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Trends toward heavier and heavi-
er aircraft have emphasized the need
for multiple wheel landing gears,
where a large load can be distrib-
uted over several wheels. As a con-
venient means for design of pave-
ments under such loads, these multi-
pie wheel gear loads are converted
to equivalent single wheel loads
which give the same maximum stress
in the pavement( 4 ). Once the equiv-
alent single wheel loads are deter-
mined, the design can proceed in the
same manner used for pavement
slabs subjected to a single wheel
load. This offers a convenient means
for both the design and evaluation of
airfield pavements subjected to load-
ing applied through various types of
multiple wheel undercarriages.

After the values of the single load
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that represent the loads of various
dual and dual tandem wheel under-
carriages are determined, the stress-
es are calculated for different cases
of prestressed concrete slabs resting
on subgrades having variable
strength.

Constant standard values are allo-
cated to the spacings between the
wheels. The main variables are: the
value of the load, the tire pressure,
the modulus of subgrade reaction,
the coefficient of subgrade friction,
the modulus of rupture of the con-
crete, and the length and thickness
of the slab.

Five charts are plotted for the
case of dual wheel undercarriages
and two charts are plotted for the
case of dual tandem wheel under-
carriages. These charts can be easily
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used by design engineers to deter-
mine the thickness, and the corre-
sponding required prestress, for pre-
stressed concrete airfield pavement
slabs. It also allows the choice be-
tween different possible alternatives
in trying to achieve optimal solu-
tions.

In a previous paper(3 ), the authors
presented charts for the design of
prestressed concrete pavement slabs
subjected to single wheel loads. In
that paper they showed the consid-
erable improvement in concrete
pavement design that can be
achieved by prestressing, the basic
concepts for design, as well as the
different prestressing techniques that
can be used in such pavements. AIso,
a cost formula was developed that
can be used in choosing an econom-
ic alternative for the prestressed
concrete pavement.

BASIC DESIGN CONCEPTS

The analysis used in determining
the equivalent single wheel load is
based on a theory developed by
Westergaard (2 ). It consists of deter-
mining the magnitude and contact
area of a single wheel load which,
when placed centrally on a concrete
slab, will produce the same maxi-
mum stress as that produced by two
or four closely spaced loads repre-
senting the dual or dual tandem
load of an aircraft undercarriage.

The pavement variables are in-
cluded in one value

Eh3
l — 12(1 — v2)k

where 1 = radius of relative stiff-
ness

E, = modulus of elasticity of
the concrete

h = thickness of the concrete
slab

k = modulus of subgrade re-
action

v = Poisson's ratio for con-
crete

The ratio of the total gear load to an
equivalent single wheel load can
then be obtained from charts drawn
for this purpose( 4 ). The approximate
dimensions of the equivalent single
wheel contact area can be obtained,
using the same value of the tire pres-
sure underneath the wheels.

The stresses due to aircraft loads
can then be determined using Wes-
tergaard's formula for an interior
load acting on elliptical area( 2 ' 3 ). The
adoption of the center loading con-
dition is considered valid for airport
pavements inasmuch as aircraft rare-
ly travel near the outside edge of
the pavement. In addition, in pre-
stressed pavements, there is enough
load transfer at the interior .longitu-
dinal joints due to transverse pre-
stressing. The stresses due to load,
when added to the curling stresses
and the stresses due to subgrade fric-
tion, should not give values higher
than ft + f',, where

ft = allowable concrete flexural stress
modulus of rupture

factor of safety
fp = compressive stress in concrete

due to prestressing

The formulae used in calculating
the curling stresses and the stresses
due to subgrade friction are given
in References 1 and 3 and will not
be repeated here.

