements.
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Figure A(b) indicates that if the angle of
internal friction of the cohesionless base course
material were increased from 40° to 50° (equiv-
alent to changing from an inferior pit-run
gravel to crushed stone), the required base
course thickness could be decreased from 12 to
7.2 inches, all other factors being constant.
This represents a 40 percent decrease in base
course thickness requirement due to the use
of a higher quality base course aggregate.

Figure A, together with Mr. Herner’s data,
provide evidence that flexible pavement thick-
ness requirements should be influenced by
base course quality. In actual practice, how-
ever, engineers generally refuse to reduce the
thickness of granular base, even if crushed
aggregates of unusually high quality are to be
employed for the full depth. For example,
neither the U.S. Corps of Kngineers nor the
Canadian Department of Transport would
permit any reduction in base thickness even if
high quality crushed aggregates were to be
used for the entire depth of base course and
subbase of a flexible pavement. Mr. Francis
Hveem from California appears to be of like
mind, provided the various cohesionless gran-
ular base course materials are of approxi-
mately the same weight per cubic foot. To
Mr. Hveem, the surcharge effect of a base
course is its most important property. He
believes that if the densities of different co-
hesionless base course aggregates in place are
nearly identical, variations in their quality in
terms of some strength factor such as stahility,
angle of internal friction, etc. are without
significance insofar as thickness design is con-
cerned. In view of Mr. Herner’s data and
Figure A, the question arises as to whether or
not engineers responsible for the actual design
of flexible pavement thickness are justified in
their present attitude toward base course
quality.

Insofar as cohesionless granular base course
aggregates are concerned, the writer agrees
with current practice in which base thickness
is not influenced by base course quality. (It is
understood, of course, that the quality of the
base course material, that is, its shearing
strength, must exceed the minimum at which
failure under load would occur within the
base itself.) While Mr. Herner’s data and the
writer’s Figure A show that marked differences
in base course quality can be demonstrated by
means of laboratory tests, it has not yet been

shown that these same differences in base
course quality can be developed consistently
in the field. There is considerable evidence to
the contrary. This may be due to the inability
of current compaction equipment and com-
paction procedures to develop in the field the
large differences in base course quality that
can be made so obvious by means of laboratory
tests, such as the triaxial.

It needs to be kept clearly in mind that,
other factors being equal, the stability or
strength of cohesionless base course aggregates
depends upon two fundamental characteris-
tics, (a) particle shape and surface roughness,
and (b) relative density.

The properties of aggregates produced en-
tirely by crushing, such as angular shape and
surface roughness, which cause them to de-
velop high angles of internal friction (excellent
quality) when tested by means of laboratory
apparatus, are the same properties that make
it difficult to compact these aggregates to high
relative density under the amount of com-
paction ordinarily given to base course ma-
terials in the field. On the other hand, pit-run
and even many crusher-run gravels usually
have less particle angularity and surface
roughness. Nevertheless, under the kind and
amount of compaction ordinarily provided in
the field, they can be rolled to a high relative
density. Consequently, although their angular
shape and surface roughness might be expected
to give thoroughly crushed aggregates greater
load carrying capacity per unit thickness than
aggregates consisting of more rounded par-
ticles, this does not necessarily oceur under
field compaction as carried out at the present
time. In general, the two types of aggregates
seem to develop roughly the same supporting
value per unit thickness. The explanation
seems to be that the higher relative density of
the more rounded aggregates tends to com-
pensate for the greater angularity and surface
roughness of the highly crushed materials.
This situation is likely to continue until com-
paction equipment and procedures are de-
veloped that provide thoroughly crushed base
course aggregates with the same relative
density as that of pit-run or crusher-run
gravels. When this development occurs, en-
gineers may be able to progressively decrease
the base course thickness requirement as ag-
gregates of higher and higher quality are se-
lected.
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Considerable evidence supports the usual
current practice of permitting no reduction in
base thickness due to the use of high quality
base course aggregates for the full depth of
base.

As a result of traffic tests on experimental
sections, the U.S. Corps of Engineers arrived
at this conclusion some years ago. It is ex-
pressed in several of their reports, for example
“Certain Requirements for Flexible Pavement
Design for B-29 Planes.”

