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while a heavy clay soil compacted to Standard
density will require nearly three times this
percentage for saturation. The subgrade soils
encountered in the two investigations were
found to belong to the A2 non plastic and plas-
tie, A4, A7-5, and A7 Subgrade Groups, as clas-
sified by the Public Roads Administration,and
the moisture percentages were found to vary
more with the type of subgrade than with the
gseasons of the year, A preliminary examination
of the data obtained to date indicates that, in
general, the moisture contents of subgrade solls
belonging to the A2 and A4 groups stay below the
point of saturation the year around, and in the
majority of cases do not exceed the optimum
moisture for Standard Compaction, which is the
moisture contents used in the soils that have
been tested for bearing capacity by load tests.
The moisture contents of the subgrade soils be-
longing to the A7-5 and A7 groups ,however,were
found to approach the saturation point, which
exceeded the optimum moisture for Standard Com-
paction. In some cases this excess was quite ap-
preciable, which will in all probability neces-
gsitate corrections to be made to the load test
values obtained on these type of soils. Future
load tests made on solls of these types will be
conducted at higher moisture contents than in
the past. Just how much higher moisture con-
tents will be used and their relation to the
saturation point of the compacted soil, the op-
timum moisture for Standard compaction, the
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Plastic Limit, or any other test value is yet
to be determined by a careful study of the da-
ta obtained from the two investigations. It is
not expected that this change will materially
affect the values used in present design prac-
tices in this State as they are somewhat con-
servative due to the lack of exact information
concerning moisture conditions at the time the
values were tentatively adopted.

CONCLUSTONS

The evaluation of highway subgrades can be
accurately done by the use if plate bearing
tests if the proper testing technique is fol-
lowed and the results correctly analysed. The
testing technique described and the analysis
of the data obtained in which stress reactions
and soil coefficients are used to calculate
bearing capacity seem to the writer to be sound,
and while the work required seems to be consid-
erable, when compared with that required by some
other methods, the results achieved are more
reliable and useful in bearing capacity deter-
minations.

Conditions of moisture to be encountered
is a most important factor in placing the cor-
rect evaluation on a subgrade, since this fac-
tor has much influence on bearing capacity.As-
sumptions not based on factual data obtained
from thorough investigations may lead to errors
of some magnitude.
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. The present trend in landing gear assem-
blies for the very heavy airplenes is toward
multiple wheels,.It is expected for the near
future that these planes will have their weight
carried by two prircipal wheel assemblies,each
composed of a twin-tandem arrangment of wheels
with the tires inflated to as high as 200 psi
with 300-psi pressures a possibility. This pa-
per will present the method used by the Corps
of Engineers to develop flexible pavement de-
sign criteria considered satisfactory to sup-
port this type of wheel load. It is recognized
that complete design criteria will include re-
quirements as to the type and quality of the
several component parts of the pavement struc-
ture, and compaction requirements to prevent
detrimental settlement. However, this discus-
sion will be limited to the development of to-
tal thickness requirements of base and pave-
ment to prevent shear failure in the underly-
ing subgrade soil.

To date, the Corps of Engineers has no
factual data relative to requirements for high
pressure tires and for twin-tandem assemblies.
Single wheel design curves for wheel loads up
to 200,000 1b have been developed and are be-
lieved reasonable for tire pressures of about
100 psi. These curves are presented in Part
XII of the Engineering Manual published by the
Office, Chief of Engineers, and their develop-
ment has been the subject of numerous papers.
1), 2). Data are available and an analysis has
been made for twin wheels as a result of a
special study to determine the flexible pave-
ment requirements for the B-29 Superfortress.3)
4 method of design for any multiple wheel as-
sembly and for tires inflated to 100 psi has
also been presented. 4) Therefore, although
the method of design which will be presented
must be considered as tentative and will re-
quire validation, it is not entirely theore-
tical since it does have some foundation of ac-
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tual test background. This paper will (1)
briefly review the development of design curv-
es for multiple wheel loads based on single
wheel load curves designed for tires inflated
to 100 psi, (2) present the development of
single wheel load curves for tires inflated to
pressures up to 300 psl, end (3) present de-
sign curves for high pressures tires of a spe-
cific twin-tandem assembly for the purpose of
illustration.

