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PREFACE

The investigation reported herein wes sponsored by the

Chief of Engineers (OCE), U, S, Army, as a part of Project LAT62TL9ATLO,

Office,

Task A2, Work Unit 001, "Conatruction Design Technology Base." OCE

Technical Monitor for this investigation was Mr. A, F. Muller (DAEN-MCE-D).

The investigation was conducted during the period March 1976 to

March 1977 at the U. S, Army Engineer Waterways Experiment Station (WES)

by personnel of the Soils and Pavements Laboratory (S&PL) under the

general supervision of Messrs., J, P, Sale and R. G. Ahlvin,

Assistant Chief of the S&PL, respectively. Personnel engaged in prepara-
tion of this report were MAJ A. Taboza Pereira, an exchange officer from

Chief and

Brazil, and Messrs, D, M. Ladd, Chief, Design Criteria Branch, and

H. R, Austin, Mathematician, This report was written by MAJ Pereira.
Director of WES during the conduct of this investigation and

the preparation of this report was COL J. L, Cannon, CE, Technical

Director was Mr, ¥, R. Brown.

ACCESSION for

NTIS
ooe
UNANNOUNGFD
JUSTIFICATION

Whi'e Scctlon V/

Bufl $action [
N

BY

A

DISTRIDUTION VAL 22: 117 108
EERRR I

e B AL
oL VAL

T




CONTENTS
Page f |
: A
“‘ \ PREFACE 1] . L] . . . L] . L] . L] . ) . . . 1] L) L] L] L] » 1] ] . L] L] L] . . 1 ‘ '
b i B
{ ‘ CONVERSION FACTORS, U. 8. CUSTOMARY TO METRIC (SI) ; @
- UNITS OF WASUREWNT » v * L] * L] L] . 1] L] . . . . * L[] . . L] . L ] . 3 ’ ‘1
PART I: INTRODUCTION ©« v o o o v ¢ v o v v v v o v o v o o v v v o b |
Purpoﬂe and Scope Y T T T S S S Y SN TR SN S S S S ST SR S SR S T Y h }n
BackZXOUnd « 4 + 4 « 4 s 4 4 4 v e s 4 4 s e s b s e e s e s b i
PART II: TRAFFIC STUDY 4 o 4+ 4 4 o v o v o b o v v o o v v e o v 6 |
General L] L] L] 1] L] . L] . . L] L] ’ . 1] 1] L] L] L] [ [ [ . L] . [ * . 6 E
Lateral Distribution of Traffie .« v v v v v + « o + o s s o+ 6 ?
EffECt of Load Repetitions . . [ L] . 1] 1] 1] . * » . * . L] L] L] (] ah t

PART ITI: KFFECT OF WHEEL LOADS ON PAVEMENTS +« « « 4+ v o « « + . . 28
Deflections in Pavements for ESWL Determinstions . . . . . . . 28 '
Single-wheel Load [ LI T ) ) [ ] . . . [ ) ’ . [ I Y ) . 31 E
Mu.ltiple-wheel Load + [ ) ELR | [ [ ¢ & LI T T ) ) LI I ] L) (] 32
COmputation of ESWL R I I Y 35
Emmple of ESWL computation L] . L] . L] L ] L] L] . [ . . * L] . L] L] 36
PART IV: CONSTRUCTION OF CBR DESIGN CURVES . « + + + « « « o o + 4 40
CBR Eqmtion » 4 L] » L] * L] 1] 1] [] . L] + . . . L] » * [ 1] + . L] . uo
CBR Design Curves for Adreraft « + « « v o o « + ¢« o o o+ o« + o« U5

i PART V: COMPLETE EXAMPLE OF THE CONSTRUCTION OF
CBR DESIGN CURVES FOR ATRPIEIDS '« v 4 s & « + o v « o+ + + L6

IntrOduction L T T e e T T e T O R R Y R T D T T ) h6
Ex&mple Probl en L L R e e e T L T T R R S R 2 D T Y B Y h6

REFER ENCE s L L R e R T I N D I T D R SR TR B )
TABLES 1=-21

APPENDIX A: COMPUTER DETERMINATION OF CBR/THICKNESS
REQUIREWNTS . L] L] . L] L] . 4 L] . . . L] L] . . L] . - . . Al

Inpu‘t Guide L T S O O N I e T T Y T T N SR S Y TR S SN SR TR TR TR 1 A3
.:'f"‘ Input File L T S T S . T S T S S L T S S T T T T S Ah
} i Program Output L S T S S S T O R T R T T S S S S S S S S S B As
-. Program Listins L T T T R T S T T T S T T S S S S B Y A6
3 ; 2
i e e
N - - P "j—' '_.l'.' v
. Loty b




e e

? CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U, 8. customary units of measurement used in this report can be con-

verted to metric (8I) units ms followa:

i pitad
_—

E ' Multiply By To Obtein
;t inches 25.h millimetres

; feet 0.3048 metres

5 square inches 6.4516 square centimetres
f pounds (mass) 0.4535924  xilogrems

L kips (mess) 453,592k kilograms

. pounds (force) per

: square inch 689k, 757 pascals
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PROCEDURES FOR DEVELOPMEN1 OF CBR DESIGN CURVES

PART I: INTRODUCTION

Purpose and Scope

fﬁ 1. Significant changes in the procedure for developing CBR
; (California Bearing Retio) design curves have occurred in the past few

years., The objective of this report, therefore, ls to present a deserip-
} tion of the current Corps of Engineers (CE) methodology for comstruction
& of flexible pavement design curves. This report represents an uplate

F of U, S. Army Engineer Waterways Experiment Station (WES) Instruction
Report L, "Developing a Set of CBR Design Curves," dated November 1959,1
Procedures for computation of pass-per-coverage ratio by statistical
methods are described, Also, procedures and tables for computation of
deflections and equivalent single-wheel loads (ESWL) for any value of

f Polsson's ratic are presented, although the CE uses 0.5 for all calocula-

tions, This report was prepared to familiarize engineers with the
theories and techriques for the construction of flexible pavement design
curves,

Background

T T T e TR

2. The CBR method has been used since the early 1540's in airfield
pavement deaign.l'h This method has been improved repeatedly as the
result of continuous resesrch and field cbservations through the years.

& The method may be considered semiempirical, since it was developed

using concepts and mathematical developments of the elastic theory,
together with datae taken from test sections and airfields under prototype
aireraft traffie,

3. In computing pavement thickness through the CBR design method,
the following date must be known: volume of traffic, load, type of
design alrcraft, and soll strength. These parameters account for the
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magnitude and distribution of load, as well as the frequency with which
the pavement end the subgrade have to undergo stresses. The soil
strength, represented by the CBR, indlcates the abllity of a s0il to
withstend wheel loads, CBR is not a direct measurement of the soil
bearing capacity, but is an index of the soll strength determined by
comparison with a standerd value.

L. The CBR design method for flexible pavements was conceived
initielly by the California Highway Department to compute pavement
thickness for single-wheel lcads on highways. The method was then
adepted by the CE for airfield design. Following the development of

larger aircraft, the method was adapted for multiple-wheel loades'h

by
studying the effect of uniform circular loads acting on & homogenecus,
isotropic, and elastic half apace, through use of the classinal
Bousslnesaq theory.

5. Results of extensive tests on full-scale test sevtions trafficked
with multiple-wheel heavy gear loads, in conjunction with statistical
gtudies of the traffic behavior on airfields, have recently led to
important improvements in this design method. A new procedurc was
developed to deal with the effect of lateral distribution of traffic on
runways and taxiways, and consequently an improved method was found to
relate the number of operations of an aireraft to the number of design
stress applications to the pavement (pasmes per coverage ratio), Also,
the effect of multiple wheels on pavements was restudied and a relation- @
ship was established between the number of wheels on the main assembly i
and the effect of stress repetitions (load repetitions factor) on thicke
ness, The overall result of these developments on pavement design was to

reduce the required flexible pavement thicknesses for a given loading
condition.




PART IT: TRAFFIC STUDY
General

6. Traffic is one of the primary parameters affecting airfield
pavement design, Alrfields are usually designed for a given number of
passes of a specific airecraft having definite characteristics. The
number of passes of the design aircraft is direoctly related to the
number of times the pavement is subjected to the maximum stresa and,
consequently, defines the pavement life, 1In this part of the report,
the relationship between the number of passes of the design aireraft
and the number of stress applications to the pavement will be mathe-
matically definad, and the manner in which this relationship affects
the pavement design will be discussed,

Lateral Diatribution of Traffic

Theoreticnl nonsiderations
T. Usually, runwey and taxiway center lines are marked as a

reference for pllots. As a consequence, the traffic tends to be
channelized, with the highest concentration in the vieinity of the

center linesa, Theoretically, the probability of running on the right

or left side of the geometric center line in any single use of the
airfield facility is fifty percent for each side., Therefore, for a

amall nurber of passes, the traffic may be considered to follow the
pattern of a binomial distribution or discrete probability distribution,*
and tends to the normal or Guussian dietribution as the traffic increases.
(*Note: The binomial distribution, also called Bernoulli distribution or
discrete probability distridbution, ias given by the expressions

p(x) = chpxq(N"x)

and

e
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ch x!zN-xS!

where

% = the number of times an event will probebly heppen in N trials
l P = the probability that an event will happen in eny single trial

q = the probabillity that an event will fail to happen in any
single trial

Example: In 6 tekeoffs, the probability that an aireraft will run
2 times on the left side of a runwey center line is

AT TR AT L e
=

;
s
’
“.

2. 6=2 61 6

p(2) = O (2) (3) = gHT = (F) = 0.23

av] [

As the number of trials increases, and 1f p or g 1s not close to
zero, the discrete probability distribution approaches the normal
distribution and, in the limiting case, wvhen N tends to infinilty,
the approximation is exact.T)

8, BSince alrfields are designed to sustain a very large number of

of & normal curve. Actual traffic data, taken from observations at
geveral military airflelds, show agreement with this theory.6 Flgure 1
presents a comparison between theoretical and actual distribution curves
based on observations of the behavior of aircraft at thren Air Porce

|
4
|
1
9
v
§
passes, the traffic may be considered laterally distributed in the shape E
B
i
]
\
)
1

basges,

General normal distribution and iy
gtandard normal dlistribution curves A

9., According to References T and 8, the general normal distribu-
tion (OND) curve or Gauseian curve is defined by the equation:

i
|
[

g
i
-e
|
:
1
i
1

- l(es;v_)
f(x) = ;—%v!; e 2\% (1)

X

vhere x 1a a variable with a continuous set of wvalues, O is the

standard deviation of %, u 18 the mean of the x values, and £(x)
18 the frequency with which the x events can happen.
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Flgure 2, General normal distribution (GND) curve

10. If the deviations from the mean are measured in units of
standard deviations (see Figure 2), thia relationship can be expressed

by

g om 2B (2)

and Equation 1 is replaced by the expression

£(x) = ;;;r!; e (3)
or simply by
1
rlx) = == £(z) (L)
x
The equation of f(z) 1is
f(z)-me (5)
2

But the values of 2z are measured in units of standard deviations;

therefore, o, equals one, and Zquation 5 may be written as follows:

vy A PUT S - e FUT S .
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L,
1 2
£(z) e (6)

In this case, z is called a standardized variable and is & dimension-
less quantity. The deviations from the mean are sald to be expressed in
standard units; the standard deviation equals one and the mean equals
zero, Equation 6 represents the standard normal diatribution (SND) curve
es illustrated in Figure 3.

f@)

__-(

o -

Figure 3, Standard normul distribution (SND) curve

Some properties of the SND curve are tabulated in statistics booka.7’8
For example: (a) For 2z equal to zero, the maximum ordinate [f£(z)]
equals 0.3989., For z equal to 3,99, f(z) equals 0,0001, The minimum
ordinate corresponds to the limiting case, when =z tends to infinity.
(b) For z equal to zero, the area under the curve equals zero., For
z equel to 3.99, the area under the curve equals 0.5000.

11, Ordinetes and areas under the curve can be taken from tables
for any value of z , from 0.00 to 3,99, Due to the symmetry of the
SND curve, the ordinate values are the same for the corresponding negative
abscilssas,

12. The data in Table 1 for the SND curve can be ueed in the
application of the normal curve to the ailrcraft traffic study.

Application of the OND and SND
cgurves to alrcraft traffic

13, The distribution of aircraft traffic on runways and taxiways

10
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may be represented by a GND curve, where the ordinate represents the
frequency of the passes of the aircraft center line at a certain distance
from the pavement center line, This distance from the center line is
plotted as the abscissa using conventional methods.

1k, Obviously, the same curve aslso represents the transverse 4
variation in the placement of the aircraft tires on the pavement. This : #

concept permits the presentation of two important definitions: wander
and coverage,

i

'ij
h

&, Wander is defined in Reference 6 as "the width over which
the center line of aircraft traffic is distributed
75 percent of the time." Based on previous considerations,
0 the same concept may be extended to the center line of one
[, tire, Currently, & wander width of T0 in.* is used for
: taxiways and the first 1000 ft of each runway end. A
vander width of 140 in. 1s used for the runway interior,
These values are based on actual traffic observations.

b. Coverage is defined as the application of the maximum
stress on a point in a pavement surface. Therefore, when
a pavement is designed for a particular wheel load, one
coverage is being applied to a point on the pavement each
time this wheel load passes over that point. To illustrate
this concept with an example, assume a pavement will be
subjected to the traffic of a aingle-wheel load with tire
width Wy ., This pavement is divided transversely in

& strips, so that one tire pass on & strip corresponds to

! one coverage on that strip., Assume the traffic is applied

7 according to the pattern shown in Pigure 4, so that in

. 100 passes the tire runs on the center strip 16 times. ‘

t In this situation, it can be said that 16 coverages have

been applied to the pavement and the ratio between the

number of coverages and the total number of passes is

v ST

(R R TR T LR IS

e = e

6

| ond

I

= 0,16

T )
(o]

100

or

C = 0,16P

i
}
|
4

# A table of factors for converting U, S. customary units of measure=
ment to metric (SI) units is presented on page 3.
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fe———— WIDTH OF TEST SECTION

Figure 4, Example of traffic distridution in test section

Baped on this example, it can be concluded that every time
one tire passes on a strip, one coverage is being applied
to that strip, and the number of coverages on the pavement
computed for design purpoases would be the number of cov-

erages applied to that strip where the maximum accumulation
ocours,

15, Now, assume that Figure 5 represents the traffic distribution
on e taxiway. The ordinates, f(x) , represent the frequency of the
passes at a point x , or the ratio between the number of passes p(x)

of a tire center line at a point and the total number of passes P on
the taxiway. Then

£(x) = R{EL (1)
or
p(x) = f(x) x P (8)

If f£(x) is replaced by its value in Equation b,

e
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S,
F(X) = “SIGTAL NUMBER PASSES, F

4

F(Xo)

LATERAL PLACEMENT OF TIRE CENTER LINE
OR AIRCRAFT CENTER LINE

Figure 5. Theoretical normal distribution of aircraft traffic
on taxiway

p(x) = = £(2)P (9)
x

16. The value of p(x) is given in passes per measurement unit.
If the value of x is measured in inches, o, will be in inches and
p(x) will correspond to passes per inch.