Plate bearing tests on runways in Canada
that have been in service for a number of
years, conducted by the Canadian Depart-
ment of Transport, have not indicated greater
supporting value for crushed stone per unit
thickness than for less angular crusher-run
gravels. At the present time, therefore, the
Department of Transport’s method of flexible
pavement thickness design assumes that one
hundred percent crushed stone, mechanically
stabilized gravel bases, crusher-run gravel,
and even the more angular pit-run gravels,
have equal load supporting value per unit of
thickness.

The only failure within the base course that
the writer has observed to date on a runway
in Canada developed where the full depth of
base consisted of one hundred percent crushed
stone. Due to wet weather, the subgrade
strength was low at the time of construction.
On the soft subgrade, it was not possible to
compact the crushed stone to a high relative
density. Trenching across the failed area
proved that failure under airplane traffic oc-
curred entirely within the base. The base
course was deeply rutted with accompanying
upheaval at the sides. The underlying sub-
grade showed no rutting or upheaval. Here
was a classic example where the potentially
high stability of a thoroughly erushed base
course material was being only partially de-
veloped because of its low relative density.

It is fully recognized, as Mr. Herner’s data
and Figure A so clearly demonstrate, that one
hundred percent crushed stone with angular
particles and rough surfaces is potentially
capable of developing greater supporting value
per unit thickness than less angular crusher-
run gravels. However, on the basis of the
evidence just outlined, insofar as subgrade
protection is concerned, unless an engineer
has satisfied himself that with the compaction
equipment and procedure to be used on any
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given flexible pavement project, he can de-
velop in the field the difference in stability
that can be shown for these materials in the
laboratory, he should be very cautious about
assigning greater load supporting value per
unit thickness to one material than to the
other. It is to be hoped that this situation canbe
reversed, and that compaction equipment and
methods will be developed that will enable
engineers to take advantage of the potentially
greater supporting capacity of highly erushed
aggregates when designing the thickness of
flexible pavements.

Mr. Herner has included asphaltic concrete
among the base course materials he has in-
vestigated. In spite of what would appear to
be a rather poorly designed asphalt paving
mixture, his Figure 7 indicates that the as-
phalt concrete he was using was equivalent
in load supporting value to the highest quality
cohesionless aggregates.

The principal criticism of the asphaltic
concrete used by Mr. Herner concerns its
high flow index, which is reported to be 28. In
the writer’s experience, the flow index is a
more important criterion of the strength of an
asphalt paving mixture than the so-called
“stability”” value given by the Marshall test.
As shown in a discussion by the writer on
pages 240-1, Volume 20, Proceedings of the
Association of Asphalt Paving Technologists,
1951, there appears to be a relationship be-
tween the flow index and the angle of internal
friction of an asphalt paving mixture. A high
flow index corresponds to a low angle of in-
ternal friction and vice versa. There is con-
siderable evidence that the flow index for
heavy duty highway and airport traffic should
not exceed from 16 to 18. The writer prefers
to keep the flow index within a range of 12 to
15. If Mr. Herner had employed a thoroughly
compacted asphaltic concrete having a flow
index below 18, it is believed that the curve
representing its load supporting value on his
Figure 7 would have been well above those of
the best of the aggregates tested.

Figures A, B3, and C, taken from the writer’s
paper already referred to, confirm Mr. Her-
ner’s general conclusion concerning the high
load supporting value of asphaltic concrete.
Figures A, B, and C actualiy present s more
optimistic comparison in this respect than is
portrayed by Mr. Herner’s test data. This is
believed to be due to the high flow index, and
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therefore relatively weak asphalt mixture em-
ployed for the Indianapolis tests.