As previously noted, a complete explana-
tion of the development of multiple wheel de-
sign curves may be fournd in the referenced Wa-
terways Experiment Station Bulletin No. 29,
Since this bulletin has not received wide dis-
tribution the method will be reviewed very
briefly. Figure 1 is a schematic diagram of
the B-29 twin wheel assembly on a thin and a
thick flexible pavement. The design load on
the twin assembly of the B-29 plane is 60,000
lb -~ 30,000 on each tire, which is inflated
to about 80-1b pressure. The diagram on the
left refers to the case of a shallow base and
implies that the subgrade is strong.

The diagram on the right refers to the case
of the thick base and implies that the subgrade
is weak. On each diasgram shading is shown be-
neath each tire to suggest the distribution of
induced stresses in the subgrade. Whether or
not the distribution is correctly shown, it
must be conceded that at some shallow base
thickness the two wheels of the twin assembly
will stress the subgrade as practically inde-
pendent 30,000-1b units with little overlapp-
ing of stresses. With reference to the diagram
on the right under a very deep base the stress-
es overlap considerably from the two wheel
loads. It is believed that there is a depth
where the overlapping of stresses would be so
great that the stress induced in the subgrade
from the twin wheel assembly would be, for all
practical purposes, the same as that induced
by a single 60,000~1b wheel load., Thus it was
reasoned that the thickness design curves for
the B-29 plane must range between the curves
for the 30,000- and 60,000-1b single wheels.
The problem of determining design curves for
the B-29 twin wheel was narrowed to finding:

& The thickness at which each tire stresses

the subgrade as an independent unit.
b The thickness at which the two tires stress
the subgrade as one single unit.

It was further reasoned that if these two thick-
nesses could be determined, thickness require-
ments between the two values would vary in ap
orderly manner.

The thickness at which each tire of the
B~-29 twin assembly acts as an independent unit
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and the thickness at which the two tires act as
a single unit were determined by comparison of
vertical stresses, shearing stresses and deflec-
tions. The computations for the vertical and
shearing stresses were made using Boussinesq's
formulas assuming homogeneous material. Such
computations are not new and will not be pre-
sented in this paper. The comparisons based on
deflections are from actual test data utilizing
a B-24 plane for single end a B-29 plane for
twin wheel loads. The method of comparison will
be briefly described in the following para-
graphs.

Figure 2 is a plot of subgrade deflect-
ions under different loads of single and twin
wheels. The bold parts of the curves represent
the range of the actusl test data. For a given
wheel load the deflection decreases as the
thickness of base and pavement increases; or
for e given thickness, the greater load pro-
duces the greater deflection.

It will be noted that the deflection data plot
as straight lines on the logarithmic graph.The
curves for the two single wheel loads are pa-
rallel. The curve for the twin wheel lies be-
tween the two at a steeper slope. It was reas-
oned that by extending these curves upward,the
intersection would represent depths at which
the twins would act as independent 30,000-1b
wheel loads. Also by extending the curves
downward the intersection with the single
60,000-1b wheel load curve would represent the
point at which the twin tires stress the sub-
grades as a single 60,000-1b wheel load. Such
en extension is shown on the chart by the
light lines. The curve for the twin wheel in-
tersects the 30,000-1b single at about 10 in;
the twin and the 60,000-1b single at about

80 in, Other deflection data for conditians not
shown lndicate depths of sbout 10 and 75 in.The
computations of both vertical and shearing
stresses showed the latter values to be reas-
onable and they were adopted.

The next step in the problem was ta devel-
op from these limits a design curve for the
B-29 plane. In developing this curve single
wheel load design curves were used. They were
plotted in a special form suited to this ana-
lysis as shown on figure 3. The B-29 curve is
developed as follows: The thickness at which
the tires act as independent units, 10 in.,
and the tire load, 30,000 1b, is indicated as
point A. The thickness at which the twins act
as one tire, 75 in., and the total 60,000 1lb,
ie indicated as point B, Between these two
points 1t was reasoned that the thickness re-
quirements would vary in a logical manner and
they were therefore joined by a straight line.
The intercepts of this line with each CBR curve
determine the thickness requirement for the
B=29 curve.

The next step was to extend the method to
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cover any multiple wheel assembly. This was
done simply by resolving the two thicknesses-
the shallow depth at which each twin acts se-
parately and the greater depth where they act
as a single wheel —- into ratios of appropri-
ate dimensions of the assembly. Without fur-
ther discussion it may be said that the shal-
low depth may be expressed as one-~half of the
clear distance between the contact of the two
nearest tires, while the greater depth is com-
puted to be twice the greatest distance; cen-
tre to centre, between tires of the assembly.