17. Now, a new curve can be drawn (Figure 6) with the same shape
as the curve in Pigure 5 where the ordinates represent the number of
passes per inch of the tire center line at a particular distance from

the mean value, Therefore, at a distance equal to zero, the number of
passes is represented by

p(x ) = f(xo)P (10)

)
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P(xo)

LATERAL PLACEMENT OF AIRCRAFT CENTER LINE OR TIRE
CENTER LINE

Figure 6. Traffic distribution in passes per measurement unit

1
p(x) o £(z,)P (11)
18, If the tire width is W, (Figure 6), then the tire applies

coverages on the point x = 0 at every position of its own center line
within the interval

W
Lo, <
2 -lx—

I’\)Id_:

So, the number of coverages applied by one tire on the point x m= 0 1is
given by the expression

w./2
Cm _/. p(x)dx (12)

-wt/e

1k

P(X) = TIRE CENTER LINE PASSES/IN,
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or simply
¢ = plx )W, (13)

Replacing p(xo) by its value in Equations 10 and 11, then

C = tlx, )PV, (1)
and
¢ omiop(z )PV (15)
Ux [} t

where (C is the number of coveragea applied by one tire, f(zo) is the
maximum ordinate of the SND curve, wt isa the tire width, and P 1is the
total nunber of tire passes. The computation of o, may be done by use

of Equation 2, as follows:

zm 2B op g e iR
oy x z

By definition, for a wander width of 70 in., 75 percent of the passes
(or TS5 parcent of the GND curve area) lie in the interval between
x = =35 in, and x = 35 in., (see Figure 6). From Table 1, 75 percent
of the SND curve lies in the interval botween 2z = -1,15 and 2z = 1,15
(see Pigure 7), and the maximum ordinate for z = 0 is f(zo) a 0,3989 ,
8o for this particular situation,

uw0, xw35  and z = 1,15
and finally
0

- 32.-0
0, s - 30,43 4n, (16)
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Figure 7., SND curve, aB related to aircraft traffiec distribution

19. TFor a wander width of 140 in., 75 percent of the GND curve
lies between the values x = -70 and x = T0 in., Computing through

the same procedure, the Oy value will be:

0 ~0
Uy ™ lf.—l-',')'— = 60,87 in. (17)

Pass~per-coverage ratio for
single-wheel aireraft

20. When the tread* on a single-wheel aircraft is large, the GND
curve of one tire does not influence the GND curve of the other
(Figure 8), and the maximum ordinate p(xo) for the aircraft as a
whole ig the rnme as that for one wheel. According to Refersnce 6, this
happens when the tread equals 100 in. or more for a wander equal to
70 in,, or when the tread equals 200 in, or more for a wander equal
to 140 in, In this case, the computation of the number of coverages C

# Dintance between the center lines of the main gears.

16
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Filgure 8. Typleal GND curve for nonoverlapping tire prints

applied by a given number of passes P of a single-vwheel aircraft on

an airfield facility can be accomplished by use of Equation 15 for any
value of wander.

——rs Y

21, The number of coverages is computed as follows for the two

values of wander usually considered in airfield pavement design., For a ;
i wvander of 70 in,, a, = 30.43 in., and the number of coverages is %
s
Cm 35? g WP = 0,0131 W, P¥ (18)

¥  When wt is not known, the following equation may be umsed:
W, = 0.8784/Tire contact area
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For a wander of 140 in., gy = 60.87 in. and the number of coverages is

0,398 .
C = 2587 W P 0,0065 W P (19)

The pass-per-coverage ratio can also be obtained from Equations 18 and 19,
For a wander of 70 in., the ratio is

!‘Z
i
W
!

P 763
; ¢ T oo, "W, (20)

R T

For a wander of 140 in., the ratio ia

P___ 1 153,84
C " T.6085 W, W, (21)

B i

22, Single-vwheel aircraft whose tread is smaller than the values

presented in paragraph 20 must be treated in the same manner as for a
nultiple-wheel gear.

: Pagg-per-coverage rgtio for

2 multiple-wheel gear aircraft
t 23

In computing the number of coverages aspplied by passes of a 4
i miltiple-wheel aircraft on an airfield facility, all the wheels on the

‘ main gears, as well as their arrengements, must be consideresd, Usually r
ﬁ there is overlap among the GND curves of the several tires in the same \
€ assembly,

2k,

i
f
Figure 9 shows an example of a GND curve for overlapping tire

prints of a twin-wheel aircraft. The solid lines represent the individual

GND curvea and the dashed lines represent the combined ef'fect of two

wheels, When the tread im small, the effects of two gears could ine
; fluence each other,
' 25, 1In studying the combined effect of the wheela on a multiple-
:

wheel gear aircraft, the individual curves can be drawn and the

ordinates added graphically in the overlapping areas, and the maximum
ordinate of the cumulative curve obtained.

18
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Figure 9. GND curve for overlapping tire prints, twin wheels

26, As a practical rule, for multiple-wheel gears and a wander
of 70 in., the assemblies will not overlap each other when the distance
between the center lines of the inside wheels (tread minus twin-wheel
spacing, for the case of twin gears) is equal to 100 in, or more. When
the wander width is 1140 in., no overlapping of the gear is considered
if the distance between the center line of the inside wheels of a ?

T - e = g

multiple-wheel gear ias 200 in. or more.6
_ 27. For tandem wheels which track each other, the maximum ordinate
" of the cumulative curve equals two times the maximum ordinate of an

g individual curve, or f(x_ ) = 2f(x_) .
3 oe o
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28, The maximum ordinate of the cumulative curve f‘(xoc) for any
two wheels may be obtained from Figure 10, Wheel arrangements that do
not follow the pattern of single, twin, and twin-tandem must have the
maximum ordinates of their cumulative curves determined from their
combined distribution curves,

29, TPigure 11 shows the wheel configurations for typical airecraft
landing gears.

30, The computation of the numbar of coverages C applied by a
given number of passes of s multiple-wheel aireraft on a pavement can
be made by use of Equation 1l for any value of wander by replacing

f(xo) by the value f(xoc) taken from the cumlative curve, So,

C = f(& PW 22
( OQ) t ( )
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Figure 10, Maximum ordinate on cumulative traffic distribution
curve for two wheels versus wheel spacing, for wander of T0 in.
and 140 in, (from Reference 6)
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31, The individual curves that yield the cumulative curve are
computed by relating them to the SND curve through Equation 4, The
pass=-per-coverage ratio is then given by the expression:

Qg
| ]

fix W (23)

Practical example of pass-per-
coverage ratio computation

32, Compute the pass-per-coverage ratio for the Boeing TOT7-100
eiroraft on a taxiway. Alrcraft data™ are as follows:
Wheel arrangement: twiu=tandem tricycle
Tire width (W ) = 13.5 in,
Tread (Tw) = 265,0 in,
Twin-wheel spacing (St) = 34,0 in,
Tundem-wheel spacing = 56.0 in.
33. On a taxiway, the wander width is 70 in. The pass-per=-
coverage ratio is given by Equation 23 as follows:

ajg
]

The ordinates of a GND curve for one whael are given by Equation U:

£(x) = 2= £(z)
X
vhere o, = 30,43 in. {for a wander of 70 in.) and £{z) may be taken
from Table 1., Taking severel values of 2z , the computations may be

done as in the following tabulation, for construction of the GND curve
shown in Figure 12,

2 f[z) X = °x 2, in, f(xl

0.00 0,3989 0.0 7.0131
0.20 0,3910 6.1 0.0128
0.50 0.3521 15.2 0.0116
1.00 0.2420 30,4 0.0080
1,50 0.1295 k5,6 0.00Lk2
2,00 0.0540 60.9 0,008
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Figure 12. GND curve for the Boeing 707-100

The solid lines in Figure 12 represent the OND curves for individual
vheels and the dashed line represents the cumilative curve for the front
or rear twin wheels. So, the f(xbe) value for one gear is 2 x 0,0227
= 0.0454 , Since the wander is 70 in. and the distance between the
cente: lines of the inside wheels (Tw - St) 1s greater than 100 in.,
the cumulative curves of the two twin-tandem gears de not overlap.
Therefore, the maximum ordinate for the Boeing TOT-100 1s the same ag

for one gear. The value of the maximum ordinate of the Boeing TOT~100
GMD curve could also be taken from Flgure 10. Using the maximum ordinate

23




as determined ahove, the pass-per~coverage ratio can be computed using
Equation 23,

T T T e e

p 1
T oo w13 s - 163

- .

Effect of Load Repetitions

3k, The demign thickness of a pavement leyer can be represented
by the expression

t = oT (24)

T T e T S R A T W T TN T L

where T is a standard thickness for a particular aircraft and o 1s

a factor that adjusts the thicknese according to the number of operations
; or repetitions of that aircraft anticipated during the pavement life.

E The number of operations or passes is converted to coverages through

[ the procedure previously discussed,

g 35, In the past, the load repetitions factor, o , was considered

l to depend only upon the number of coverages (C) and was expressed as

{.
E a= 0,23 log C + 0.15 (25)
E

This factor could be represented by a straight line on a semilog plot1
(as shown in Figure 13). 1In the ebove equation, if ( equals 5000 cov-
erages, the a value equals one. So, according to that procedure, for
5000 coverages the design thickness is equal to the standard thickness

TR - i =

for a particular aircraft regardless of the type of landing gear
pesembly,

& 36, Recently, extensive experiments conducted at WES determined

1 the load repetitione factor to be dependent on the number of coverages
' and the number of wheels on the main landing gear assembliea.g'lo The

curves plotted in Figure 14, based on results obtained in full-scale




sy e _ |

]

i
|
!

SaFBISA0D SNSISA JO1IBJ SUOTIRIRAIaI pBOT °*£T 2By

S3IOVHIA0D
000001 cow.o_ 000! 001 ol 1
] i |
mIrT T 1 _.:___- T _.:47- I _:ﬂj_uﬂ _.::__ T 0

-02°0

|— 09°0

—08°0

P 'HOLOV4 SNOILILAd3aM avon

: TN 1 _C:%_; 1 _::L_ 1 1 _E_: j | _:::L L1 01

R e e e i s e S S s e A SR s M
B -3 T R A R QP T - A R S AP YT 0} g i ol s i v - L e P Wy




sod£3 Jus8 JUIPUBT SNOTIRA JOJ SOFVISAOD SNSISA J01OBJ suolqrjadsx peoy T 2INSTJ ;
SIDVHIA0D _ P
ol P
o Qn.._ Mn.z Nd_ ' . um..«..
TTITrr 1o« _:_.4- T _14-_-. T _-:-ﬁﬂa T _:Au_. | p— 0 -
..r,..ﬂ
W\,ﬁ
AR
—4—-20 .u” )
.

— ' ams3 3Lnamod oL T

q3asn $13IHM  JO HIENNN

] | ]
| ] 1
YOLOV4 SNOILILIL3Y QVvOI
e 3
A it ) _ - N

[TENE A ~::P. 1 _.Fr.rn t 11 IR IR | —:.__ L1 1 2




test sections, show no great differences among the o values at low
coverage levels, But, for large coverage levels, the difference cannot
be neglected. Therefore, to use Equation 24, the o +value must be

taken from Figure 1L based on the anticipated number of coverages and the
nunmber of tires used to compute the ESWL, The number of tires used to
compute the ESWL 1s that combination of tires which gives the greatest
ESWL (ESWL will be discussed in Part III),

a7
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é PART III: EFFECT OF WHEEL LOAD3 ON PAVEMENTS
1=
Deflections in Pavements for ESWL Determinations i
s
37, In computing elastic deflections in pavements, the CE uses
mthematical expressions based on Boussinesq's one-layer theory. The
pavement and the subgrade together are considered as a semi-infinite,
homogeneous, isotropic, and elastic medium, !
r; 38. The deflections in the subgrade scil have been computed 3
z through the equationll
t
ﬁ Az =g T (26)

_ where
; A = the vertical deflection at » depth 2z , in.
= the tire contact presaure, psi
the radius of the tire contact area, in.
= the modulus of elasticity of the subgrade materisl, pai
the deflection factor (a function of the depth and the radial
distance to the load center line)
39. The contact presaure is assumed to be equal to the tire
inflation pressure and independent of the effect of the tire contact
or the pavement surface. The tire contact areas is considered to be i

1 =1 9N
"

T . RITT LY G

circular, so the radius of the contact area is given by the expression

T g
r=g = (27) .*

Lt et

i LO. Two coefficients ure of particuler importance in the study of
deflections in earth masses: the modulus of elasticity E and Poimson's

I

ratlo v .
41, 1In Equation 26, the modulus of elasticity E is considered to :
\ be constunt and equal to the ratio between streas and straln, according ]

to Hooke's law, although modern theories state that the gtress-strain g

T 28
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e g

relationahip is nonlinear and dependent on the pressure applied to the
earth mass.lz According to the definition, the greater the modulus of
elastlicity, the greater the resistance of the material to elastic
deformation, The modulus of elasticity of a seml-infinlte half space
in the one-layer theory is considered to be constant and equal to the
modulus of the subgrade material.

k2, Poissen's ratio is mathematically defined by the equation

Voo (28)

where &, is the transversal strain and 2 is the longitudinal strain,
This coefficient expresses the ability of a material to increase its
transverse dimensions when the longitudinal dimensions decrease under

the effect of n compressive force, or decrease its transverse dimensions
vhen the material is under the effect of longitudinal tensile force, It
varies between 0,0 (for acmpressible materials) and 0.5 (for noncormpres-
s{ble materials)., Unbound granular materials may be considered to have

e variation in Poimson's ratiol3 of 0.2 to 0.5, The CE umses 0.5 as
Poisaon's ratio of earth materials, and this value is incorporated in

the deflection factor F in Equation 26.

L3, 1In Equation 26, the deflection factor F may be taken directly
from Figure 15, prepared with Poisson's ratio equal to 0,5,

LL, As part of an investigation of pressures and deflections in
homogeneous soil masses at WES, Ahlvin and Ulery presanted mathematical
expressions from the theory of elasticity and prepared tables that
permit the computation of theoretical stresses, strains, and deflections
under a circular load at any place in the earth's mass, and for any
value of Polsson's ratio.l According to Ahlvin and Ulery, the vertical
deflection at a depth 2z 1s given by the expression

b, =P L E Yy [za + (1 - v)H] (29)

29
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Deflection factor for uniform circular load

and Poisson's ratio equal to 0,5

Figure 15,
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Eab i
o n

where :
i Py Iy, end E have the same meaning as in Equation 26 %
; 2 = depth, in radii of the loaded area

v = Poigson's ratio

A and H = tabulated functions shown in Tables 2 and 3

45, The above equation may be rearranged as shown below:

s, = §£ (1 + v) [zA + (1 - v)E)] (30) i

And, finally, the equation becomes 1

P —_— I Pt S

3 » ! .
i | vwhere f
9 & , *
i j Fu (1+v)[zA+ (2= y)H] (32)

!