PREPARATION OF THE DESIGN CHARTS

A computer program is set to cal-
culate the values of the equivalent
single wheel load. Another program
is prepared to give the values of the
stresses due to load, the curling
stresses and the stresses due to fric-
tion.
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For determining the frictional
stresses, slab lengths L between 300
ft. and 700 ft. (90 to 210 m) together
with two arbitrarily chosen values
for the coefficient of subgrade fric-
tion (c = 0.60 and c = 0.80) are con-
sidered. Although the charts are
plotted for these values, the same
charts can also be used for slab
lengths or for coefficients of friction
outside the above mentioned
ranges (3 ) •

To obtain practical results, the fol-
lowing points are considered in mak-
ing this study and in preparing the
charts:

1. The pavement slab thickness
can be between 4 and 9 in. (10
and 23 cm).

2. The modulus of subgrade reac-
tion can have any value be-
tween 100 and 500 lb. /in .3

(2800 to 14,000 t /m3).

3. The sum of the allowable con-
crete flexural stress plus the
concrete stress due to prestress-
ing can be any value between
800 and 1700 psi (56 to 120 kg/
cm2).

4. The concrete used is assumed
to have a quality of 4000 to
6000 psi (281 to 422 kg/cm2).

5. The compressive stress in the
concrete due to prestressing
should not exceed 800 psi (56
kg/cm2) to avoid excessive
compressive stresses at the top
surface of the pavement slab.
At the same time this stress
should not be less than the fric-
tional stress plus 150 psi (10
kg/cm2) to avoid the develop-
ment of transverse cracks in the
central part of the pavement
slab.

6. The allowable concrete flexural
stress ft can be allocated a val-
ue between 80 and 100 percent
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the modulus of rupture of the
concrete.

7. The allowable stress in the pre-
stressing steel f8e should not
exceed, after losses, 60 percent
of the specified minimum ulti-
mate tensile strength of the pre-
stressing steel._

8. A transverse prestressing, of 60
percent of the value of longitu-
dinal prestressing for slabs 700
ft. (210 m) long and of : 70 per-
cent of the value of longitudi-
nal prestressing for slabs 300 ft.
(90 m) long may be used.

Charts for dual wheel landing gear.
A separate chart (Figs. 1 to 5) is pre-
pared for each of the five loads con-
sidered (P = 40, 60, 80, 100 and 125
kips) (18.2, 27.2, 36.3, 45.4 and 56.7
t). The load indicated on each chart
represents the actual maximum load
on one dual wheel landing gear.

Together with each load, three
different values are considered for
the tire pressure.

Charts for dual tandem wheel land-
ing gear. Two charts (Figs. 6 and 7)
are prepared for this case. In the first
chart a coefficient of subgrade fric-
tion c = 0.60 is considered while the
second chart is plotted for c = 0.80.
Both charts are for an actual maxi-
mum load on one dual tandem
wheel landing gear ranging between
125 and 200 kips (56.7 to 90.8 t).

Only one value for the contact
area per tire is considered and is
taken equal to 267 in. 2 (1720 cm2).

USE OF DESIGN CHARTS

Once the load on the landing gear,
the tire pressure and the modulus of
subgrade reaction are given, a pre-
liminary reasonable value for the
thickness can be assumed. The cor-
responding value for ft + f, can be
determined from the charts. If the
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value of ft is estimated, according to
the quality of the concrete used and
according to the chosen value for the
factor of safety, then the required
value for the prestressing stress f,
can be determined. Should another
value for f, be preferred, then the
thickness required to correspond to
the new value of ft + f can be easily
obtained.

Sample design problem for aircraft
with dual wheel landing gears.

Given: P (on one landing gear as-
sembly) = 60 kips (27.2 t)

tire pressure = 80 psi (5.6 kg/cm2)
f' = 4500 psi (316 kg/cm2)
k = 400 pci (11,000 t/m3 )
c = 0.8
L = 600 ft. (180 m)
spacing of wheels = 32 in. (81 cm)

Required: The thickness of pre-
stressed concrete pavement slab and
the prestress in the concrete.

Solution:
Modulus of rupture of concrete =

9'/j =600 psi (42 kg/cm2)
Assuming a factor of safety equal
to 1.2, then

MR _600
ft = M = 

12 =500 psi (35 kg/cm2)

Assume a slab thickness of 5 in.
(12.7 cm) and enter the design chart
in Fig. 2 on the right margin at that
thickness. Proceed left horizontally
to the curve for k = 400 pci and tire
pressure = 80 psi (interpolate be-
tween the two full curves for k =
300 pci and k= 500 pci).