For the specific conditions pertaining to
Figure A, it has already been pointed out that
Figure A(b) indicates that by substituting a
base course material with an angle of internal
frietion of 50° for one with an angle of internal
friction of 40°, the base course thickness can
be reduced by 40 percent (from 12 to 7.2
inches). Base course aggregates with a high
angle of internal friction may not always be
available and the question of improving the
stability of the inferior cohesionless aggregate
at hand arises. Figure A(c) demonstrates that
this improvement might be obtained by add-
ing a bituminous binder to introduce cohesion
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¢ into the inferior aggregate. For the cohe-
sionless aggregate with an angle of internal
friction of 40°, if the addition of bituminous
binder develops cohesion ¢ = 2.62 psi, Figure
A(c) indicates that only 7.2 inches of base
course are required. Consequently, for the
conditions illustrated by Figure A, a bitumi-
nous-bound base course 7.2 inches thick for
which ¢ = 40° and ¢ = 2.62 psi develops the
same ultimate strength as the identical thick-
ness of cohesionless aggregate having an angle
of internal friction of 50°. In this case, using
a binder to introduce cohesion ¢ = 2.62 psi
into an inferior cohesionless base course ma-
terial for which ¢ = 40° confers on it the
same strength as that developed by a high
quality base course aggregate for which ¢ =
50°,

Similar conclusions are illustrated by Figure
B, in which the use of 11 inches of cohesionless
base course material, for which ¢ = 45° re-
sults in an ultimate strength of 216 psi for the
flexible pavement as a whole. By adding a
binder to this base course aggregate to provide
it with cohesion ¢ = 5 psi, the ultimate
strength is increased to 294 psi. In this case,
through the addition of a binder to increase
the cohesion of the base course from ¢ = 0 to
¢ = 5 psi, the ultimate strength of the flexible
pavement has been increased by 36 percent.

Tigure C compares the use of several thick-
nesses of an asphaltic concrete versus the
same additional thicknesses of a cohesionless
base, for increasing the ultimate strength of a
flexible pavement. It shows that for zero
thickness of asphaltic concrete on the 6-inch
base, the ultimate strength is 134 psi, while
the addition of 6 inches of this particular
asphaltic concrete increases the ultimate
strength to 255 psi. The addition of 6 inches
of the cohesionless base, on the other hand,
increases the ultimate strength to only 176
psi. For the conditions illustrated in Figure C,
therefore, 6 inches of asphaltic concrete in-
creased the ultimate strength by 255 — 134
= 121 psi, while 6 additional inches of the
cohesionless base course increased the ulti-
mate strength by only 176 — 134 = 42 psi.

It should be mentioned that the data illus-
trated by Figures A, B, and C result from a
theoretical study of the flexible pavement
thickness problem. Nevertheless, they seem
to agree at least qualitatively with observed
field performance.

It has been suggested above that the reason
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that engineers currently refuse to permit hase
course quality to influence base course thick-
ness requirements is because of the inability
of present field compaction equipment and
procedures to compact top quality aggregates
to high relative densities. This criticism does
not seem to apply when the stability of an
aggregate is increased by incorporating a bi-
tuminous binder.

When properly handled, bituminous paving
mixtures can be compacted to very high rel-
ative densities. For example, the U.S. Corps
of Engineers’ specifications require that bi-
tuminous mixtures be rolled to 98 percent of
the laboratory compacted density (Marshall).
Consequently, it might in many cases be easier
to obtain high base course stability or sup-
porting value in the field and corresponding
reduction in base course thickness by adding
a bituminous binder to an inferior aggregate
(low angle of internal friction), than by en-
deavoring to compact top quality crushed
cohesionless aggregates, having large angles
of internal friction, to high relative densities.

An outstanding example of the increase in
overall load supporting value of a flexible
pavement obtained by adding asphalt binder
to a base course material is provided by one
of the few findings concerning the WASHO
Test Road that have been published so far.
Under identical traffie, and for the same total
thickness of base and surface, test sections
with 4 inches of asphaltic concrete surface
course have shown superior performance to
those surfaced with 2 inches of asphaltic con-
crete. The difference in thickness of surfacing,
amounting to 2 inches in this case, could be
looked upon as 2 inches of base course to which
an asphalt binder has been added.