T e e

and represents a deflection factor that is a function of Polsson's
ratio of the earth masa, Equation 32 may be written for other values
of Pecisson's ratio as follows!
For v = 0,5, F=1,5 (z4 + 0,5H)

o O.b, F =il (2A+ 0,6H)

0.3, F = 1.3 (zA + 0,7TH)

0.2, F = 1,2 (2A + 0,8H)

L6, Tables L, 5, 6, and T show the values for Poissen's ratios

of 0.5, 0.4, 0.3, and 0.2, vespectively.

e e e ey

Single-Wheel Load

g e

47, Deflections of earth masses under single-wheel loads may be
i easily computed by use of either Equation 26 with Figure 15 for Polsson's ‘

ratio equal to 0.5, or Equatione 31 and 32 for any velue of Poissgon's
ratlo,

: 3
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|
L8, As expected, the deflection factors shown in Figure 15 have é
their maximum values at zero offset. The same may be observed in d
S!\ ) Tables 2 end 3 for values of A and H , Consequently, the maximum

- vertical deflection for a single-wheel load is at the center of the

; loaded area and this deflection diminishes with depth, Table 8 contains
3 the maximum deflection factors for a single-wheel loed, for v = 0,5,

: | 0.4, 0.3, and 0,2, These values have been computed by use of Equation 32
and Tables 2 and 3 at zero offset. The maximum deflection factors

for single-wheel loads and for v = 0,5 , as used by the CE, could also !
be obtained from Flgure 15 at zero offset or computed through the !

k. expression
Fu -T}“——: (33)
3Vz© + »

Multiple~Wheel Load

49, Heavy loads, such as the loads transported by large aircraft,

S

T g T

cannot be delivered to the pavement through a single wheel. Therefore,
miltiple-wheel agsemblies are used to better distribute the loads on the
pavement surface, In order to design for multiple-vwheel gear loads, the
concept of an "equivalent single-wheel load" was developed.l This concept
replaces in the computations the effect of multiple wheels on the elastic
medium by the effect of a single wheel., The ESWL is therefore s fictitious
load acting on a single wheel that has the mame contact area as one wheal
of the assembly, and that produces the same deflection as the whole
asgembly at a given depth in the earth memss, In other words, the ESWL,
acting on the pavement surface, produces at a given depth the same
deflection as the multiple-wheel assembly also acting on the pavement
surface.,

e

{ 50, In computing the ESWL, use is made of the principle of )
' superpoaition,l which says that the effect of the whole assembly at a ' X
" particular point in the earth mamsa is equal to the summation of the :
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effects of the individual tires at that point. So, for an n-wheel
assenmbly, the following equation may be written:

Am = A+ A

1 2 L An (3h)

vhere Am is the deflection due to the multiple~vheel assembly at a
particular point, and Al ’ A2 s ven An are the effects of the several
tires of the assembly on the deflection at that point.

51, By combining Equations 32 and 34, the following equation can
be written:

Br
Ay mER (P +Fy 000+ F) (35)
where Fl . F2 s v Fn are the deflection factors due to the several
tires of the assenmbly at the point considered. Therefore,

n
A-gﬁ- ZF (36)
1

52. Equation 36 shows the value of the deflection due to the
multiple-vheel gear load at a particular point beneath the asasembly.
But, in the computation of the EEWL for pavement design, the maximum
deflection beneath the assemdbly, at any depth, is needed, A family of
points that represent the maximum deflestion factors for the multiple-~
wheel load must therefore be found, If FM represents the maximum value

n
of %F‘ at any depth, Equation 36 yields:

AM-%’lFM (37)

vhere AM {s the maximum deflection due to the multiple~wheel assembly

at any depth under the load.
53. According to the definition of EBWL, the following equations
may be written:

33
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3

De” 8)
8, = —E—Fe (3

and

by ™ By (39)

where Ae is the maximum deflection due to the ESWL, Pe is the ESWL

A ' contact pressure, and F’e is the maximum defleotion factor due to the

p : ESWL. By definition, the ESWL ls a single-wheel load, so its maximum

f deflection factor is the same as for & single wheel, Values of Fe may
, be taken from Tables L, 5, 6, and T for v = 0,5, 0,4, 0.3, and 0.2,

} respectively,

54, Equations 37, 38, and 39 combined yield

p.Y
j BL, =&
: e i (ho)
E_' or
:
F
; P = P -ﬁﬂ (L1)
e

P Since the contact area of the ESWL is equal to the contact area of one
: wheel of the ussembdly, the following equations may be written:

. |
PA, = PA, 7 (42) i
e i
and 1
i
F |
P, =P g (43) :
) ;
i
55, Hquation 43 shows the relationship between the ESWL (Pe) and :
3 the load on one tire of the multiple~wheel amsembly (P) , The ESWL is
"“\
. 3k ;
; |
.
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not a constant, but varies with the deflection factor ratio oo As
e

considered by the CE for pavement purposes, the deflection factor ratlo
and consequently the ESWL very with depth only,

e

Computation of ESWL 1

56, To compute the ESWL for a particular multiple-wheel assambly,
the following data must be known: type of assembly, wheel spacing,
assembly load, tire contact area or tire pressure, and Poisson's ratio
of the subgrade materiel. As mentioned esarlier, the CE uses a Polsson's
ratio of 0.5 for materials used in conventional flexible pavements. e

57, Equation 43 shows the ESWL to be a function of the load on one |:
vwheel of the assembly and the ratio of the maximum deflection factor
for the multiple wheels and the maximum deflection factor for the single
vheel, The Fe value is easily obtained, as discussed in previous
paragraphs, To compute FM y the following steps are taken:

a. Compute the maximum deflection factors beneath one wheel
of the assembly, as follows: (1) select a wheel and list
1tes maximum defiection factors (from Table 8) for meveral
depths, and (2) determine the deflection factors for the
other wheels of the ussembly at their offset distances
(Tevles 4, 5, 6, or T). The sumnation of the defleation
factors thus obtained, at eamch depth considered, repre- h
sents the maximum deflection factors beneath one wheel \
at several depths and yilelds the maximum deflection factors
curve for one wheel of the massembly. ;

b. Compute the maximum deflection factors beneath the critical !
points. Each configuration must be analyzed on a case~by- ?
case basla, For example, for & dual-wheel assembly, the i
eritical point is midway between the two wheels, Beneath 1
& twin-tandem, the maximum deflection migrates with depth, :

i from & point beneath the center of one tire contact ares

' at the pavement surface to the centroid of the asmembly

at deep depths, This migration follows a curved path

vhose shape depends on the gear geometry. Therefore, the

centroid of the aasembly and a point where, according to ,
g good Judgment, the flow path is conasidered to be must be ]
1 chosen ag critical points,

T T T
e B e

i

;“ ¢+ The maximum deflection factors beneath one wheel and s
' beneath the critical points are plotted and the respective !

35
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58,

curves must be drawn. The maximum deflection factor
beneath one wheel is the maximum at shallow depths. At
deep depths, the Fy value lies beneath the centroid of
the gear. Thus, the curves will intersect at some depth,
That portion of each curve in the vicinity of this inter-
section must be interconnected by a smooth curvel to repreo=
sent the maximum F, values at all depths (Figure 16).

In a previous paragraph, it was stated that the ESWL varies

with depth, Therefore, the usual procedure is to compute the ESWL as a
percent of the assembly load and then plot this percent versus depth

(Pigure 17).
Example of ESWL Computation
59, Compute the ESWL for a C~131E aircraft which has the followiug

characteristics:

60,

61.

15

Type of assembly: Twin
Wheel spacing: 26 in,

Assembly load: 27,000 1b (45 percent of the maximum gross
waight)

Tire pressure: 90 psi
Poisson's ratio of the subgrade material: 0.k
The following steps should be followed in computing the ESWL:

&, Compute the load on one tire, P , Since the assembly
has twin wheels,

P u Assembé load _ ﬂ;&gp_& = 13,500 1b

b+ Determine the maximum deflection factors for a single
vheel,

The meximum deflection factors Fe for a single wheel may

be taken directly from Table 8 for the value of v = 0.4 , The depth
in radii is converted to inches as follows:

8. Calculate the tire contact area Ac :

P 13,500
Ac-;-—B-s-g—-—-lSO 8q in.
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where
P m loaed on one tire, 1b
p = tire pressure, psi

b. The contact area is considered to be circular and the
radius of the area is determined:

A
r = ;9 = 6,91 in,

62. The values of the maximum deflection factors for a single
wheel and for a Polsson's ratio of 0.4 are listed again in Table 9.

63, Determine the maximum deflection factors for the multiple-
vheel gear as follows!

&, The maximum deflection factors beneath one wheel of the
asgembly must be determined, For the twin assembly, the
meximum deflection factor directly under one wheel is the
summation of the effects of both wheels at the center line
of one of them, In other words, the maximum deflection
beneath one wheel is equal to the maximum deflection under
a single wheel, plus the deflection produced under that
wheel by the other wheel., The maximum deflection factors
beneath a single wheel may be taken directly from Table 8.
The distance between the two wheels is 26 in., or
3.76 radii. Therefore, the deflection factors at the
offsct distance cf the other wheel may be taken from
Table 5, through & linear interpolation, for an offset
distance equal to 3.76 radii. These values are shown in
Table 10.

b. The maximum deflection factors midway between the two
wheels of the twin assembly must now be found. This

point corresponds to an offset distance of 1.88 radii
“rom each wheel, These factore are shown in Table 11.

¢, Curves can be drawn (Figure 16) using the values of F
computed beneath one wheel and beneath the centroid ofM
the assembly., These two curves are then connected by
drawving a smooth curve at the point of intersection of
the two curves. This combined curve repregsents the
maximum deflection factors under the C-131E aircraft.

64, The ESWL can now be computed using the deflection faetors
taken from the maximum deflection factor curve (see Table 12)., A

curve of the ESWL in percent of assembly load can now be constructed,
es presented in Figure 17,
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PART IV: CONSTRUCTION OF CBR DESIGN CURVES

@ﬁ\ ' CBR Equation

65, The purpose of s pavement is to protect the subgrade from
shear fallure due to the loads applied at the pavement surface, These
loads ere applied through tires to the pavement, which spreads the
stresses to the point where they do not exceed the strengths of the
verious pevement layers or the subgrade. Therefore, data such as
3 magnitude of load, tire arrangement, the number of repetitions, and
the soil strength are of primery importance for pavement design.
. 66. The CE uses CER as & measure of soil strength., It is obtained i
rﬁ by use of a standardized test method that gives an indication of the
o resistance of a soll to the penetration of a piston having an end area
of 3 8q in, The CER is a percentage of a standard raaistanceh’ls but
is prepented as o dimensionless index number, :
» 67. In Part II of this report it was shown that the design thicke } ﬂ
3 ness of a pavement was equal to a standard thickness, T , corrected hy : :
a load repetitions factor, o . In recent years, this standard thieck-
ness has been computed using the following CBR equation, which was
adequate for low strengths but which had to be modified in the high
strength range for pavement atabllity and longevity.

PR R e

3
/ P
TANETEE T (kh)

In this equation, T 1is the thickness in inches; P is measured in
pounds and represente the tire load for a single-wheel gear, or the ESWL
for multiple-vheel loads; and Ac is the tirve contact area in sguare .
3 inches, usually considered equal to the quotient of the tire load and |
' the tire pressure,
68. This equation was developed primarily from performunce data
but mekes some use of theoretical concepts., It was developed from actual
date taken from test sections and airfields in use, with some considera-
tion of the pattern of stresses under a uniform circular load in a

’ ko




homogeneous, isotropic, and elastic half space. The mathematical
developments leading to the CBR equation may be found in Reference 2,
69. Equation Lk can also be written as follows:

1 1 A

T \/P (m - pn) (h5) 1

vhere p 1s the average tire contact pressure in psi. And, finally, h

Equation 45 may be expressed in terms of two parameters, v?r. and 9—?— ’ :

X as follows: ° ! k.
'\-‘. : ');
e : -
S A ! 3
4 W' - 8 CER ~ n (L6)
1 e 1 :
. P : .
E The above parameters can be plotted as a combined CBR curve as shown in : ?
3 Figure 18, _ U

{3
g' 70, An analysis of Equation 46 shows the parameter VK' to have f )
real values in the interval

cER
P

0 <

A ST

£0.39

Q Tl, For the upper values of ggg s the value of V%:‘ approaches

j : zero, which indicates that the underlying layer is sufficlently strong
and does not need a pavement layer to protect 1t.2 However, in practice,

e

a minimum thickness of pavement is required to provide a wearing surface

and durability., The CBER curve can be adjusted to incorporate these
minimum thickness requirements.l

T72. Recently, a new Q%B versus ;ﬁ' relation was developed using
data from extensive tests conducted at WES with miltiple-wheal heavy

1 gear loada.9 »20

e e -

a3 well as data from earlier teat sections.3 The new
curve (Figure 19) coincides with the curve shown in Figure 18 for the

lower values of Q%B- « The statistical equation of the best-fit curve,
/ in terms of the same parameters EER and i y 181
P, P vxc
. .
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T e R

2
T ) GER) _ CBR
m:- [- 0,0481 - 1,562 (log 5 ) - 0.6k (log > )
CBR, >
- 0,4730 (log —13—) (47)

Both Equation 47 and the curve in Figure 19 can be used to compute the
pavement thickness for any value of CBR., No adjustment of this curve
is required for the higher values of 9%3 R

73. Equations U4 and "5, as well as the curve in Figure 18, may
still be used in computing pavement thickness on subgrades with CBR
values up to about 12-15,

74, The computation of pavement thickness for single-vheel loads
may be done by direct use of the above methodology, The computation of
pevement thickness for multiple-wheel loads may be accomplished in a
manner similar to that for single-wheel loads, but since the ESWL does
not have a fixed value and instead varies with depth, the value to be
used in the CBR equation must be determined for the pavement thickness.
Two situations are normally considered in determining the CER/thickness
relationship as follows:

2. When the CBR of the underlying layer is known, the thick-
ness of pavement 1s computed. For single wheels, this can
be acconmplished directly through use of the equations,
However, for multiple-wheel lcads an iterative procedure
is required. In this procedure, a thickness 1s assumed
and the corresponding ESWL and tire pressure are computed.
Then, by use of Figure 19, & value of thickness can be
computed, This result is then compared with the assumed
value, If they are not sufficiently close, a new thickness
is assumed, close to the computed thickness, and the ocalcu-
lations repeated. When the assumed and computed values
are sufficiently close, the CBR equation or its curve and
ESWL have been properly used,

b, VWhen the thickness i1s fixed end the CBR is desired, the
ESWL at tie fixed depth can be computed and no trial-asnd-
error procedure is involved in the use of the CBR equation
or 1ts curve,
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CBR Design Curves for Alrcraft

'"ﬂ . 75. A set of design curves may be constructed based upon the

o pProcedures presented above, by repeating the calewlations for various

f loads, traffic levels, or thicknesses. The calculations may be made

F simpler when numerous valdes are needed by assuming the pavement thick-

: nesses and calculating the CBR required, This eliminates the trial-

ﬁ and-error procedures., Part V of this report has been prepared in order i
:; to illustrate the development of a set of design curves through applica- )
' tion of the entire procedure presented herein, '
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PART V: COMPLETE EXAMPLE OF THE CONSTRUCTION
OF CBR DESIGN CURVES FOR AIRFIELDS

Introduction

76, This part was prepared in order to show a complete example of
the development of CBR design curves for flexible pavements, This
example will be for the C-1L1A aireraft, which is currently used by
the Air Force for the design of medium-load airfields.

Example Problem

T7. Assume a set of deslgn curves for taxiways is desired for
10,000, 50,000, and 100,000 passes of the C=-14lA aircraft having the
following characteristics:

Gear configuration: Twin-tandem tricycle (Figure 20)
Wheel spacing: 32.5 by 48,0 in.
Tread (Tw): 210 in,
Tire width (W ): 12.6 in,
Tire contact area (Ac): 208 8q in.
Maximum tekeoff weight: 320.0 kips
Poisson's ratio is assumed to be 0,5,

78, The solution of this problem may be divided into three parts:
(u) computation of the pass-per-coverage ratio, (b) computation of the
ESWL, end (c) computation of thickness requirements.