Since c=0.8, proceed vertically
downward, to meet the horizontal
line representing L = 600 ft. and
then parallel to the inclined lines (as
shown by the arrowed line in Fig. 2)
to the lower edge of the chart. This
gives a value of 1320 psi (93 kg/
cm2) for ft + ft,.
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The prestressing stress required in
the concrete for this case is:

f P = 1320 — 500
= 820 psi (58 kg/cm2)
> 800 psi (56 kg/cm2)

Should a prestressing stress of say
700 psi (49 kg/cm2 ) be recom-
mended, then the required new slab
thickness can be determined as fol-
lows:

Enter the design chart in Fig. 2 on
the bottom margin at the new value
ft + f = 500 + 700 =1200 psi (85
kg/cm2) and proceed parallel to the
inclined lines to meet the horizontal
line corresponding to L = 600 ft.

Proceed upward vertically to meet
the curve for k = 400 pci and tire
pressure 80 psi and then horizontally
to the right. The required new thick-
ness can be read on the right edge of
the chart which is 6 in. (15.2 cm) in
this example.

Sample design problem for aircraft
with dual tandem wheel landing
gears.

Given: P (on one landing gear as-
sembl;y) = 125 kips (56.7 t)
= 5500 psi (386 kg/cm2)

c = 0.8
k = 300 pci (8250 t/m3)

L 700 ft. (210 m)
contact area per tire

= 267 sq. in. (1674 cm2)
spacing of wheels

= 31.5 in. (80 cm) abreast
= 62 in. (158 cm) tandem

Required: The thickness of pre-
stressed concrete pavement slab and
the prestress in the concrete.

Solution:
Modulus of rupture of concrete =

9Z{ = 670 psi (47 kg/cm2)
Assuming a factor of safety equal
to 1.1, then
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_MR 670

=— FS 1.1 = 	
psi

Assume a slab thickness of 6 in.
(15.2 cm) and enter the design chart
in Fig. 7 on the right margin at that
thickness. Proceed left horizontally
to the curve for k = 300 pci. Proceed
vertically to meet the inclined line
for P =125,000 lb. and horizontally
to the left to meet the vertical line
representing L = 700 ft. (as shown
by the arrowed line in Fig. 7). The
value of f, + f, can be read on the
left margin of the chart and is equal
to 1250 psi (88 kg/em2).

The required compressive stress in
the concrete due to prestressing is

j=1250-600
= 650 psi (46 kg/cm2)

'CONCLUSIONS

In recent years, aircraft volumes
and weights are increasing tremen-
dously. This puts new responsibili-
ties on civil engineers to make con-
tinued improvement and up-dating
of pavement design and construc-
tion.

A considerable improvement in
concrete pavement design can be
achieved by prestressing. The pre-
compression in the concrete due to
prestressing is cumulative with the
inherent flexural strength of the ma-
terial to produce an increase in stress
range in the flexural zone. This re-
sults in several advantages such as
absence of cracks in road surface,
large decrease in the number of
transverse joints thus giving a
smooth and comfortable travelling
surface, and a big reduction in slab
thickness thus achieving economy in

cost.
Prestressed concrete pavements

offer two distinct design advantages,
especially when designed to receive
aircraft with multiple wheel landing
gears. The first advantage is that
they are subjected to smaller curling
stresses due to temperature since the
curling stresses are directly propor-
tional to slab thickness. The second
advantage is that slabs with smaller
thickness give smaller values for the
equivalent single wheel load, which
is used in the design to replace the
load on multiple wheel undercar-
riages.

Because of these facts, design
charts are developed to determine
the pavement thickness and pre-
stress required for concrete airfield
pavements once the load, tire pres-
sure, modulus of subgrade reaction
and coefficient of subgrade friction
are given. These charts also allow
the use of a cost funetion( 3 > and the
choice of different alternatives from
which an economic solution can be
determined.
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