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PREFACE

The study reported herein was sponsored by Headquarters, U.S. Army Corps
of Engineers (HQUSACE), U.S. Air Force, U.S. Army, and the Federal Aviation
Administration (FAA) under the effort "Design for Heavy-Weight Aircraft." The
Technical Monitors were Mr. Paige Johnson, HQUSACE, Mr. John Rice, FAA, and
Mr. Jim Greene, U.S. Air Force.

The study was conducted at the U.S. Army Engineer Waterways Experiment
Station (WES) from May 1991 through March 1992 by the Pavement System Division
(PSD) of the Geotechnical Laboratory (GL). This report was written by
Dr. Walter R. Barker and Mr. Carlos R. Gonzales, PSD, under the supervision of
Dr. G. M. Haimmtt II, Chief, PSD; and Mr. Jim Hall, Chief, System Analysis
Branch. Mr. Richard Ahlvin, a WES consultant, assisted in the collection and
analysis of data. The work was performed under the general supervision of
Dr. Willia= F. Marcuson III, Director, GL.

Dr. Robert W. Whalin was the Director of WES. COL Bruce K. Howard, EN,
was the Commander during the preparation of this report.

iii

..... .



CONTENTS
Aus

INThODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

GENERAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

PAVEMENT PERFORMANCE DATA ....................... 3

GENERAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
AVAILABLE TEST SECTION DATA ............... ................... 3

DATA ANALYSIS ................... ................................. 7

GENERAL ......................... ............................. 7
COMPUTER PROGRAMS ..................... ........................ 7

WESWL Program ..................... ........................ 7
ACNLEA Program .................... ....................... 8

LAYERED ELASTIC AIRCRAFT CLASSIFICATION NUMBER ...... ......... 9
MATERIAL CHARACTERIZATION ............... .................... 10
RESPONSE PARAMETERS ............ ....................... ... 11
BOUSSINESSQ ANALYSIS .............. ..................... 12
MULTILAYER ANALYSIS ............... ....................... ... 13

Equivalent Single-Wheel Load Criteria .... ............ .. 13
Strain Criteria ............. ....................... ... 15

SINGLE-LAYER ANALYSIS ............. ...................... ... 23

COMPARISON OF DESIGN PROCEDURES ........... .................... .. 25

BASIS OF DESIGN COMPARISONS ......... ................... ... 25
DETERMINATION OF REQUIRED THICKNESS FOR THE ELASTIC LAYER

PROCEDURE ................. ........................... ... 25
DESIGN COMPARISONS .............. ....................... ... 25
EFFECTS OF TIRE SPACING ........... ..................... ... 28

DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS .... ............. .. 33

DISCUSSION .................. ........................... ... 33
CONCLUSIONS ................. ........................... ... 33
RECOMIENDATIONS ............... ......................... ... 35

REFERENCES ...................... ............................. ... 36

APPENDIX A: USER'S MANUAL FOR THE ACNLEA COMPUTER PROGRAM .... ...... Al

LIST OF FIGURES

Figure
No. PaWe

1 Cumulative distribution of coverages to failure in the test
data base ..................... .......................... 5

2 Cumulative distribution of subgrade CBR values in the test
data base ..................... .......................... 5

3 Cumulative distribution of total pavement thicknesses in the
test data base .................. ....................... 6

4 Comparison of data from the WESWL computer program .... ...... 9
5 Test section parameters for a multilayer system ........... ... 11

iv



LIST OF FIGURES (Continued)

Figure

6 Attenuation of pavement response parameters with distance
from point of loading .......... .................... .... 12

7 Plot for the a-factor analysis for an 8-radii cutoff
distance ................. .......................... .. 14

8 Plot for the a-factor analysis for a 12-radii cutoff
distance ................ .......................... ... 14

9 Plot for the a-factor criteria based on vertical
deflection ............................ ... 16

10 Plot for the a-curve criteria based on vertical strain . ... 16
11 Plot for the a-curve criteria based on maximum

horizontal strain .......... ...................... .... 17
12 Plot for the a-curve criteria based on maximum shear

strain ......... ......... ... ........................... 17
13 Plot for the a-curve criteria based on octahedral strain . 18
14 Performance criteria for multilayer system based on

vertical deflection ................................... .... 18
15 Performance criteria for multilayer system based on

vertical strain ........ ... ....................... ..... 20
16 Performance criteria for multilayer system based on maximum

horizontal strain ........ .. ...................... .... 20
17 Performance criteria for multilayer system based on maximum

shear strain ......................................... ..... 21
18 Performance criteria for multilayer system based on

octahedral strain ................................ ..... 21
19 Comparison between multiwheel and single-wheel test data . 22
20 Comparison between vertical strain criteria from previous

studies and the vertical strain criteria developed
in this study ........ ..... ......................... .... 23