Computétion of pass~per-
coverage ratio

79. Bince the main gear is a twin-tandem arrangement, the pass-per-
coverage ratio is given by Equation 23:

1

f xoc w&

ajd

where f(xoc) 18 the maximum ordinate of the cumulative distribution

curve and wt is the tire width.
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Flgure 20, C=-141A landing gear configuration

80. A twin-tandem assembly is composed of two twln wheels in

tandem, having the same wheel path and producing identical cumulative

distribution curves, Therefore, the ordinates of a twin-tandem cumula-

tive distribution curve equal two times the corresponding ordinates of
the cumulative curve of one of the twins, The cumilative curve of a
twin is obtained by graphical addition of the overlapping ordinates of
two adjacent GND curves for one wheel, separated by a distance equal to
the wheel spacing.

81. The ordinetes of & GND curve of one wheel are given by
Equation b,

£(x) = 2= £(2)
X
According to Equation 16, for a wander width aqual to 70 in., used

currently for taxiways, Oy equals 30,43 in, The values of 2z and

L7
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’ f(z) may be taken from Table 1, Table 13 may then be prepared for the
E _ conatruction of the GND curve for one wheel.

?-\ ' 82, Using the values in Table 13, two equal curves can be drawn .
- : (Figure 21) 32,5 in. apart to represent the effect of the front or rear $
1 twin wheels, Each s0lld line represents one wheel, The dashed line

;i represents the cumulative curve for the two wheels, The cumulative value :
5 of the ordinates for the twin-tandem is double the value of the dashed :
3 line. So, |

f("oo) = 2 x 0,0231 = 0.0k62

83. Bince the wander is 70 in. and the spacing between the center i
lines of inside wheels (Tw - St) is greater than 100 in,, the cumulative ~
curves of one twin-tandem gear will have no influence on the other.
| Therefore, the maximum ordinate for the C-1UlA aircraft is r(xoc) - L
b 0,062 ,

‘ 8L, The maximum ordinate could also be found in a simple manner by
use of the chart in Figure 10, without need of constructing the GND : s
curves, '§

85. With the known values of f(xoo) and W£ y the pass-per-
coverage ratio ‘can be computed, as follows:

p 1
C ool xizg LR

T T TI o

" Computation of ESWL
E 86, The ESWL is computed through Equation L3:

_ F

: Fo = P E

; e |

{ :

4 where P 18 the load on one wheel of the assembly, FM is the maximum- '
deflection factor for the multiple-wheel assembly, and Fa is the single- }

d !

. wheel maximum deflection factor. This example will be for one main !

landing gear consisting of four tires,

T T
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Determine the load on one wheel SP). The load on one
main gear of the C-1LlA 1s considared equal to L5 percent
of the aircraft gross weight., Since the assembly has four
tires, P may be computed as shown below:

P = % x 0,45 x 320,000 = 36,000 1b

Determine single-wheel deflection factors. The ESWL is,
by definition, a single~wheel load; therefore, the maximum
deflection factors for & single wheel (F,) may be taken
from Table 8 for v = 0.5, Since the tire contact ares is
considered circular, the radius is:

’A ’
r = ﬂ—c- -2-1075-- 8.14 in.

The Fo values for various depths token from Table 8
relate to depth aa shown in Table 1L,

Determine maximum multiple-wheel deflection faotors.

(1) The first step in determining the maximum deflection
factors for a multiple-wheel assembly is to compute
the deflection factors beneath one wheel of the
assembly (point 1, Figure 22). For a twin-tandem
gear, the maximim deflection factors beneath one
vheel are the summation of the maximum defleetion
factors produced by one wheel (zero offset) plus the
deflection factors produced by the other wheels at
their offget distances,

(2) The maximum deflection factors beneath one wheel at
zero offget may be taken from Table 8. The maximum
deflection factors at the offset distances of the
other wheels may be taken from Table Y4, by linear
interpolation. For the offset distances of 32.5 in.
or 3,99 radii, 48,0 in. or 5.90 radii, and 47,96 in.
or T.12 radii, the deflection factors will be as shown
in Table 15.

(3) The secornd step is to compute the deflection factors a%
the centroid of the assembly (point 2 in Figure 22), or
at 3.56 radii from all wheels. The deflection factors
at this point due to the whole assembly equel four times
the factor for one wheel. Table 16 shows the maximum
deflection factors at the centroid of the assembly
obtained from Table k,
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(L) The two points considered above are the easiest to
identify as criticel points under any kind of gear,
It 1s known that, under a twin-tandem assembly, the
maximum deflection factors migrate with depth, through
a curve starting just beneath the center of one wheel
and ending beneath the centroid of the assembly. This
path varies according to the gear geometry, and there
is no practical way to identify it. Therefore, a third
point 1s selected arbitrarily, where the migration path
1s more likely to be., This third point helps to con-
struct the final maximum deflection curves, given
tesically by the firast two curvea, It may be necessary
at times to select more than three points to fully
define the maximum deflection curve,

(5) Select an intermediate point (point 3 in Figure 22)
whose offset distances to the four wheels eare 1L in,
or 1.72 redii, 21 in. or 2.58 radii, 43 in., or 5.28
radiil, and 46 in. or 5,61 radii. Table 1T shows the
deflection factors for this point.

(6) The next step is to draw the deflection facter curves
corresponding to the critical points studied (Figure 22).
As cen be seen, at shallow depths the deflection factors
are maximum at point 1., At deep depths, the maximum
deflection factors occur at point 2. At Intermediate
depths, the maximum deflection factors ocour at point 3,
which asaists in construction of a dashed curve that
provides a translition between the other curves. The
conbined curve represents the maximum deflection
factors beneath the mssembly, With values taken from
thie curve, the ESWL correaponding to various depthe
can be computed,

(7) The ESWL ies usually computed in percent of the asgembly
load., Table 18 can help in the computations. Using
these wvalues, a curve of the ESWL in percent of the
assembly load versus depth can be constructed, as shown
in Figure 23.

This procedure may be followed for other groupings of
tires to insure that the maximum ESWL has been obtained.

(8

~—

Determination of CBR/thickness
requirenents
87. The CBR versus thickness curves may be developed for any

loading condition, This example is for the C-1L1A and the calculations
herein are for a 320,000-1b gross weight. The caleculation of the CBR-
thickness relationships may be accomplished by hand calculations or by
computer. Both methods will be presented in this report, Appendix A
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contains the procedures for determining thickness requirements using the
comput«r program. This portion of the report will present the hand method
of calculation, which follows several distinct steps, These steps are
illustrated in Tables 19, 20, and 21, which present calculations for
10,000, 50,000, and 100,000 pusses.

88,

Step 1. The initiel step in the procedure is to assume a

geries of thicknesses for which it 1s desired to calculate
the corresponding CBR values.

Step 2, The second step le to convert the thicknesses
assumed above for particular pass levels to standerd thicke-
nesses using the load repetition factors (a) from

Figure 14, This figure is presented in terms of coverages;
therefore, the number of passes must be converted to cov-
erages using the pags-per-coverage ratio of 1.72 calculated
previously for the C-l4lA. The 10,000 passes convert to
5,814 coverages and yield an a of 0,791, the 50,000 passes
convert to 29,069 coverages and yield an « of 0.87, and
the 100,000 passes convert to 58,140 coverages and yield an
a of 0.90,

Step 3. The standard thicknesses are divided by the square

root of the contact area, The i&%- values are then used
c

to enter Figure 19 and corresponding velues of %EE are

determined. e

Step 4. Determine the ESWL at the ussumed depths using
values of ESWL as a percent of the agsembly load obtained
from Figure 23. Divide the ESWL by the contact area of
one tire to obtain the ESWL tire pressure (pe) .

Step 5. The %23 valueg are then multiplied by the cor-
reaponding p €values to obtain the CBR required below
the assumed tRickness.

This procedure is repeated for each deslired load or pass level,

The final CBR versus thickness curves can now be plotted for each pass

level as ek~v - 4in Figure 2k,
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; Table 1

L.‘j Ordinates and Area Under the SND Curve

‘ 2 Area Under the Curve
in standard deviations £(2) percent

0,00 0.3989 0.00 ' 1
0.20 0.3910 7.93 i ]
0.50 0.3521 19,15 ;
1,00 0.24%20 3L.13 :
1,15 0,2059 37.49 '
: 1.50 0,1295 43,32
N 2,00 0.0540 br.72 ;
v 3.00 0,004k 49,87
3.99 0,0001 50,00

= T,

S

R oo

S
AmTETr

PRI R A

4 o 3
Sl g
o e e oo AV TR e




& ~ ) - - uy N =g ~ -t \Q
g 5O RBIERELERE R
N D 3
3 8 8828838148
L9} 2
[}
~ ) a - - ~ -1
“ LA RN U § R m Ty
oy [} Q ~ ot —_
) >
- ] 8 g 88 8 %8
o
o A > T A B« T oMt
0 u . P T R Yy EEY> NN VAT
8 % 2 = 2 d8% 43 4
- <
~ 8 g & 388K 4 8 A
(el
o = wy e O 6w D N el 0
x(\: I [ e ] - .t a )C Q‘ o~ b N
Q I .E I s S sV M S ] Y]
Y N \ - . ]
v & - S R & & 08 $ 8 8 8 8 & 8
O
) . w 4 i - BN * ! -1 Dl [
W ! 19 Ve : S N O
Q o0 oA o4 [} o vy AR s
A ] » . > .
" 8 A < PO S “~
al ° ’
o N AY -y uN e - oy 3 1, -y A
N “ Lo w DN TR U AR S A
A piy Ay * > i i~ s t . ih ) e
Ol > © [ o N o LAl o ) Y I D
. - & - S o e I S
o
- - o A T T T L S T N
N R & o~ wy -1 s ~\ . et « Y] * & S
A ] A S N S S S 404 W
. (A D [ o0y y . » . k4 Iy ¥
- RS 8 5 8 5 8 7 & & = = R
oy
t t o [ ‘. ~ R — el N ™ us 4 ! N t:
L w un < . b — 0 I\ be) + T B wx « N
Ny Sy ¥ P = T oY B AP B ‘. T
. A A S S B TR« B PO AR A
oo & AT o A = T S TR A S SR R O
8} :
N - N ouy N 4 o N s O s
b e o4 ) - * .t 0y -r <| T r 1y 0 iy
- i o t- N 4 I\ —- N [0} v 'K‘ t- e
128 A & P — D s S s A AV Y S 4 o I
~ B ') it (&} O o o o o ) o o ~ e ™~ .
« I t
-
- N I} o a - u iy (") J [ o v ~ 1 3 el - Wy
. [ oSS S S B N L wox 7 CooN o D e
3 " A . + = r~ - A —~ .3 ~ ) ) PR t " 1
L [ & oW SR SR T o S 91 o T .
. s &G o N O o O O S e T B o S
o . . . . . . 4
."1
. I T ~ W FE g a R o T N
N A s N A F S D S | RV AN N
N 3 y . W r (;‘ ] Y g x — [ o1 3, n _\3’
. [ VN YA IS o« - ;
5 L A N T T I s
O Y Y - SR N o RS SN S o ST o O
T e R T k\ L N Y
- ] ¥ [N N J LA N N T
- SR KT W DU TN & T N TR ]
P P S B T P e = T R S B < NG S
i
o o ' - R ) TR S A DR 4 . A
. -1 il - L0 . < [eaY \*: i -1 Ol v Y ©r
) s - D S, S P RS S I S
- I - Ll [ - uy — \v N -t i b o By
o~ 1 o ey - ~t o~ 8] ) o s} el & lel
R T~ S = B TS B W I R TR B o
oo S JEY L L A A T T A T T s o
o o ¢ L AT S VE S RN v ST GO VS o ™ o
. an ~ Ay s o " Bre) IR — [ = b ~ ) Al
L~ - S ~ P N ) Fad B SV RY) - - =0 o]
4
D LA 6.3 [ 1 N n ™t ~ (o § t~ x o o
o (e NN 2 N =1 o C N O -2 p b [}
N EC I AR Yo S S | L A T SO N (. (R S
. L m A - N S N R a4 D
IS IR [N NS 1Y) A oo
-
N W 4 B L feal (aa} Al n b~ < [5nd ) [
LN ~r VI SO S ) Y w3 Q
t Q N sy O Ed e kS < L an [ N Q A
. % a o woo < | w0 ‘) &
Sl T A A N S T S S R =
-
Y Nt woom B R VT T R N L T T
3 —t — oy foxy Lrel o uws N R [ - Al
) = w9 7 [ S S e Y S 4 S o
. ™ O ar -1 ) [ a (31} . o - "N ) -
v g N h Wt [} [ChY o~ "~ i — —t le) ~ o Oy
-
v H W i ~ a "y ny ) o v — s o 3]
1 L : [ -~ W w o P ) . oy . P}
. & h 4 YR h 2o E SRS S U A S R
AN JET SR an AL et e e [
v o~ ‘e wn 3 e - o IS I I o = ) &
-
= -l
[ - PR - ' R EEEEERN A s W
aw gy . . . . . . . . . . . .
8 -8 oy . . o i . s o o Y 4 ,a ot rvx o .y ot W o e B ™~ B
i -t




Cor .,

CTLLO™  CETICT  0CEg0"  0G6R0° clefo* 01660 02260 00660 1
28507 glmalt fomlet 362307 v8lget 4EBECT ZOLECT  TOIOTT gNSCTT n$SoT” 62601" [aedd 4
S55CT CCqbCt GLEAGT LG0Tt BLTTIC 0g9TT¢ 2TTRT 26e2T” el -
LEE6CT TOTOTT E%3CTT CEYITT q0m8l" LECElT  669:1° LiosT’ At
CE660° FiTCTT  SliTTT 26LTT° gnsflt gogql  C5LST° 52e9T” I B

€35CT  STSITT  53L2TT CETRTT  GLSSTT 0RGITT  Céupt- 42136 $TIET Lonte :

ELTITT  96E2T”  m¥EETT ¥666TT Cnallt 30661 2R122°  ngl62"  p9%ie  geéfzt  gyIne L2Iset Ceper Tl R =
63T ETTETT 6T61° 4STLTT LLEET"  Loqezt £4sl2T 43E62 1gfofc €T wTIE- LERTIET w2280 fCeft LSezic :

F26TT" e SEECT  463LT° aceler 06e4T ET60f- =kaffr fnade- G619t C%6%% " poglt 2

>
o)
&
)
-
oy
I
4
a
oy
N
-t
[T
ay
3
W
i

RETELT TRLETT mESTT ETIRUT SINBET OnllZT ME0SET 2q@6Et 20lTnt EGetwt  20%qmt 95%het 2iéqee LA z .
- ClEC 122217 2501t €611 ES0ETT CEqSEt GnBdTt EinEET 6LE9NT 9605t RETEST 66656t FEBLGT  amTigt LItTe [

USEETT  €ECHTt 69E3TT GESETT  olowet - 2ITTET EI0E%  ESSTST  €eRlST L3TIst  wigmp LEEL3T Cliflt  gsoTic lliic ozt

3est Available Copy

WILLT 26EICT ESEECT  <€RETT zeivIT STSHTT WU gafwzt LLATEe 226y 43St T0L29 6allet  LgSelc  e0salt €0yt Soler Tz B
’ TELST  LL9EST  GENTLT  OS6LLT  giwesc a6t T6eant  gliéit £t