The current large scale use of sand asphalt
stabilization provides another practical illus-
tration of the marked increase in stability that
occurs when the proper amount of an asphalt
binder is added to a cohesionless aggregate.
Combining an asphalt binder with an unstable
sand, for example, can result in a base course
material equal in stability to high quality
aggregates. Sand asphalt stabilization usually
provides an economical solution to the base
course problem in areas where large deposits
of unstable sandy soils occur, but where high
quality aggregates are not available unless
imported from long distances.

Where it is economical to do so, the sand
asphalt stabilization solution might be ad-
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vantageously extended to other aggregates.
For example, under the high tire pressures of
military jet aireraft, the addition of asphalt
binder might be effectively employed to in-
crease the shearing resistance of base course
aggregates that are satisfactory for tire pres-
sures up to 100 psi, but are deficient in stabil-
ity under tire pressures of 200 psi, 300 psi, etc.

C. W. Jounson, Howarp NunEz, aAND HarRDY
Swavze, New Mexico State Highway Depart-
ment—As Mr. Herner points out in his intro-
duction, most organizations design a total
pavement thickness entirely on the supporting
power of the subgrade and make no attempt
to reduce that thickness by taking advantage
of superior base or subbase materials.

The purpose of the research and testing as
presented in this paper was solely to compare
the load transmission abilities of various types
of base course materials onto a given subgrade.
The effect of poor or superior subgrade qual-
ities did not enter the investigation. A further
objective of the test series was an attempt to
establish a eriteria using the triaxial test as a
basis whereby the relative merits of various
materials under a given set of conditions eould
be evaluated.

That the tests described in the paper are of
a limited value in highway designing are at
once apparent. In the first place, the tests
were all of a static nature, which is perhaps the
only practical method of conducting such a
series of experiments. While loads of a static
or slow-moving nature are of primary concern
in airport design where the most frequent
failures are caused by standing aireraft, such
is not the case in highways where failures are
induced by numerous repetitions of heavy fast
moving loads. Secondly, the pavement thick-
nesses investigated were, with the exception
of the 8-in. thickness, all much greater than
is common practice in highway construction,
and the test results as presented for the 8-in.
pavements were of somewhat erratic nature,
i.e., the trend of subgrade reaction is not con-
sistent. Mr. Herner has explained this rather
logically as being due to insufficient confine-
ment of the thin layers. Undoubtedly, more
research is needed on these thinner sections
for a better correlation of capacities of ma-
terials.

Test results obtained on the asphaltic con-
crete pavement were undoubtedly dependent
in a large measure upon the temperature of
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the pavement when tested. In our estimation
the loading rate (strain per minute) being re-
duced from 0.59% for all other pavement ma-
terials tested to 0.029, for asphaltic concrete
does not give a reasonable basis for compari-
son of the relative value of the asphaltic con-
crete. This reduction in rate of loading is
misleading and should have been given more
emphasis.

In addition, practically all the tests reported
were conducted on a thickness of like material.
Further study is in order to determine the
effect of layered materials and to develop
correlations between the triaxial test and lay-
ered materials.

The methods employed by Mr. Herner are
ingenious but apparently quite capable of
accomplishing the job they were designed for.
I am of the opinion that Mr. Herner’s basic
premise that the subgrade reaction can be
taken as in inverse measure of the effectiveness
of the pavement is a sound one. Likewise, for
a given material, I believe there should be a
definite means of determining this effective-
ness in the laboratory. However, I should
like to sec more conclusive evidence before
accepting the triaxial lateral pressures given
as those on which to compare various thick-
nesses of material.

L. A. Paumur, Engineering Consultant, Bureau
of Yards and Docks, Department of the Navy—
This splendid paper by Mr. Herner is a prog-
ress report of research which will go far in
establishing the relative load distributing
powers of different layered materials on sub-
grades of different moduli in compression and
with variable sizes of plates.

The simple fact that different subbase and
base courses vary widely with respect to load
distributing power is not fully appreciated as
vet by paving technologists generally and the
principle has been applied in the design of
flexible type pavements by relatively few pav-
ing engineers.