An example of the method of developing
curves for multiple wheel loads is shown on
figure 4. Assume a total wheel load of 150,000
1b supported by a twin-tandem assembly with
the wheels spaced 40 in. center to centre and
the axles 61 in. apart. For this case assume
circular contact areas with the tire inflation
pressure 100 psi. From these data a value of
9.1 in. is obtained for the shallow depth and
146 in. for the great depth (diagonal centre
to centre spacing between a front tire and an
opposite rear tire). The design curve for the
assembly is obtained by joining the point at
9.1 in. at 37.500-1b wheel load with the point
at 146 in. and 150,000-1b wheel load. The in-
tersections of this line with the CBR curves
determine the thickness requirements. A curve
is also shown on the figure for the same load
carried on twin wheels spaced 56 in. centre to
centre.

It is believed that the method of devel-
oping multiple wheel load curves is applicable
for any tire inflation pressure. However, the
single wheel CBR design curves must be based
on the same tire inflation pressure as contem-
plated for use ip the multiple wheel assembly,
It is necessary, therefore, to produce single
wheel design curves for tire inflation press-
ures of the desired amount. The adjustments
made to the existing single wheel curves and
the reasons therefore are presented in succeed-
ing peragraphs.

For any given load and thickness of base
and pavement, an increase in the tire contact
pressure will produce an increase in the stress
induced in the subgrade and the deflections
this stress will produce., If the base thick-
ness is relatively large, the increase in both
stress and deflection will be small. If, how=-
ever, the base thickness 1s relstively small,
the increase will be of considerable magnitude.
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For any given wheel load and subgrade condit-
ion, the maximum stress induced and the deflec-
tions produced at the subgrade level can be
maintained constant for a range of tire press-
ures by varying the thickness of base and pave-
ment above the subgrade. The adjustment of the
single wheel design curves for higher contact
pressures has been accomplished by increasing
the required thickness of base and pavement

for any fiven CBR value a sufficient amount so
that the theoretical subgrade deflections pro-
duced by the tire with the higher pressure will
equal the theoretical deflections produced by
the tire with lower pressures. Deflections

were used for this study because the computa-
tions are simpler than for stresses.

The adjustment of thickness to give equal
subgrade deflections under the center of the
load is based on the following formula which
is applicable to an elastic so0lid with Pois-
son's ratio of 0.5. Under the centre of a uni-
form circular load, the total deflection

W = 3 p
2xE (rZA; 22)1/2

where .

d
l

= total load
= the modulus of elasticity

r = the radius of the loaded area
(circular contact areas have been
assumed)

z = the depth from the surface to
the subgrade.

This formula was obtained by integrating and
simplifying the formula for the deflection
produced by a point load which is given by S.
Timoshenko. 5) In applying this formula, a
homogeneous, elastic solid with the other usu-
ally stated properties is assumed. The formula
given above is equivalent to a formula of
slightly different form presented by Nathan M.
Newmark. 6).

In using the formula given in the previous
paragraph to adjust the thickness requirements
for a single wheel at seversl tire pressures,
it is not necessary to assume any specific va-
lues of deflection or modulus of elasticity.
The only assumption necessary is that the de-
flection and modulus of elasticity are equal
for all conditions of tire pressures. The as-
sunption of equal deflection is basic in that
it was the starting premise. The assuunption of
equal moduli of elasticity is probably slight-
ly in error under thin bases since the modulus

td
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of elasticity for soil may vary with the unit
stress; however, the error involved in using
this assumption is considered to be small. The
only remaining variables in the equation given
in the preceding paragraph are r and z. If r
and z represent values for 100-psi tire press-
ures and r, and z, are values for any given
higher preBsure, then at equal deflections:

- e 2
r+z-r1 +Zl

Values for r and r, are obtained from the to-
tal load and tire “pressure, Values for z are
obtained from the total load and the existing
single wheel CBR design curves. The wvalue of
%z, the adjusted thickness for the higher con-
tlct pressure, can then be computed.