86865 €089 TASGLT  9eTEet g2Eltt woizét CLTLEC

19097 ZwRTyT - EnTels CROCE®  2allss  EncTés ~€L66° LECEC'T it

AymE9  EG9SL* L1643 CRT%6* S5T2C°T CEREL T 286TTT EEEiTCT Ehie

£2TL0- 620 bt LéueTt 1251 owstt ZohEl
Z z

€626 gel€yr 62590 RCE6LT #62CET TTETC'T OE2CT T =62iT°1 SiTfesy .oafset it

ZTIRCS"  f2lyt  2noERT 20296 GSUELUT fexz21 Lkt

%e1520  QE9EE" 99605 €2329°  RLYPT  OmL20'T OT26T°T 2qizf’l 6260%'T tintl a0sgetT itC
TIETT mRalt BRRRU 2loGZT 231527 RUEET 25ETET al00LT  26C6T  WE6C'T ATAETT T0CHT TaZGT amMEiT 1HiL Tl

T2 wATSe"  q6LEE"  L2HTS" 2emCl' L6 LCTET'T TLLR'T TWle'l «nofe’l ST060°1  ofee oot

LT ZISZTT GTENTT R®WUT Ge00z 0025TT STEEET TGS COTELT 6T 6T £958RT LRI TUIET LaAlE T :

=1 Eal <1 P L P [4 " T z T 71 T 0 o R —7 3 B
31504 UY 39835 :

WH, urlituny

-,

LA LM




N DU -
3
- - - 450°0 20T°0 TII'0 O2T'0 621°0 IfT°d €TI0 wI0 — - - - - - — oot E m
350°0 290°0 ©GO"0 150°3 IOTO III°0 @ZT'0 &T0 &I'0 @516 — — g0 — - - — 9910 @6 . m
£50°0 £90°0 TEO0 660°0 OITO €IT0 KTO OSTO0 WI'0 SIre — — €U0 — - - -~ %0 og m
15070 §90°0 220°0 U0 (IO F2I'0 SYT0 29T°0 Igr-e 4610 — — Q6 =— — =~ =— 20 01 . m
%50°0 190°0 THO'O 20T°0 9TII°0 EET°0 2ST°0 SITO OZ0 &2ZC — — 00 — - - = 20 09 - \. M_
95070 9%0°0 G50°0 Z0T0 LII'D SET0 650 ggro 2220 9520 —  — 920 — - — w620 w520 07§ & A
€25°0 $30°0 619°0 TOT'0 9II'0 9ET0 E9T°0 66T°0 Sy2'0 0620 £26°0 IFE°0 wWi“0 YSE°0 ISE°0 TG €90 %oS°C 0°- ., 3 .L
=550 v50'D gID°D S50T0 NIT'D SET'D €90 SO0 S0 W0 €6E°0 6Ty0 w0 Qyy0 6440 19770 £i%°0 wi*0 OF .u”/rpm.
n5C°0 £€90°0 LI0T0 16070 EIIG EET0 2910 SO2°0 ZIZ°0 wlf'0 9Ey™0 1970 S6v°0 915°0 EE5°0 9°5°0 25570 1350 §°2 w )
WLC £39°0 OIOTC 06070 TII'0 TEI'0 SSI°0 €02°0 SIZ°0 (660 £3v'0 I£S°0 S0 w90 2A9C GE9°0 %999 L5 0 02 ,.m
*%65°0 €070 9.0°0 $63°0 OII'0 62T°0 SST'0 66T°0 €12°0 »iy'0 625°0 CT9°0 999°C 61L°0 S3L°0 Igi'0 =2p°0 2623 §°1 e
- - — S60°0 601°) Q2’0 SSTO 96T°C 692°0 LIy'0 2$$°0 959°C TE1°0 E0R"0 §98°0 §.50 6760 050 2°1
7€0°0 €90°0 $IN°0 600 €OT0 L2T'0 EST'0 ¥6T°C S$92°0 SIy'C £95°0 $99°0 9IL°0 998°0 %60 600°T 60T TWI 0T
- - - - - - - - - — 995°0 g69°0 66L°0 906°0 %56°0 PO WI'T STI'T 6% 4
- - - - - - - - - ~—  §95°0 TW0 228°0 $£6°0 E0°T OTT'T 9I'T WUI'T O A
- - - - - - - - —  or'0 §95°0 WI'0 $P°0 U0 SCO°T EHU'T 22T 62°T 16 {
- - - - - - - - - - 9960 £21°0 199°0 600°T OEYI'T QIZ°T 692°T 92T 9°¢C A
€€0°0 Z30°C SI0°0 %500 QOT'C 92T°0 IST0 Y610 1€2°0 TR0 295°0 «£1°0 999°0 GYO'T OFT°T 2T %21 2T §C L
;

- = = = = = = = = 60 %0 I0 50
- - - - b - - 06T°0 S52°0 F6E°0 6450 TEL°O0 £2670
- - —~  460°0 10T°0 S2T'0 TST'0 6GT°0 %S2'0 C6E°0 TYS0 ZZL°0 ON6 0
- = — — — — T'0 MU0 20 fK°0 %S0 601D 05670
€50°0 £50°0 31070 160°0 I0T°0 SIT'0 OSI°0 EQT0 Y20 WE'O WSO L0 %70

900°T 622°T E2E°T 9T £66°T vw'@
geT°T SiZ2'T S9€°T C2v'I 1ayT E£°¢C
ST°T STE°T Son"T SST°T UN'Y 2°0
20T ET OEy°T Li1°Y €65 T1°0
612°7T SE°T PEN°T S8%°1 0CS°Y 3

~T f 037 ['] L 9 5 L] € [ [ [ 4 I

TP Uy 328330

0 30 vO 29 5 Toa
uy
z

wdag
"0 = A J0J 33039W] WOTIRTFI "y ITANL

-
L
=4
4
-
s
c o
—_— -~
. e e
S L e i 2 ENE 2 e T 2nd R L bt w2 AT i A e S B vt o Lk s a0 it Raicii i




e oy g T

CTm o ar e weinT e g e

- - —  650°0 I0T'0 SITC S2T0 ¥I'0 TR0 gyi'0 §Ir¢ — =— — - - - -
29070 £10°0 €00 20T'D ZITO 2ZZTO EET D0 WO yST'0 29T0 — - @Uo - - - -~ aro
£00°0 £i0°0 I90°0 SOT°0 ITL0 PT'O 2xTD 9STO $51°0 ,8n.o - -  ggro - - - — 1T
290°0 £10°0 £60°0 IOTO0 OZTC SET°0 TST0 69T°0 Igr'o 2o — - s - - - —  szo
200°0 £10°0 9g0°0 60T £2T°0 OZNT'O 09T0 £gi'0 1020 OEZ0 — - g0 - - - - R0
190°0 210°0 1§0°0 OIT'0 S2T°0 Y0 §9T°0 IST°0 TIE2°0 <520 — - =0 — - — 2%0 X0
190°0 210°0 10°0C OTT'0 92T°0 SMI'0 T0 OIZ°0 9520 60E°0 HEE"0 IvE°0 SSE°0 2960 @9€°0 UE0 €UE0 %i€-0
€30°0 TI0°0 920°0 WT'C SZT°0 IyT°0 9IT0 €T°0 0020 £9€°0 QOY0 fEN'0 Syy°0 290 Elx'D IO YO B0
0%C°D TII0°0 96070 QOTD %2T°0 94T0 9ITD T2Z'0 0620 266°0 ¥y'0 06Y°0 £IC"0 EES°D 06C°D £96°0 LISTO %S0
03070 010°0 58070 I0T°C €21°0 wMI'0 SITD 1220 S62°0 o2y'0 S0S°G 665°0 %65°0 929°0 w%$9°0 €59°0 §29°0 26970
090°0 0i0°0 .400°0 90T0 2Z2T0 ExI-0 2IT°0 612°0 I152°0 2nx"0 65670 0%9°0 96970 6xL°0 $AL°0 %10 I153°C T93°0
- - —  90TC W0 24I0 ZLU'C 1R=°0 %62°0 0Sy°0 1950 £69°0 §O1°0 IR0 $06°0 €56°0 1560 $66°0
050°0 010°0 %£0°0 SOT°0 T2T'0 2qT°0 TUT'0 SI2°0 262°0 250 €09°0 I21°0 619°0 01670 1660 ¥SO°T ITT'T 9OI°T
- - - - - - - - - -~ 609°0 wWsl°0 9%3°0 $56°0 £%0°T EOI°T TSTT $9TI°T
- - - - - - - - - -~ §19°0 090 €Ig"0 806°0 630°T SST°Y1 2L2°I @Z2°T
- - - - - - - - —~ gm0 919°0 yUl°0 SpE0 620°T ZIT°Y ST 9iZ°T E&°T
- - - - - - - - - — 119°0 98l"0 R6°C ELO°T P6I°T 6T I5E'1 65E°Y
€30°0 010°0 =§0°0 SOT°0 OZT'0 TAT'0 €9T0 €20 IGO0 My 0 91970 96L°0 9560 OT'T 962°T 26E°T Uo="T $27°T
- - - - - e - - —  Tgy'0 EI90 20§70 20670 S9T°T 9IET ST LT 0T
- - - - - - — 20 SE20 gEY0 YO WO 00T 02X HLETT LYT ST 6871
- - —  SOT'0 0213 Oxi 0 6IT°0 ZIZ'0 %S0 9Ex'0 $09°0 0030 TEO T %i2°T 2T ST S56°T 209°T
- -—_ - - - —~  691°0 ZIZ'0 %P0 SEY'0 65570 /LG 2€0°T FRE'T YT 9IS°T 63T 9L
65¢°0 ©10°0 ££O°C C0T°0 O2T°0 OYI°O Q9T°0 ZI2°0 %320 ¥y 0 P55°0 Igli"0 690°T €9%€E°T 16T Ti9°T €39°T 03571
a2 ot g T 3 3 1 € z

TIPeL wy 320330

&Y 2% 1 2°0 903G 0 0 TrPel
o}
z

:

TO =& 3] 10e; OIIPUA 5 STN0

i R M2l m

S et B serke e

3
2

H
i

i




D T . e Lo -

- - —  WT'e OIT'0 FIT'0 IZT'0 9EI0 £4T'0 0SI°0 “$°9 — -— - - - -_ - &3t
220°0 9i0°0 660°0 SOT'0 ST’ $2U°0 %T°0 IyT0 ISTO U0 — — OiI°%0 — — — — ATD o€
979°0 110°0 15070 &0T°0 O2r°0 ZET0 M0 66T°0 2UTO €916 — — T6T0 — - — %10 0
$99°0 10" 260°¢ ZIT0 S2T°0 &ET°0 95T°0 £IT0 16T0 9020 — - e - - - — w=e "t
950°0 Li0°0 €60°C IT°0 SZT°0 9I0 £HT°¢ PT°0 20 W20 — - %20 - - - — &0 ¢

€300 116°0 £60°0 9IT"0 UT0 IST0 SiT°0 €020 lfz0 @Qiz'0 — - z0 — - b 9CE"0 90ED L3
€20°0 LIG°0 €63°0 9IT°0 SEUO0 IO 2000 Ql20 %W2°0 91L°C ONE"0 €SC°0 TK"D I19€°0 3if°0 Ligo &if°0 61f0 £°%
€93°0 910°0 260°0 9T0 ELI°0 SST'O 93T°0 62°0 T62°0 E€IE0 LIy'0 2yy°0 1SS0 Oly'0 Toy'o 607°0 w60 9540 <C°F
€70°0 91070 250°0 SIC0 EETD SSY'0 QU0 €EZ"0 Z0ED WON0 S9q°0 WS0 €29°0 €9S°0 09570 2IS™0 0gs°0 €es0  §°2
$30°0 919°0 260°0 S0 2ZET0 SST'D IgT°0 WZT'0 OIE0 9EY"0 020 3)5°0 909°0 6970 99970 69970 ©OJL°0 Y0l°0 o2
$90°0 91070 TE0°0 STU'0 ZETO0 ¥WTO W0 %20 X0 £97°0 6IS°0 099°0 STi°9 @3L°0 €0 TEP0 Tigo 690 €1
- - — §IT°0 TET0 £ST°0 SEU0 €£2°0 WIt°0 Ely'0 £19°0 QIi"0 261°0 $99°0 626°0 QI6°0 OW'I Wo°T 271
€50°0 $910°0 I60°0 IO TIEI0 £ST'0 QT 0 2620 E£IX°0 YIN'0 TLY0 ISI°C 649°0 OvS'0 OG0T £90°L I41°T SETT O°X

- = = = = == == = == — 0990 9Ll°0 6l3°0 995°0 9I0°T OXI'T ESI'T $ST°T 670
- = = = — = =~ = = w0 S0 660 wT €LI'T weT 62T T 0
- - — = = - = = =~ 6lv0 Z¢5°0 ZIY0 926’0 OL0°T YET'T I92°T SIE'T SKET L0
— e = e e ee e= e == == 9090 G20°C 216°0 STI'T SuZ°1 LT YIET 60T 97O
€90°0 920°0 1600 IO OCT'0 2$T°0 £g9T°0 OE2°0 OIL°0 2iv°0 1$9°0 2990 S00°T TLI'I OTE"T QOT'T 971 =agy'U $°o
- = = e e == = = —  SIy0 15970 £5970 260°T 22T GIET ZpyT 01¢T ESS°T x0
~ = —~ —  — = =~ (xz0 6060 fIy0 %90 60 650°T PgT OSy'T 6T €I9°T ST E°0
— = = 4Ir'0 O0EI'D 2ST'0 LU0 622°0 QOE°0 2130 TE9°0 099°0 O00T'T 2$£°T CG2§°T w9l 299’ Wi T 2°0
- = == == = = fgro0 622°0 £0C'0 1IN0 649°0 959°0 WET'T 6Ty 996°1 69°T 91T WLT TO
©0°0 910°¢ CE£0°0 YIT°0 OET°0 YST°0 ZPT0 62270 @OE-0 CIN'0 Qe o 25P°0 6511 6ly'T €9°T ST zog't ot 2
Y < A [ L 9 4 N 3 - TT T T g6 90 w0 o0 _C_Twe
TIPRI W} P10 =