The load applied on a very small plate sup-
ported by say a foot of good base may barely
be transmitted through the base to the sub-
grade whereas the same unit load applied on
a very large plate on the same foot of base
may be transmitted practically undiminished
to the subgrade. This principle is very elemen-
tary, but vet it is not sufficiently appreciated
and utilized in design. Oversimplification in
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application of this principle, for example, ex-
pressing the unit load reduction from plate
through base in terms of pounds per inch
thickness of base or, vice versa, expressing the
load capacity of the base in terms of pounds
per inch thickness of base, diverts one from an
adequate analysis of load test data. The re-
lationship is not linear. The load distribution
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“lines” are very definitely curves as shown in
Figure A. The samedata are replotted in Figure
B which shows a linear relation between the
square root of the ratio of pavement thickness,
I, to the plate radius and the pressure trans-
mitted to the springs (‘‘subgrade’’), these data
being taken from Mr. Herner’s reports.

It is not considered desirable at this time to
show application of mathematical analysis to
Mr. Herner’s interesting and valuable test
data. Such analysis has been made and has
shown that the mathematical theory of D. M.
Burmister leaves little to be desired. However,
presentation of this analysis must necessarily
be very incomplete pending the time that the
tests are repeated with stronger “subgrades”
(springs).

Since the “subgrade” in Mr. Herner’s ex-
periments deflects in the vertical direction
only and is not displaced laterally under load,
one must consider its Poisson’s ratio as zero.
Thus its behavior is that of a saturated sub-
grade undergoing consolidation by egress of
water. This does not in any way detract from
the practical considerations and utilization of
the results in pavement design. The important
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point is that with a constant and unchanging
subgrade in these tests, we can vary the qual-
ity and thickness of bases and subbases and
determine with reasonable accuracy their rel-
ative load distributing characteristics.

W. H. CampeN, Manager, Omaha Testing Lab-
oratories—As many of you know, it has been
my contention for years that the quality of
the base is one of the factors to be considered
in the estimation of thickness to be superim-
posed on subgrades or subbases. My own
actual experience has borne this out. Naturally
I am very pleased to know that Herner’s
work verifies my contention.

The tests reported in this paper were con-
ducted on top of a weak subgrade. No doubt
they will be repeated on top of stronger sub-
grades.

CresTER McDowsLL, Senior Soils Engineer,
Texas State Highway Department—My first
impression was that differences in depths indi-
cated in the report due to use of different base
materials were overemphasized. Therefore, an
attempt was made to check Herner’s results
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by the use of the theory of elasticity and the
assumptions given in my report, entitled:
“Wheel Load Stress Computations Related
to the Texas Highway Department’s Triaxial
Method of Flexible Pavement Design,” (see
Vou. 34, H.R.B. Prockkpings). The attached
charts were prepared. Figure A shows stress
conditions calculated at a depth level of 24
inches. Fortunately, the stress conditions are
similar to those measured with the load-trans-
mission equipment when crushed stone was
used. The stresses developed by use of load
transmission tests through sand were excessive
for this level. Figure B shows that stresses
produced through the sand would be compar-
able to theoretical level of 1714 inches. This
means to me that the crushed stone protected
the subgrade from overstress when it was 24
inches below the surface. Although not plotted,
stresses produced through the sand are such
that they would overstress this theoretical
envelope. Figure B shows that the sand pro-
duced stresses as should be found from the-
ory preventing overstress at a depth of only
1714 inches. Therefore, the crushed stone
offers adequate protection to subgrades at
depths which are 615 inches greater in depth
than could be expected of similar loadings on
the sand. This difference is perhaps a little
less than Herner obtained, but considering all
things involved, it is a close check.

For loads larger than 20 kips up to 50 kips
the difference probably would vary from 614 to
10 inches; for highway loadings, such as we
now have, (Figure C) the difference is only
3 or 4 inches. Mention of this is made because
some experiments were made using small
wheel loads in which differences may have
been only 1 or 2 inches. I am sure other factors
were 50 involved that such small differences
were not observable in their track tests.

We are indebted to Herner and his associates
for the excellent studies they are making.