21 Performance criteria for single-layer system based on
maximum shear strain ................ .................... 24

22 Standard pavement sections .............................. ..... 26
23 Determination of required thicknesses for the elastic layer

design procedure ......... ... ...................... .... 26
24 Required thickness versus subgrade CBR for a 43.5-kip

single wheel ......... ..... ........................ ..... 27
25 Required thickness versus subgrade CBR for a B-727 twin gear 27
26 Required thickness versus subgrade CBR for a heavy

B-747 gear ......... ..... ......................... ... 29
27 Required thickness versus subgrade CBR for a multiwheel

heavy gear .............. ......................... ..... 29
28 Effect of tire spacing (twin gear, 3 CBR subgrade) ...... ... 30
29 Effect of tire spacing (twin-tandem, 3 CBR subgrade) ..... .. 30
30 Effect of tire spacing (twin-tandem gear, IS CBR subgrade) 31
31 Maximum shear strain criteria plotted in an arithmetic scale 34
Al Main menu for the ACNLEA computer programs ...... ........... AS
A2 Input screen for the ACNIN computer program ...... .......... A5
A3 Search grid for a twin-tandem gear ........... ............. A7
A4 Input screen for the gear tire coordinates ....... .......... AS
A5 ACNHS input screen ......... ......... ...................... A9

v



LIST OF FIGURES (Concluded)

Figure

A6 Relationship between load and pavement response parameter
in an elastic system ................ ..................... A1O

A7 Screen for the rigid boundary layer depth .............. .... A13
A8 Extension of the search grid for the example problems ... ..... A16
A9 Example screen displaying a list of available load data

files ................ ............................ ... A17
A1O Partial view of the ACN results for the example problem 1 . A18
All Available print options for the ACNHS computer program .... A18
A12 Printout containing the results of the example problem 1 . A20
A13 ACGNS input for example problem 2 ..... ............... .... A23
A14 Partial view of the results obtained for example problem 2 . A23
A15 Printout containing the results of the example problem 2 . A24

LIST OF TABLES

Table
No. Page

1 Available Test Section Data Used ........... ............... 4
2 Results of the Analysis Performed on the Test Section Data 19

vi



small IA p N~

00

8 i I 01 .1

lesU

-m s it In110 111

''a.

aa
0 '

ZU
Z U

0z

mall 55 tia

I I:



INTRODUCTION

GENERAL

Airport congestion at major hub airports is dictating a need for larger
and heavier aircraft to carry more passengers such that the demand for air
travel can be met without an increase in aircraft movements. Already under
development are commercial aircraft having gross weights in excess of one
million pounds. For such an aircraft to be a commercially viable option, the
aircraft must be suitable to operate from most of the major civil airports.
There would also be considerable impact on military airfields in that many
military operations require the use of civil aircraft. In the design of the
landing gear for the new aircraft, it has become apparent that by the current
flexible pavement procedure for computing the effect of aircraft on pavement
performance, the new heavy aircraft will be more damaging than is permitted by
the Federal Aviation Administration (FAA) guidelines. The aircraft designers
suspect the method for computing the equivalent single-wheel load (ESWL) is
flawed when it is applied to the new type of aircraft gear.

BACKGROUND

The flexible pavement design procedure used by the FAA, the Army Corps
of Engineers, and the Air Force employs the California Bearing Ratio (CBR),
aircraft loading, tire contact area, and traffic volume as design parameters.
The development of the classic CBR equation is presented by Turnbull and
Ahlvin1 , Ahlvin2, and Ahlvin3 . The CBR equation was originally developed for
single-wheel gears and for a traffic level of 5,000 coverages.