Tdaa

T0 =& 503 sao3ond wojioeiad -9 1001




= T

y 1. = S _— PR—
- - -  £f0T°0 YII"0 6IT°0 GRI°0 IET0 M0 05T0 S0 — - = = - - - o-ot
§90°0 §I0°0 T60°0 [OT°0 LII°0 12U°0 If1°0 gyU'0 $T°0 $910 — — Oir0 — - - — 2o 6
699°0 612°C £50°0 TII°0 22T°C %EI°C LsI°0 ©9T°0 ElT0 w10 — — TWroe -— - - — %6t 0@
$20°C 000 $60°0 SIT"0 L2170 THl°0 5170 SIT'0 26T°C 1020 - - e - - - - w20 0
£90°0 09070 950°0 LIT°0 2€T°0 TI°0 gIT°0 O6I'0 Y20 $L20 — — T2Z0 -~ - - — I52'0 ©'Yy
€00°0 0p2°0 3500 STL°D SET'0 oS0 QITC 920 628 20 — - e - - - 90£°¢ lot0 0%
£30°0 W0 16070 20 IET°0 SLT°0 lEU'0 £22°0 QR0 GIE'0 2" 4SE°0 29€70 §IE™D SIE“0 B0 6I€°0 00 O°x
£20°0 92070 160°0 TID FI°0 THT0 26T°0 9620 162°0 LIE"O O2X°0 w0 65x°0 2LY°0 20%°0 06O <670 960 o€
E50°C LD 160°D TI'D PEL0 29T°0 ¥ID OAT0 OIL°G BIY'0 OLy'0 <00 926°0 9 0 29570 %1$°0 2pI°C S0 K2
P00 OR°0 950°0C WO Y0 29I°G S6T°0 £42°0 O0X°C Y0 12670 035°0 €15°0 4970 019°0 TU9°¢ 20L°D lGL°0 072
£30°0 000 %00 OZI°0 GEI°0 IST'0 £61°0 w20 L0 SIN'O 065°0 ©019°0 %2L°0 SILL°O0 22970 S£2°0 9:g°0 wggc $°Y
- - —  02I0 EI°C T9T°0 ¥I'9 Y0 IX 0 60 12970 L0 <0g"0 SI9°C &6°0 [p6°0 F1o°U 629°T 2°T
§90°0 ©0B0°C 960°0 GRT'0 gEI°C TIT'0 $6T0 ENZ'0 IZE°0 S5y°C 0590 «lL"@ $98°0 456°0 ¢£0°T 160°T Tyr'UT Ixi'T O°t
- - - - - - - - - — 099°0 S61°0 16Q°0 900°T 260°T SSI'T Q61T f2°T 6°C
- - - - - - - - - ~—  299°0 918°0 OE6°C YWO'T WI'I 0221 192°1 €I §°G
- - = - - - - - -——  0)5"0 9I9°¢ 9g°0 Y5670 €60°T 2IT°T 062°T T T GSE°Y 270
- - - - - - - - — bt W30 -95¢°0 66670 omT'Y 2L2°T ST 6IyT LT §70
959°0 090°0 960°0 CZT-0 LU0 T9T'0 €60 220 OX°0 050 Sg9°0 €190 o1 £02T €T 2T €651 gI6°T 26
- - - - - - - - — 60 199°C 189°0 EIO°T ST gIW'l WET 2¥°T 203°T -0
- - - - - - — R0 S°C $61°0 19970 16g°0 OTT'T ZEET 16°T 665°T SPT SE9'T 9
- - — 0210 IT°0 09T°0 EST'0 232°0 S2X™0 1I5Y°0 $g9°0 206°0 NI'T SCY'T 9iS°T 199°T i=l'T 49L°T 29
- - - - - —~  E6T°0 29270 S0 154"0 %970 TO6°D SPT'T wew'T £59°1 99L°T 521 @' IO
159°0 03°0 $60°0 TZT0 I£7°C 091°0 261°0 292°0 SZE°0 960 £49°0 &60°0 222°T T'T LT Iw'T 16T 026°T 0
-3 P 07 g L o 4 y ¢ F3 [ S 1 2090 g 20 o Tiowx
TH=I W] 326330 n._
wadag
i
T
) . &
e R oo s amait

e T Lt L el Ceeled e b

s opdndnadly i..n‘) AR )




-

=

Table 8

T

Maximum Deflection Factors for Single Wheels

e ity

Depth =z Maximum Deflection Factors
. in radii ve 0,5 v = 0,14 y= 0,3 ve 0,2
. <
L, 0.0 1,500 1.680 1,820 1.920 v
3 o-l loh93 ln6h6 1:76’4 108h6 "
0.2 1.k71 1.602 1,701 1,767 :
0.3 1,437 1,5h49 1,632 1,685
0.k 1,393 1.489 1.559 1,602
0.5 1,342 1.425 1,484 1,518
‘ 0.6 1,286 1,359 1.k09 1,k37
; 0.7 1,229 1,293 1,336 1.358
3 0.8 1.172 1,228 1,265 1,283
. o 0.9 1,115 1,165 1,198 1.213
4 1.0 1.061 1,106 1,135 1,147
< 1,2 0.960 0.998 1.001 1.029
- 1.5 0.832 0,861 0.879 0,884
3 2,0 0.671 0.692 0.70b 0.707
3 2.5 0.557 0.5Th 0,583 0.58k4
< 3.0 0,47 0.488 0,496 0. 496
L,0 0,36k 0.374 0.379 0.380
. 5.0 0.294 0.302 0.306 0,307
' 6,0 0.2h7 0.253 0.257 0.257 i
7.0 0.212 0,218 0.221 0.221
8.0 0.186 0,191 0.194 0,194
9.0 0,166 0.170 0.172 0.172

R
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Table 9
Maximum Deflection Factors for Single Wheel; v = 0.4

3 g “Depth " Depth. ,

1 ' radii in, e radii in, 8

! 0.0 0.00 1.680 3.0 20.73 0.488

B 0.1 0.69 1,646 4,0 27.64 0.37h4 : )

0.2 1,38 1,602 5.0 34,55 0.302 ]

0.5 3.46 1.k425 6.0 L1.46 0.253 : :

i 1.0 6.91 1,106 7.0 48,37 0.218

: 1.5 10,37 0,861 8.0 55,28 0.191

| {
*
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Tatle 10

for Multiple Wheels

Deflection Factors Baneath One Tire

Multiple-Wheel
Deflection
Single~Wheel Deflection Factors
Depth Factors, ?!Lf Py
O » O-radi i 3 [} 76~radi i 0 . 0-!‘36.11

radii in. offmet offaet offset

(1) (2) (3) (L) (5) = (3) + (4
0,0 0,00 1.680 0,229 1,909
0.1 0.69 1,646 0.229 1,875
0.2 1,38 1,602 0,229 1,831
0.5 3.6 1.k2s5 0.231 1.656
1.0 6.91 1,106 0,233 1.33%
1.5 10.37 0.861 0,238 1,099
2.0 13,82 0.692 0.239 0.931
3.0 20,73 0.488 0,234 0.722
4,0 07.64 0.374 0.221 0.595
5.0 34,55 0.302 0,205 0.507
6,0 L1.,46 0.253 0,189 0.4k
T.0 48,37 0.218 0.173 0.391
8.0 55,28 0.151 0.159 0.350
9.0 62.19 0.170 0,146 0.316

N S T N e o e mh e M m i 1 ae
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Table 11

Multiple-Wheel Deflection Factors Under Center of Gravity

Dspth

¢ { radii

E

TR T T e T IR T e e
WO FWNNRFRPFOOOO
OO0 0O0ODO0OO0OVMOVINDEHO

® & & & & & & e o e

in,

0.00
0,69
1.38
3.46
6.91
10.37
13.82
20,73
27.6h4
34,55
L. 46
48,37
55,28
62.19

Deflectlon Factors
Single Wheel, Fe Multiple Wheel, FM
1,88=radii “Center of
offset assembly
(3) (b)) =2 x (3)
0.510 1.020
0.509 1,018
0.507 1,01k
0.505 1.010
0.496 0.992
0.472 0.94k
0.4kl 0.882
0.373 0.746
0.315 0.630
0.268 0,536
0.232 0.464
0.20k 0,408
0.181 0.362
0,163 0.326
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Table 13

‘ Ordinates of GND Curve

l X"y £(x) = &= £(2) |

- z £(z) in, og i

g 0,00  0.3989 0.0 0.0131 §

¢ 1,50  0.1295 Ls.6 0.00k2 ;

3 2,00  0.05k0 60.9 0.0018 :

f
Table 1k

Maximum Deflection Factors for Single Wheel; v = 0.5

Depth F Depth P :
radiil in. e radii in, ] g
0.0 0.00 1.500 3.0 2L, L2 0. 4Tk
0.1 0.81 1,493 .o 32,56 0.364
0.2 1.63 1.471 5.0 40,70 0.294 :
0.5 L, ot 1.342 6.0 48,84 0.247 :
1.0 8.1k 1,061 7.0 56,98 0.212 !
1,5 12.21 0.832 8.0 65,12 0.186 :
2.0 16,28 0.671 9.0 73.26 0.166 \
1
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Table 15
Deflection Factors Beneath One Wheel for Twin-Tandem Gear
Deflection Factors at Indl- ]
Depth cated Offset for Single Wheel Multiple~Wheel ;
0,00 3.99 5.90 T.12 Deflection Factors Below
radit _din, _radil  radii  radid  radii One Wheel (Point 1) )
0.0 0.00 1.500 0.190 0.128 0.108 1.923 ‘
0.1 0,81 1,493 0.190 0.128 0.105 1,916
0.2 1,63 1l.471 0,190 0.128 0.105 1,89k
0,5 h,oT 1,342 0.192 0.129 0,106 1.769
1,0 8,14 1,061 0.195 0.130 0.107 1,493
1.5 l2.21 0.832 0.200 0.132 0,108 1.272
2.0 16,28 0.67T1 0.204 0,134 0,109 1,118
3.0 2k b2 0. 4Tk 0.206 0,138 0.112 0.930
k.0 32,56 0.364 0,199 0.139 0,11k 0.816
5.0 40.70 0.29% 0,188 0.137 0.115 0.73b4
6,0 L8, 84 0.2k47 0.175 0.135 0.11h 0.671
T.0 56,98 0.212 0.162 0,130 0,112 0.616
8.0 65.12 0,186 0.150 0.124 0.109 0.569
9.0 73.26 0,166 0.139 0,118 0,106 0.529
ﬁ
1
1
& !
f §
t‘j i
N ! t , * .a"‘ ; Wt .'WL« B f
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Table 16

Deflection Factors at Centrold of Assembly

for Twin-Tandem Oesr

M
Multiple~Wheel
Single~Wheel Deflection Faators
Deflection Fectors at Centroid of
Depth at 3.56-Radii Assembly (Point 2 ;
Radii in, Offuet of Figure 22) i
0.1 0.81 0.218 0.872
0.2 1,63 0,218 0.872
0.5 4,07 0.220 0.880
1.0 8.1% 0.225 0.900
2,0 16,28 0.235 0.940
3.0 2k, k2 0,231 0.924
h,o 32,56 0.219 0.876
5.0 40,70 0.203 0.812
6.0 48,84 0,186 0.74s
7.0 56.98 0,170 0.680
8.0 65,12 0,156 0.624




Table 17

Deflection Factors at Intermediate Point for Twin-Tandem CGear

3 Single-Wheel Deflection
g Depth Factors at Indicated Offset [ Multiple-Wheel
b 1.72 2,58 5,28 561 Deflection Factors at
R radii n. radii | radil | radii | radii Point 3
0.1 0.81] o0.,545 | 0,310 | 0.14k4| 0,136 1,135
- 0.2 1.63| 0.544 | 0.311 | 0,14k | 0,236 1,135
0.5 4,07 0.537 | 0.317 | 0.1LkL | 0.136 1.13h
1.0 8.14| 0.527( 0.328 | 0.146| 0.137 1.128
1.5 12,21 | 0.485 | 0.332 | 0.248] 0.139 1,10k
2.0 16,28  o.LuT | 0,327 | 0.151 | 0.1k42 1,067
3.0 2b,b2| o0.,372 | 0,300 | 0,155| 0.146 0.973
4,0 32.56| 0,311 | 0,267 | 0.155] 0.147 0,880
5.0 bo.70| 0.264 | 0,256 | 0,152 | 0O.1kLb 0.796
; 6.0 48,84 | 0.228 | 0,210 | 0.147| o0.1ko 0.725
[ 7.0 56.98| 0.200 | 0,188 [ 0.140 | 0.135 0.663
- 8.0 65.12 0,177 | 0.169 | 0,132 | 0.128 0.606
9.0 73,26 0,159 | 0,153 ( 0.125| 0.121 0.558
' E
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Table 19
Thickness[CBR Requirements for 10,000 Pasges W
Asmumed
Load Standard
Th:l:l;ness Repetition Thickness T CER ]
(t * ) Factor in. ﬂr ——— ESWL p y
10,000 (@) (1) e Pe _ v ° CBR :
3 0,798 3.79 0.263 0,416 46,368 222.92 92,73
5 - 6.32 0.438 0.25% 47,808 229.85 59,53
10 12,64 0.877 0.113 52,128 250.62 28.32
15 18,96 1,315 0,061 58,176 279.69 17.06
20 25,28 1,753 0.0361 65,952 317.08 11.k5
25 31,61 2.192 0,02k 74,88 360,00 8.64
30 37.93 2,630 0,0171 83,232 400.15 6.84
Lo 50.57 3.50T 0.,0098 98,496  L73,54 4,66
50 63.21 4,383 0.0063 110,592 531.69 3.35 |
60 75.85 5,260 0.0044 117,648 565,62 2.k9 “
T0 Y 88,50 6,137 0.,0032 122,976 591.23 1.92 “
Table 20
Thickness/CBR Reguirements for 50,000 Pasees
|
Assumed i
Load Standard :
Thiiﬁn“' Repetition Thickness T CBR “
(t * Factor in, S—— ESWL }
50,000 (a) (T) ¢ Pe 1b Pe CBR .
3 0.87 3.h4 0.239 0.4l 46,368 222.92 98,30 :
5 5,75 0.399 0.283 47,808 229.85 65,04 i
10 11,49 0,797 0.129 52,128 250,62 32,33 |
15 17.2h 1.196 0.0722 58,176 279.69 20.19 b
20 22.99 1.594 0.0L43 65,952 31T7.08 13.63 |
25 28,74 1,993 0,0285 74,880 360.00 10,26 ;
30 34,48 2.391 00,0204 83,232 Lo0.15 8.16 ;
Lo 45,98 3,188 0,0118 98,h96 LT3, 5L  5.56 y
50 5747 3.985 0,0076 110,592 531.69 L,o5 !
60 £8.97 L,783 0.0053 117,648 565,62 3.00
70 \ 80.L46 5,580 0.0040 122,976 591.23 2.36

j
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Table 21

Thickness(CBR Requirements for 100,000 Passes

Assumed

Load Standard
Thigﬁneso Repetition Thickness P CER
(t ¢ ) Factor in, — ESWL
; 100,000’ _ (a) (7) e Py 1p Pe CBR

] 3 0.90 3.33 0.231 0.hks 46,368 222,92 99,2
. 5 5,56 0.385 0.290 k7,808 229.85 66.66
A 10 11,11 0.771 0.135 52,128 250.62 33.83
y 20 22,22  1.5h1 0.0455 65,952 31T.08 1L.43
3 25 27.78 1,926 0.0304 74,880 360.00 10.9h4
: 30 33,33 2,312 0.0219 83,232 L400.15 8.76
. Lo L4, bk 3.082 0.0126 98,496 LT3.54 5.97
1 50 55,56  3.853 0.0082 110,592 531.69 4,33
: 60 66,67 kL, 623 0,0057 117,648 565,62 3,22
: 70 V 77.78 5.394 0.,0042 122,976 591.23 2,50
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APPENDIX A: COMPUTER DETERMINATION OF !

CBR/THICKNESS REQUIREMENTS %

;’ﬂ The procedure for calculating CBR/thickness design curves has been ]

computerized with the exception of the pags~per=-coverage ratios. This .
I appendix presents en input guide, an input file, a problem output, and |
. a program llsting for this procedure. The problem cutput is for the f
é; ' C-141A aireraft as presented in the example in Part V of the main text. . fi

Other required data are:

i The basle data for the problem are: ' f
;é Alreraft gross weight = 320,000 1b ; X\
: Tire contact area = 208 aq in. f
3 Tire pressure » 173 psi _ '
}3 Number of wheels under consideration = L ;
| Tire spacing = 32,5 in, by 48 in, ]
J (Figure Al ;

‘

Pass levels = 1-7 pasa levels as selected., Three pass levels
of 10,000, 50,000, and 100,00 were selected for
this example,

=y

Alpha values = la7 alpha values corresponding to the selected
pass levels are obtained from Figure 14 of the
main text, Alpha values for this example are
0.798, 0.87, and 0.90.

Radil = The radius of the tire contact area, assuming
the area to be a cirele, For this example,

ffe _ [ac8
r -V?T_ -\m- 8-13 in.