Raymonp C. HerneRr, Closure—The impor-
tance of the flexible paving design problem is
amply attested by the volume of comments
and discussions, both verbal and written,
which have followed the author’s paper. These
expressions of interest in the problem and in
our load transmission project at Indianapolis
are deeply appreciated and gratefully ac-
knowledged. This closure will be limited to a
slight amplification of certain phases of the

-

original paper and brief coverage of certain
points raised by others in the discussions.

There is no need for concern over the fact
that some of the data and opinions offered in
the discussions do not agree entirely with those
of the author or with each other. If all testing
and service data were in agreement and if
there was unanimity of opinion among pave-
ment designers, there would be no need or
excuse for further studies. A primary purpose
of our project is to provide facilities for meas-
uring the influence of each design variable in-
dependently and objectively so that existing
differences of opinion may be gradually elimi-
nated. The present paper is but a single step
toward this ultimate goal.

It is evident, from both formal and informal
discussions, that the author’s presentation
suffered somewhat from the attempt to keep
it brief and pointed. For instance, test results
were given from only one test pavement of a
particular type and thickness, and the reader
was asked to accept these as representative of
all tests of that material. He will have a chance
to verify or modify this assumption for him-
self as other data appear in succeeding reports.

Most of the original paper is a mere recital
of facts and, therefore, not arguable. The in-
terpretation of these facts was based on the
premises that: (1) many pavement failures
and displacements are caused by excessive
deformations in the subgrade; (2) these de-
formations are caused by stresses transmitted
through the pavement from concentrated sur-
face loads; (3) the subgrade stresses and de-
formations may be reduced to tolerable limits
by an adequate pavement; (4) the proper
measure of pavement adequacy (from the
standpoint of subgrade protection) is the re-
duction in transmitted stress; (5) there is a
qualitative relationship between two test
methods if both rate the same materials in the
same relative order; (6) rate of load appli-
cation must be considered in rating viscous
materials; and (7) different materials vary in
price at different locations.

These assumptions were not stated specifi-
cally in the original paper as they were con-
sidered obvious and axiomatic. If they are
accepted, the original conclusions follow auto-
matically from the factual data presented.

MecLeod refers to field tests of the U. S.
Corps of Engineers and the Canadian Depart-
ment of Transport as evidence that the use of
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high-quality granular base course material
may not warrant any reduction in total pave-
ment thickness. Certainly, the results of these
investigations cannot be ignored entirely. On
the other hand, they should not be assigned
an undue importance as they are adequately
rebutted by reported experiences and design
practices of the Civil Aeronautics Adminis-
tration and the Department of the Navy, plus
those of many highway departments and con-
sultants. Neither can we ignore indications
from the earlier experimental studies of Gold-
beck (1), Burggraf (2), and others, nor the
theoretical treatments by Burmister (3) and
by Palmer (4) and Barber. It may be signifi-
cant also that Dr. McLeod still favors a theo-
retical approach based on use of the logarith-
mic spiral despite the lack of agreement
between this approach and his own earlier
field data.

The existence of some doubt in the matter
is indicated by this comment from his original
report (5):

“When all the available information is con-
sidered, there is no positive evidence that for
similar conditions of density and moisture
content, all other factors being equal, that any
one type of granular base material has a greater
supporting value per unit of thickness than any
other type. However, this matter merits con-
giderable further study before a final conclusion
can be stated.”

A similar lack of conviction is found in the
Airfield Pavement Design Manual (1951) of
the Corps of Engineers which states:

“There may be some difference in stress-dis-
tributing characteristics of subbases and bases
with different CBR values.”

While the above references are heartening,
as evidence of an open-minded attitude by
everyone concerned, they still do not explain
the discrepancies in reported test results.
MecLeod offers the suggestion that the differ-
ences are caused by greater difficulty in achiev-
ing adequate field density of the angular ma-
terials which showed to advantage in certain
phases of the load transmission tests. This
suggestion must be rejected as, (1) the densi-
ties used in the laboratory are easily obtained
in the field, and (2) the angular materials did
not require greater compactive effort for
higher strengths in the laboratory tests. Al-
though adequate compaction of any material
is essential in order to achieve optimum bene-
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fits from its use, one should not rely upon
density as a criterion in comparing materials
of different types. For example, the open-
graded slag base courses used in these experi-
ments were much more effective at a unit
weight of 131 pef than the clay-gravel sections
were at 137 pef.