As previously stated all comparisons un-
der the centre of the loaded area assume that
equal deflection at this point would indicate
equivalent stress condition in the subgrade.
Although not presented here, the emtire deflec-
tion profiles produced by each loaded area were
computed and compared. It was found that if the
deflections beneath the centre of the loaded
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area were equal, then the deflection profiles,
though at different subgrade elevations, were
also approximately equal. On this basis it was
considered trhat an adjustment based on equal de-
flections under the centre of the loaded area was
reasonable. Figure 5 shows a comparison of thick-
ness requirements for 15, 60, and 150,000 1b sin-
gle wheel loads for 100-, 200-, end 300-psi tire
pressures. It is seen that for the lighter

wheel loads and the lower CBR values (thick
bases) there is very little difference in the
three curves. For the heavier loads and higher
CBR values (thinner bases), the thickness re-
quirements for the 200- and 300-psi pressures

are as much as 20 per cent in excess of the re-
quired thicknesses for the 100-psi pressures.

With single wheel curves developed for
high pressure tires, curves for multiple wheel
loads can be produced for any given condition
in accordance with the method outlined earlier
in this paper. Figure 6 shows a typical devel-
opment of curves for a twin-tandem assembly
assuming 300~psi tire pressure 31 in. centre
to centre of tires and 60 in. between exles.
This spacing has been tentatively designated
for the B-36 airplane. Computation for 200~1b
tire pressure has also been made for the case
cited. In general the difference between the
requirements for 200- and 300-1b tires is not
sufficient to warrant separaste curves. Figure
7 shows the developed design curves for the
21l-in, By 60-in. assembly for three loads. The
80lid curves on figure 7 represent requirements
for a 100-psi tire pressure. Where the require-
ments for the higher tire pressures differ,they
are shown by dashed curves, The dashed curve
for each load nepresents the requirements for
tire pressures ranging from 200 to 300 psi.It
should be noted that the minimum thickness re-
quirements which ranged from 7.5 in. to 9 in.
for the 100-psi tire pressure have been in-
creased to 10 in. to 15 in. for the higher
tire pressures.

It is believed that the method of develop-
ing design criteria as just presented is logi-
cal and gives an entirely reasonable solution
to the problem.However, it is again stressed
that the method is tentative and will be used



as a'temporary expedient until actual proto-
type experience is mvailable for verification.
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RUNWAY STRENGTH CORRELATION BETWEEN THE DISTRIBUTION OF
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STRESSES IN THE SOIL DERIVED FROM:

1) THE C,B,R, METHOD OF THE DETERMINATION OF RUNWAY THICKNESS;
y 2) THE THEORY OF BOUSSINESQ

R. DE L'HORTET
Directeur par Interim du Service Technique des Bases Aériennes

SUMMARY OF THE FRENCH REPORT

The U.,S. Corps of Engineers adopted for
runway design the method used by the Califor-
nian Highway Administration.

It is known that this method is as follows:
4) Determine the strength of each layer of mate-

rial by penetration of a piston into a sample
of the said material. The testing device and
the conditions of the test being standardized.
The California Bearing Ratio is thus equal to
the quotient of the piston-load producing in
the tested material a given penetration, by the
load causing the same penetration in a refer-
ence material,
B) Determine the minimum depth at which the up-

per face of a layer of a given bearing ratio
must be, in terms of the intensity of the load
applied upon the free surface of the work.

The relation between the wheel-load, the
thickness of the different courses and the bear-
ing-ratio of the materials is expressed by a
diagrem, obtained experimentally after a long
series of tests carried out on the runways at
Stockton, Vicksburgh...etc., where deflection
and the wear of the runways under the effect of
moving loads were carefully studied.

If it is admitted that :

1) good behaviour of a runway under service im-
plies that stresses in the tested materials do

not exceed their elastic limit;

2) the elastic limit of a given material is,on
the whole, proportional to its bearing ratio;
3) the distribution of stresses in the runway
under the effect of loads transmitted by the
tires, is in accordance with Boussinesq's law,
established for a semi-indefinite, homogenous
and isotropic solid.

A diagram, very much like the empirical
one of the U.S. Engineers, but established
rationally, can then be plotted. By means of
sli%ht corrections, taking into account the
difference which exists between a homogenous
mediumn and a medium made up of several layers,
the compressibility of which varies according
to its bearing-ratio, it is possible to ascer-
tain that the superposition of the curves ob=—
Tained on the new Efggram with those of the

experimental American one, is very close.

From this very close correlation between
the results obtained with the empirical method
and the theoretical one, based on the theory
of elasticity, it is possible to draw the con-
clusion that the distribution of stresses,
throughout flexible pavements, under the action
of dynamic loads transmitted by tires, differs
little from that which takes place in a semi-
indefinite, homogenous and isotropic medium.
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