— - -

Orid locatlon and dimensions = The grid is used in the search
for the position of maximum deflection for ESWL
calculations, Location of the grid may be a
trial-and-error procedure for a particular gear,
: although, with experience, this location can be
A determined by gcod engineering Judgment. The
values of GX and GY represent the X-Y origin
of the grid, DGX sand DGY +the distance between
grid lines, and XK and YK the number of grid
lines in each direction., The grid used in the
sample problem 1s shown in Flgure Al., Normally,
‘ the dimensions between grid lines should be in
- the order of 1/2 radii.




3
;3
v'
L Y-AX1S
; y |
3 !
‘ : G)(o,u) (32.5,48)
k
i
b 48"
2 - GRID —
a_
L L ' —~ X-AXIS
[ | J(0,0) \/(325,0)
e 325" s
;, 8. WHEEL CONFIGURATION, COORDINATES § GRID LOCATION
]
E
(0,24) (18.8,24)
;
f
: . .
i- T X:DATA Y-DATA
e GX=0. GY= 0.
4 DGX=40825 DGY= @,
| XK=, YK = 5.
e
b
3 (0,0) (18.5,0)
~ ~
4,0825"
; b. GRID DIMENSIONS § COORDINATES
-,
% Tigure Al. C-1LlA gear and grid for ESWL determinationa
y A2
! ) -
L: RO N A A P § T L
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: Depth for solutisn = Maximum of 8 and minimum of 2 depths.
Input by the number of depths (ZK) and incre=~
ment (DZ) between depths.

Input Guide

! Read Number of Wheels.
Line 10C NW

Read in X-Coordinates.

Line 110 X{(1), 1 =1, NW

Read in Y-Coordinates,

[ Line 120 Y(i), { = 1, NW

Note: If NW > 8, then 8 ccordinates are the maximum allowed on one data
line.

Read Grid Displacement, Increment, and Size for X Axis, then Y Axis.
Line 150  6X, DGX, XK, GY, DOY, YK

Read Number of Depths and Depth Increment,
Line 160 2K, D2

Read Number of Maximum Ordered Displacements per Depth.
Line 170  KKZ

Read Number of Sets of Pressures, Radii, and Passes.
Line 180 1IPR

Read Equlvalent Single-Wheel Radius and Presoure,
: Line 190 RESW, PESW

Read Munmber of Pass Levels and Alpha Values.
Iine 200 NAL

Read Passes,
Line 210 NCC(i), { = 1, NAL

Read Alpha Values.
Line 220 B(1i), 1 = 1, NAL

Read Contact Area,
Line 230 CAREA

If annther problem desired, return to first input, line 100, and
repeat steps through line 230, Begin next problem with a line
number greater than 230, The program has no restrictions as teo
how many problems may be attempted in one run,

i
k3
.
I
K

i T e
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lnput File

i LIST DFILE j

| oo 4 (g?h{
| 110 0, 32.5 32.5 0. Y ‘t (; A

| 120 0, 0. 48, 48, . \aLp&)

1 150 0. 4,062% S. 0. &, S, p%&p\ '

; 160 8, 2. ‘g&fs N )

. 170 & " A

g 120 1 ‘

: 190 2,13 173, ‘

] 2002 “'

AT I LT IR

;. S0 10000 S000D 100000 |
] SE0 0.7RE DGET 0,9 y
: 230 03, N
]

" PEADY -
i . |
\{

ra oL
T RS g i

3 :
4 K
l.‘
J
i :
b
Ak




Program Output

FLUN CITRF
GROUND FLOTATION UESIGN FROGRAM FESLILTSE
= C=141F HIPCRFAFT nES TGN
HUMREFR COF WHEEL: cMRSTRUIM &
4
 COORDINATES OF WHEELE

e BE, %0 3E, %0 e
v COORDINATES OF WHEEL:
(N W, g, "N e -
LOC, OF GROGRD THCRT MO, OF LIMIVMAN LG “
. 4, 5. 00 0, Y senll b v
HUMBEF OF TIEF. ‘MR Mg AND DEF. THIFEMENT T SRR
BoOD & 00 S
o |

DESIRED MO, OF OFD, MEY, DISPLOMTE PERDEF. cMAs, DE0
&

HO. OF %ETS OF FREI%.s FAD,« RAND 0OV, TO FOLLOW
'

FEFEREMCE FRDILS HND FRETILFE

9,18 Va0

STURET

{7%, 00 Ta On TE, 0N [ Ry
W, 1H E- I St
{ oo LA 1
HLEMA CWHLLES MAX v
M, mas TN [T

CONTHIT RFER
SE, an
NEFTH NEF, H=CFI, Y-CRT, DEFTH IEF, w=CRD, R 8
I1H%, FRCTOR IHZ, THY:, IHT, FRCTOR INT. IHZ,

e (N =00 1,450 0, (N

. 0 X
3, e i, {.4%1 d, NE i,
& il X ", tn,n 1, 280 0, e
4, O 0, "1 4, ne i,
4,0 1,700 0, f, 1&, 0 .87 N (e
1,64 4, N . {4 R CPNILS ",
] f.02d4 , ", 14,0 1. 1% [N i,
1,568 4,08 [N 1.14% 4, 0 N

D 1 [ 3 4 D 1 -T-
EINIL. FRICE: FOZIES PRITES NEFTH
FOLMD S oG LAy PRI 1M,
de ], - E 0.
3 .. &L an
4. N0
B,
.00
10N
{3, KN
{4, 00N

GROUND FLOTATION DEZIGM FROGRNAM FEIULTE

END oF FRORLEM

A5

T e et e

. Loy e

r—




70827 04

E‘“ 10n¢
L 14nC
3 128C
' 13kC
3 1446C
L 184C
X 1600
¥ 174C
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Page 1 of 8
PROGRAM LISTING

N2e21e77 11,186

[YIITYYYL) 1 MaAR 69

WES MoD 410G2nR0ey ¥4

PROA, 41-20«004 GROUND FLOTATION DESIGN o9 BNEING AIRCRAFY
DOCUMENT D6wdgBoT™N TRANSPORT DIVISION, RQOK 209, RENTON, WASK;

NOTEL tU THE ORIGINAL BOEING PRORRAM THE PAyEMENy DESIGN
DIVISION , S&PL, WES, HAS MADE SEVERAL CHANGER, THE TWICKNESS
SOLUYION WAS REPLACED WITW AN INTERPOLAYION SQHEME, THE
THIEKNESS IS NOW DERIVED FROM clur/P vS, T,SqRtA) cumrva,

THE OL'D FCPERCENT DESIGN THIEKNEAS) WAS BEEN RERLACED

WITH N 4LPHp VALUB: THE TERM gOVERAQES 1S REPL,cEn WITH

pass fevb s

tH1S PROGRAM 'CHANG4! 1S IDENyCAL 1O 'CHANG2!
WITH ONE EXCEPTION, AN OPTION IS AVAILABLE YO RUN 1e7
PASS LEVELS.,

32 NW  NyUMBER OF wHEELS

32 Xenu) X COORDINATE IN, 1IN,
32 X(NW) Y COORDINATE [N, IN,
32 RAD(NWY RaDIVS IN, IN,
32 RAY2(NW) RADIUS SaLARED INS
32 PRENK) PRESSURE RrSI,
(3 X COORD OF GRID(DISPLC) pax DELTA X

ax ¥ 000RD Of GRID(DISMLC) Doy DELYA V

XKaKx NUMRER GRID LINKS ¢S128)
YkakY MNUMAER GR{D | INKkS ¢$;2&
gKeky NUMBER OF DEPTHS

10e PH] ANGLE USED IN INTEGRATICN

iNe €S CUSINE QF PHL

10e gN2 $6 of SINE OF Pl

17,10,8 St JdeK) DISPLARKMENT

6 KKZ  NUMBER OF MAX, ORDERFD C1SPLAGEMENTYS/DEPTH
IPR  NUMgeR SgTS OF PRESS . \Rinlis ¢ cOVER,GEE /PROY

s ¢ 1YH CoVERABE VA UE

8 ? DEPTHCOF |TH WHEEL

8 12 Zt1) SNUARED

RUNNING TIME (MINULTES) & N¥ # KX @ Ky o K2 , 80

COMMON x(32),v(32),RAD(32)+RAD2(32))PR(32)
COMMON XG(111),YG(10),5(10,10,8)

COMMON 2(A)s22tA),XLOC(B, %60, YLO0CLR,068),5D0h,08)
COMMON (%), ESHL(8),cpat8, )

CamMON SN2¢10),LS(LU)

DIMENSTON KylyLe(S4)

X(NW)s YONWY, RADENW): RANZ2UINY)» PRONN)

A6

e T =

TR X T A TR

h
It
i
l.
i
¥
“,

{
A
)
|
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70827 01 02e21e77 11,180

ogbg XO(XK), YG(YK), S(XK, IKi ZKy

]

6ARC 2LZKYY Z202K) . XLOCLZK, KHZ)) YLIC(2K, kKZ), SDgz2k, KK2)

685he

66nC Ci%, ESWLIZK), CBR(IK, %) i
e7ne |
684 DIMENGION B¢?),NCCLT)

690 DIMENSION U(170),V(170)eTa(B

7
700 DATA | 1.3391.Q.9!9o96|o9400622090.800.8900645al2::00.75
TA08Y. 760 747720070 88y .660064)0629.6,,590,58),57,,564,5%,584,
72ncx53.-B?o.51..!..99..48..4?..46i.95..444.430.42..411.4..39.
P308.38, 4037, ,36,5.03%, . 340, 3304320030030 0270,280,2700200.3910,2444230,220.
7‘9&21‘uaiot'ﬁﬂatvlc’a?On160l175‘ol’i.165'lzolliqgoolsfol‘bo?l‘l.:35. ’ 1
7506513001255|12001}50,11n.1050.10}09'0.0959109401092000'9.053.
760200060 ,084,,002,,08,,078,40764.,074+,0721,070,068,,006,,064,,082
’,hﬁ?obt0059!005500057050560|09’0."540005314052l’°513|°5lu04’lonﬂa'
7‘&&00‘7‘00460-045950‘400043000‘20=°410|°‘l|°390’°39Ql°37l00361003"
79&6203?0-033oO?Uoou?ﬁa.027-.0?60.;250.0244.0230,0?2.o021..0?0.0190
500830180.0170ﬂ0160n9150001‘000134’Oﬂzt001300010f0°9ﬂ|°°.0{007100005l
5100(006'.00553.0050.0045;.004..00350-0030000250.0030-00175p-0015.
B2n440012%,,001,.00087%,.,00075,,0006425,,000%/
834 DATA v/0.0.048,.05,:058,.,06,.064,¢005:,07,.078:.08,.008,
84oa.09°’.1.-103..;1..;180912a.127‘.13,.140.150.;580,154a.168..17.
5’6&-17H'0}030?550,19'019‘3020n2°5l191l03180|2203230.24l0242V|25
BOA8Y ,#85,126),27,,278,,487142974,502,,3321,321,,93),342,,388,,37,
5708?33q03’550419042§0o44o.46.-4'..91.521.|550|5§0.572'|59'.h010 ]
60663‘2’06300651067I,6°017030.72.0:7‘20.76"|7.50l‘i!ll&‘..&’.
89AR. 91 ,93:,958,,97,.985,4,)8.,02:1,032,1,045,%,085,3,08,2,8,8,815
90h31.}3'1|15oi.178A101°n1-2101.3301o2901.3701'2901o31“01.33101.34
9106)1-3’591-3?:1.30?01.4010‘1?01.43:1.445010460;047503049501t’13o
9!261.93'1;5501.?701.59.1061201o53301.65;1667601.71'1o7301.760
93084, 82,1,883,4,9%,1,085,2,02%,2,063,2,105942.449+2,197,3,247,2,298,
94622.358,2,42,2.,406,2,557,2,63%¢2072,2,819,2,945,3,02%,%,157,3,30¢,
95nad, 44608, , 54,3, 088,4,162,4,321443501,4,704)4,935,5,208,%,928,
94nRL . P13,0,39,7,007,7,8387,8,381402056.9,924421,098041:87,12.82,

?70814,0%,15.7/,

980 799  FoRMATEENN

994aC

1000C sudessnenenssnne 1NPyT FORMATY

1010 701 FORMAY ¢ /7 9%, BUGO 1ARRY /7 )

1020 BU0  FORMAY (,044)

1030 8049  FORM.T (10F7.7)

1040 802  FORMAT (917

1080 808  FORMAT ( g1H1, BH TIMING / 20H Ky, KX Ky MoKA)TIMG 8174 F7,2/4H1)
1040C sedssssnnsassess  OUTPUT FNRMATS

1071¢

10Aa0 900 FORMAY (1141}

1000 901  FORMAT(10X)40KGROUND FLITATION LESIGN PRCGRAM RESULTS //7)

tipu 90p  FORMAT (13X, 20A4y /7 )

1140 903  FURMAT(20MNUMHER OF WYEELS (MaAXIMUM 32) 21H)

1190 904 FORMAT(23HX COORDINATEY OF WHEELS/(9FH,2)) ;
1480 9U%  FORMAT(23HY COORDINATES OF WHEELS/(9F8,2)) !
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1140 906  FORMAT{'LOC, OF GRD;GRE INCRT ,NO, OF LINS{MAX(gg))?
11408,7,6F8,2) .