The base failure described by McLeod is a
glaring example of poor construction, but as
the failure was in the base rather than the
subgrade, it is irrelevant in this discussion.
Actually, such failures should not exist. Ade-
quate equipment and techniques for proper
compaction are available. It is the engineer’s
responsibility to see that they are used.

The author prefers to believe—at least until
further evidence is forthcoming—that the in-
conclusive results from many field investi-
gations are caused by the wide range of un-
controlled variables affecting the test data.
Even under relatively good control, some of
the load transmission test sections yielded
test results which varied 20 percent or more
from the average. Much greater variations can
be expected under field tests with widely vary-
ing subgrade conditions and hidden construc-
tion flaws.

One might inquire then, whether it is worth-
while to study the effect of pavement quality
if this effect can be obscured by other vari-
ables. The answer is definitely affirmative if
we only realize that any design problem is
partially a statistical study of probabilities.
If careful tests in the laboratory show that use
of a certain material increases the strength of
a structure by 30 percent, the use of that ma-
terial in the field will increase the factor of
safety against failure by a corresponding
amount.

No defense is offered to McLeod’s eriticism
of the asphaltic concrete used in the load trans-
mission tests. It was a commercial mixture,
representative of that used locally. In this
connection, it should be emphasized perhaps
that the project is aimed at a study of the
variables affecting flexible pavement design.
Any comparison of specific materials is purely
incidental. Certain materials were selected for
test because they exhibited certain physical
characteristics which were of interest. The
materials used were not necessarily the best
of their respective kinds, and the reader is
urged to review the original paper for cautions

. on application of the test data.

It often is possible to improve a material
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by addition of asphalt cement, as suggested
by McLeod. One must remember, however,
that an increase in cohesion may be accom-
panied by a loss in internal friction. The com-
parative value of the two must be determined
by the proposed use of the material. Load
transmission tests indicate that cohesion may
be the more important factor in thin pave-
ments or in the upper portions of thick pave-
ments. The situation appears to be reversed
in the lower portion of thick pavements. The
WASHO test track resuits are an excellent
example of the benefits of adding cohesion
where it was badly needed.

The author is indebted to Aldous for fur-
nishing comparative cost data from areas in
which crushed slag is more favorably situated
from a competitive standpoint than it is at
Indianapolis. His discussion emphasizes the
point made in the original paper, that local
competitive conditions will govern selection
of the best design for a given location.

The discussion by Johnson, Nuney, and
Swayze, of the New Mexico Highway Depart-
ment, brings out two closely related points
which are very important to the design en-
gineer. The first is the relative effect of static
and dynamic loads. Our own tests, as well as
information available from others, show that
materials of a plastic or semi-plastic nature
tend to offer more resistance to loads of short
duration than to static loads. As previously
noted, the asphaltic concrete is very sensitive
in this respect.

This brings us to the second point of the dis-
cussion—the reason for using different rates
of deformation in the triaxial tests. The pur-
pose in performing the triaxial tests is to de-
velop a correlation with results from the load
transmission tests. As the latter are static
tests, the corresponding triaxial tests should
logically be run at a very low rate in order to
avoid any dynamic effect. Indications are that
the rate of compressive strain should be as low
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as 0.01 per cent for correlation with the static
load tests. As this is impractical from a pro-
duction standpoint, the rates have been in-
creased, each in such ratio as to maintain the
same relative rating of materials.

The problem of loading rate is a very im-
portant one both in the laboratory and in the
field. As triaxial tests can be performed over a
rather wide range of loading rates, there is
hope that practical correlation with field per-
formance will be possible. The author did not
intend to imply that all problems had already
been solved.

The different discussions by Palmer and by
MecDowell and by Campen are welcome as
they add substantial corroboration to the
original paper, both from a theoretical and a
practical standpoint. As they raise no contro-
versial questions, it does not appear desirable
to extend this closure any further for the sake
of additional comments.
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