1140 907 FORMAT(!NUMpgR OF pePy (MAX 08) ANp pgP. INCREMENY
117081,/7:2P8.2)

14A0 908  FORMAT('DESIRED NO, OF NRD, MAy, DISPLCMTS PER

14904DEP, (MAX,06)14/018)

1200 909 FORMAT('ND, OF SETS OF ARESS,, MaD,, AND cOV,

1210470 FOLLOWY, /,18)

1290 910 FokuAT(29HREFERENCE RADIUS AND PRESSURK/2FE,2)

12%0 911  FORMAT(9HPRESSURES/(9F8,2))

1240 912  FORMAT(SHRADI1/¢9FB,2}}

1280 913  FQORWAT(AMPASSES/(5110))

1240 944 FDnMA'PHX."DEP'rH'ol!o!DE"'.'.AX.‘X-C“D'.'.Ho'v-clb.'a
$27044%, 'DEPTHI ,4X, YDEF, ', 4Xs ' X=CRN, 1, 3% *YaCRD, 1)/

L2a08uX, ' INS .t (BX, PFACTORY , X, VING, * om)y ' INS, 1)
120048K, 1 INS 1 1 3%, 1 aCTORY F4x, 1 yNkD ) 8%, o yng 1)

1340 945 FORMA9(F9,1,F9,3,F9.24F9,2,F0,14F9,3,F9,2,FY,2/
13‘0‘('15'30F°|20F°|?0‘:18|3|r°|2“ao?,, .
1; N 94¢ PDRMAT(F9.1.FQ.3.¢9.gar’.altriau30?9. AN

) srj 947  FORMAT (35X, 3HgpRY 70 SHe ';7)(03\-'82!?07 nucgk.:x.suc R,
134037X.3H-T-./.AN.AHEsNL.gx.eHPAss 84Xy oH 8555'4X. HPAgBES 4 X,
1390486 HPASSES , 4 )X, 6HPASSES , 5%, SHDEPTH, /, 3X,6HPOUNDS 11101204110,
134081100 1L0%6%, JHIN, 1/ tF9,046FL032))

370 PRINT 900
}SAo 920 roanAvc'th. THEOR, DEFLECTION .4, M,X, OFFSEY

1300415 taF7,2,8H RAULIL ¢7)

1400 92% FORHAT;19HALPHA VALUES MAX(?)2/1(5F10,8))

1440 926 FORMAYCA2HCONTACT AREA,/ZF40,2)

490 927  FORMAT(4BX)SHCBR ) 7X,34eTw,/ 4%, 4HESHL DX 1 4HPABSESTSR ) SHDEPTH,
1‘30‘/03x05H90UNDSI“.006X93H!N.|’-(roaOO?Flolz)’

1440 928  FORMAT(ASX  IHCHR, 7X, 39CHAR PX ) dH=Tw,/, 4X, AHETUL , 9% TAHPASSES,
14sn¢4X.6HPAssss.sx.SHDtPTH.,.3x»eHP0unnS.2l1ooex’3HXN..4.1r9.gasfxo.za)
1440 929 PORMT(!;X.;HCBR_.?X. “f".‘lRo7X‘QHCB“.7X.3H'T’I/A‘I.4H SWLysX,uH
14704F ssas.Ax.euPAssss.4x.supags;q.hx.5H05P1u./sx.eupaunns.uxzo.ox,auxu.;
14808/ (F9,0%4r10,2))

1400 930  FORMAT(1%y JHCAR 7y, 34 AR, 7y, SHCBl, 7y, SHCHR ) 7y, 3HeTe, ety
1!00¢4HESNL.5x.eHPAssES.nx,bﬂPASSFq,4x.6HPASbES,4x.6HPASEL8.BX.5HD&PTH.
1!;0&/‘3x06HP°UNDSl‘110I6XISHXN|./l(r’.ﬂisribga,’

890 940 FORMAT(V) .

isao Call ATTACH(L4"PUSEA/DFRILEI® 4,00y}

1340 5000 ConTINUE

1850 PRINTOOL

1540C HEAD CURRENT TITLE CaRD

1590 READ 799

1% READ(1,940)LINENO,NW

890 1PCNW. 0T, 7000 TU 49

iegn READ(1.940)LINENO.(i(l)a1'1-NH)
1840 Gy Yo 692

1690 691 CONTINUE

1430 READCS,Q40)L INEND, (XCT)oTul,8)
16490 IF (NN, LT, @GO Tn 359

1680 READ (1,940 INENO, (X(1)rtu9,16)
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1640
1670
16a0
1690
1700 692
1790
1790 350
L1730
1740
17%n
1740
177¢
1740
1700 355
1890C
1810
1890
1830
10840C
1450
1840
13870
1As0
1890
19an¢C
194nC
1920
1940
1940
1950
19ang
197nC
1980
1990
20p0
2040
2090 3060
20xn
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TP, LT,17380 TO 3Y9p
READ(; ;940)LINENO, (XK(1)e]847,24)
IF(NW,LT,25)6G0 T0O 3450
READ(L,940)) INFIn, (Xt1)s1225,32)
READ (1,940 LINRNG, (Y(1) oY ug NI
GO YO 355
READL1,940)LINEND, (Y(1)i1n1,8)
IF(NW,LT,9)G0 TO 385
READCY 2 940)LINEND (Y (1) 0[nD,14)
IFENW. LT, 17760 YO 348
READ(Y, 940 ) LINENG(Y(T)alal?,24)
;:(gu{Lr.aS)eo T0 398

ADC1, 940)LINEND, (YL )etn )
. .

iAD N GRyD Dy SPL ACEMEYT,  NCREMENT AND $12€ Fou X AND YwaAX

HEAD (1,940 1L 1HENOTOx, DGy xlyys oy yK ' 1o OR X AN

KX®XK

KYRYyg

READ NUMHER OF DERTHS AND DEPTH NCREMENT
READ(L,940)LINEND, 2K/ D}

K2sZK

M2

KAsKyaKXoK2oMW

TIMEsKaA/d4%0,0

NOMBER " OF Ay TMM ORDEA

yMBER OF MAyIMyM ORDGAEZND LilgPi, ACEMENye PER PERwH REQUIRE
READ(L,940)LINEND, KKY s TS ! uIRED

gg:;oo,Pns-é.[pn
EQUly, SINGLE WHEEW 1All,S AND PRESS
FACTAR YSVIN RADII teou ;U. FAE!QHEE RADL
REBAD (L, 940)L14END, RESWIPESH
RESWysRESWeRF S A
DO 360 1mi,NW
pH(T)apESH
RADC!ysNESK
TFCIPRgoNE 3D GO ¢2 739

2040C READ ND, OF PASS LFVELS,

20%0

READ(1 (940 LINENG, MAL

30g0C WEAD PASSES,

070

READ{1) 40 LIMEND, (gt Dy d et ML)

20A0C READ ALPHA!'S,

2000

READ(1,940)LINENO, (B¢ly 1o, NAL)

2100C READ CONTACT AREA,

2110
2450 739
2ian
2140
2180
2140
M9

READ(1,940)L INENO, CAREA
CONYLUE
PFRINTOLI, NW
PRINTOO&, (XC1) )l yM)
PRINTOUS ¢Y(l)olmtoNW)
PRINTOO0A,GX,NGY, XK GY,0GY, YK
PRINTOU? ., 2K T2
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2180 PRINT908, kK2 ‘

2100 PRINT909, IPR

2200 PRINTO10,RESW,PESH

2210 PRINTO$1, (PRETy ) tal NN}

2220 PR!NT?12.(HAD(‘).I'1.NN)

2230 PRINT 013, (NCCtI)Y,lag,NAL)

2240 PRINY 92%,(0¢1),183,NAL)

22990 PRINy 926,CAREA

2240 Pxia.quboges
” 2270 DPE.S,0/(2,00P10RESHAPES Y,
v 22M0C SEY=UP OF GRID DEPTHS
3 2200 Z(1)20.0 ‘
v 2300 t2t1)s0,0
g 23¢0¢
X 2320 gozst-z.uz i
; 2330 (1) a2(le2)eD? i
\ 2340 z?(!ang(!)oz(!) ‘
: 23sn 25 CONTINUE !
' 23p40¢ ,
R 2370C Pl4p = ,07853981633974433p
: 23A0C P1/20 & ,4570796326794E9461 ,
5 2390C PI7I0 o ,3142992483%897932) 3
‘ 24n0C Pl u3,141592653589793233 :
: 2440 P1Den, 157079633 ;
) 2490 PHIne0,0785398163 :
: 2430¢ SEY<UP SIN(PHI\SQ AND COY(PHI, ‘
3 2440 N0271s1040
, 2450 PHYSRH1+B D !
i 2440 SINEuSINCPAL) J
- 2470 SN2(1)uSINE®SNE |
; 240 GSC1)RCOS(PHY)
. 2490 27 CONTINUE
H 2%a0c SET=UP RAD!1 SGUARED
{ 284n DOR2BIwg ,NW i
t zgpn 28 RADZ(1)=RAD{1VeRAD( ) ]
d 253n¢ SET=UP XmpOORPS FOR @Rlp 4
; 2%40 XG01)wGX f

2%80 NOHB1e2,Ky i
; 2540 40 XG(1)aXG(1=1;0D0X i
g 297qC SEY=UP YeCOORDS POR GAID
! 25an Ygtiinay
3 2nqf DONE122,KY
p :sgocaa Y&t )eYB(1es)eDBY
] 10
: 2830¢ SOAENOONNNAINORNNOERERtNINENIRR IRt

263n nosotag iy
) 2640 MG
i 2659 D078 wy (KX
: 2640 YIRXG( ) :
: 2870 0F6Kad K2 ,

2040 2K822(K) i

2890 88r0.0

Al0
1




70327 01

.\ 20
2740
; 2720
, 2730
274an
3 2750
' 2740
271710
27a0
27¢n
FLLL
28 NC
289nC
2830 48
2040
2082
8
2830
2840
2890
2900 72
4 2910
5 29o0¢
2950C
2940 74
2080
{ 2%
t 29910
29RN
2:9“
0p0
309n 73
30wnc
3030 120
3040 8502
3080 803
J0A0 74
3071
30a0 78
3090 7
3100 80
314nC
3120€C
3130C
) 3140
3480
k 3440
3i9nC
| 3480
3490
30
3210 210
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DOT4L =g sNW
RAD2LSRAD2(L)
RADLERAD(L)
PaLepy (L)
SJ1Ke0,0
XLGax(L)=XJ
RamXLGeXLA
YLGEY(L)~Y!
R2aYI.GeYLGR?
RaSGRT(R?)
1FLRRADL )68, 68,72

syM DIgPLACEMENY DUE 10 ONE yHEEL RAD, GREATER yHEN R
DO7¢Mga1,410

SARISQHT(RAD?L-RQ'SNi(H,,

ACARREC(M)

FRPSHC¢SAR

tRPZspRPOEHP

EEH'SAR'RC

FRMZgEHMAERM
SJUIKgSUIKe(ERP2/SNRT (ERW2e22K) oERMZ/SQHTIERM24722K 1 )4P D

SUM D SP ACEMENT DUE TO 9INF WHELL RAU, LESS THAn R

DD73Mel. 10
SARMBORY(R2-RHANRL#SND {1y

ACSRADLOCS (M)
SPASACYSAR

SPA2aSPARSRA

SSAa5AR=AC
SSKZ2eS8ARSYA )

gUIKEQUIKeAL/gA e (WAL /gntigPARSLRK InggAR/oprigghRe2RK) ) eP LD

SJIKebJIRaPRL
8§5,55+5J1K
CONTINUE
CONTIHUE
S(d)tK)08S
CUNTINUE
ONT {HUE
ONTNUVE

REBRGBUBNNNPINNDRAGABRINRGBONEONE

Do22212m3,K2Z
NORIIL 414 KK?
EMAXu0.0

DO2201xws KX

N02201Yas,KY

TPLS(IN, 1Y, 12)mEMAR) 220,220,240
EMAXSS(IX IV, 12)

All

EpRe e
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3220
3250
3240
3241
3240
327210 220
3240
dRe0 222
33a0¢C
33inc
332n
3330 2%0
33,0
asdy
3340
3390
3340
3300
34n0
3440
3:70
3440 1500
3440
3480
Jdop 204
3470
3440 1440
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tXMe1X
1YMaly
XLOCCTZ)LImXOCLX)
YLOC(1z,L)aYh(TY)
%kar.L>-St1x.1v.yz)
ONT INVE
S¢1XMytyMstzymu,0
CONTINUE

CALCULAYE EQuIv, gINGLT JHEEL LOA9
NO2501alsK?
ESWLII)WSDCT, 1) wSURT(RESN2422(1))
SRAREARSORT(CAREA)

nh 270 Is1/NaL

B0 245 JEi,K?

YAty Taaz2corsne )
VintA(Jyl)/gpAuEA

1F ¢V NE,0,) QU YO 1809

CBR(J, 1)UL e (ESWL CU)LCAREA)
00 Yo 247

CONT 11U

DO 286 KiKg,17y
IFEVIKy 6T Ve G0 T0 1499
CONTINUE

PRINT 1480
FORMAT(3X, taneee THICKIESS VALUG QONSIDERRD EXCEEDS LIM

4008178 afF BURVE esanset)

a0
3540 1490

60 TO 4%np
ULRALUGAO(UCKea ) ol (ViaV(k=i) ) 0 (ALOGLOfULK=2) JuALOGLO(LSK)

35208 1)/ (VIR) ey iKmi))

353
3540
384N
3540 267
3570 268
3%a0 270
3890¢C
36A0
384n
3690 339
3400C
3640
3680
3640
3670
J6a0
3600
3700
3740 868
3790
373nC

Uinin,seuL

CBR(J, 1)nyUsA® (ESWL(J)/CAREA)
KSak

CONTINUE

CONTINUF

CONTINUR

Nad3nlzes, K2
DOdIOLwl KKZ
Sberz.LdesSD(12,L)0DPRE

dastoontuene PRINT RARE 2

PRINTOYO

PRINT 014

K22nKL 2

KZOVR2uK?»
IPtK7-K22-h2?)50405051586
IEV!an

Gov0887

Al2

oL pTat

i e it e
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3770 0

3780 1K=K10V

3790 giKe

18400 \F(!-KZOVR216n3.590.59ﬂ
3840 590 GOTO(booubln\nlEVEN
339GC

830 400 PR1N1915.(11K)oSgiK.1).lLﬂc(Ko:‘.VLﬂctK-1)0K=X.L.K10VR2!.
3840&((50(K.J7.XLOC(K.J\.YLOCtK.J):K= ..x13VR2>. PRAYS

38sh 0070620

38a0C

3870 610 PR\N1916.zclKa.<SU(1K;Ja.xLoc&1*.J).VLGC(xKodx.J=1.KK11
saan 620 CONTINUF

sae0C

s9anC tOb-ooaonggo . pRINT oaGE 3

3910 PRthoon

3920 \F%NAL;En.iw prINT 927-lﬂCC(x)-1'1.NAL!.tESHL‘\t.tCBR(X.Jv.

393 &J‘ltNlL5.7(l).l= KD

1940 !FQNAL}EO.Z) PRINT 9?8-(“CC{\)oI’\uNAL)ctES“LLY).(CBRl\.J)-

39%08.0%1 NS4 ,12%

1940 INAL EN, pRINT 92°.tVCC(1,.!tx.NAL).(ESHL(X,.(CBR(K.J).

3970&J=1' A \v7(l’p\-1

19 1F (NAL LB pRINT 30.(“CC(‘).1‘L;NKL\ tisuh(&s.(eaR(X,Jl.

3900&J= ISRIL yaynle

4000 tFNAL.EQ: prl 917-(ﬂcr(x).x*..NLL).tFSAL(\).(GBQ(\.J\.

quOSJ-i'NﬁL)-7(1y 1=

an?0 1FENAL . L&) PR‘ T 9 7:{“CV(\’01‘1.5)nKLSVL(‘l-(CBR(\-J)!J 1
n&s),z(l).1=1. K

4040 rQNAL.E ) pRNT w17.(vcv(1\.w'1.5).(ESHL(13.(CBR(1.J\oJ

OIS S yazt D) 121X}

4060 PRINT 900

40790 lFQNAL.EQ.63 puind 977-cvcctxs.:=6.NAL3.t&sHL(xy;(cantl.J$.

N TLLEACN $a7¢ ) 1,%24) )

4000 IFQNAL.E0.7) pﬂ\NT 9?3:(QCC({).‘zénN‘L\l(ES“L(X).(CaR(X-J)c

a1nosS*e? TR AR 1a1.KD?

4140 PR\NTQDO ’

4120 RN 9

4430 5q0 CONTINUE

4140 6o YO 9

4150 1ND
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In accordance vith ER 70-2-3, paragraph 6c(1)(b),
dated 15 February 1973, a facsimile catalog card
in Lidbrary of Congress format is reproduced below.

Pereira, A Taboza

Procedures for development of CBR design curves, by
A. Taboza Pereira. Vicksburg, U. S. Army Fngineer
Waterways Experiment Station, 1977.

1 v. (various pagings) 1{llus. 27 em. (U. S.
Waterways Experiment Station. Instruction report S-77-1)
Prepared for Office, Chief of Fngineers, U. S. Army,
Washington, D. C., under Project LATR2T1O0ATLO, Task A2,

Work Unit 001.
Supersedes WES Instruction Report L, dated Nov. 1059,
Includes bibliography.

1. California Bearing Ratio. 2. Flexible pavements.
3. Pavement design. L. Pavements. I. U. S. Arnmy.
Corps of Engineers. (Series: U. S. Waterways Fx-
periment Station, Vicksburg, Miss. Instruction report
S=77-1)

TAT.W3Li no.S-T7-1
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