To accommodate multiwheel aircraft in the design of flexible pavements,
a methodology for computing an ESWL was introduced into the CBR equation. 2

Ideally, the ESWL should be the loading on a single-wheel load which will be
equivalent in performance (i.e., passes to failure) to the multiwLeel gear.
In practice, the ESWL is defined as a load on a single tire having the same
contact area as a tire in the multiwheel gear, which will provide the same
deflection at a specified point in the pavement system as the multiwheel load.
The deflection on which the ESWL is based is the maximum deflection as com-
puted by the Boussinessq single-layer half-space theory at a specified depth
under the multiwheel gear. This results in the ESWL for a given aircraft
being a function of the depth for which the ESWL is to be computed.

In the early studies, several parameters were considered for determining
the ESWL. The principal two were the shear stress and vertical deflection.
From the data available at the time, the deflection-based ESWL appeared to
provide the best design parameter for use in the CBR equation. It was real-
ized during the development of the deflection-based ESWL that if aircraft were
developed having widely spaced multiwheel gears, the deflection-based ESWL for
that gear would probably under predict passes to failure (personal communica-
tion with Mr. R. G. Ahlvin). In the 1960's and 1970's, prototype testing of
uultiwheel gear verified that the ESWL based on deflection under predicted the
number of passes to failure. To compensate for the over prediction of the
ESML, a thickness adjustment factor for multiwheel aircraft and traffic volume
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was introducedA'5. The thickness adjustment factors (a-factors) were a

function of number of tires and level of traffic in terms of coverages.

In 1990, Mr. 0. W. Preston from McDonnell-Douglas Aircraft Corporation,

motivated by a long-held suspicion that the deflection is a poor parameter for
the prediction of pavement performance, undertook a study to evaluate the test
data from the multiwheel load tests conducted at the U.S. Army Engineer Water-
ways Experiment Station (WES). As a result of the study, Mr. Preston devel-
oped a design procedure based on the horizontal shear strain6 . In this
procedure, referred to in this report as the Preston's slope method, the hori-
zontal-shear strain is computed from the slope of the vertical deflection
basin for a plane at the top of the subgrade using the Boussinessq deflection
factors. The thickness of pavement above this "plane" is determined from
criteria developed from the test section data. Mr. Preston found that the use
of this methodology for pavement design eliminated the requirement for thick-
ness reduction factors and resulted in reduced design thicknesses for multi-
wheel aircraft.

As a direct result of Mr. Preston's study and in anticipation of the
operation of new heavy multiwheel aircraft, the U.S. Air Force, the FAA, and
the U.S. Army Corps of Engineers engaged the WES to undertake a study to
evaluate the available test data in light of Mr. Preston's study and newer
analytical methods for computing pavement response parameters.

2



PAVEMENT PERFORMANCE DATA

GENERAL

To investigate the correlation between the proposed design parameters
and pavement performance, available test section data were revisited and rean-
alyzed using a layered elastic methodology. Most data were obtained from
accelerated traffic test sections and consisted of pavement thicknesses, sub-
grade strengths, gear configurations, gear loads, and coverages to failure.

AVAILABLE TEST SECTION DATA

The data gathered for this investigation are summarized in Table 1. The
data in this table present the readily available performance data for flexible
airfield pavements. These data have been generated by the U.S. Army Corps of
Engineers over the past 50 years in work that has been sponsored by the Army,
Air Force, and FAA. This table presents the 37 test points considered for
analysis along with their respective references from which they were obtained.
Of these data, one test was a nonfailure, and four tests were borderline
failures. In the table, traffic is described by the gear type, tire spacing,
gear load, tire contact area, and coverages to failure. The total pavement
thickness above the subgrade, subgrade CBR, and failure condition describe the
pavement structure.

In compiling the data, Corps of Engineers' reports were searched for
test data and all data found was screened for inclusion in the data base. The
screening was based on adequacy of structure data and description of pavement
performance. For the most part, nonfailures were not included in the data.
Data point number 36 in Table 1 was an exception because this data point was
from the test section for development of criteria for the C-5 aircraft and was
particularly applicable to this study. After screening, the remaining data
consisted of a variety of pavements with a range of traffic levels to failure,
aircraft loading, subgrade strengths, and thicknesses. Figures 1, 2, and 3
give the cumulative distribution of the test section data for coverages to
failure, subgrade CBR values, and total pavement thicknesses, respectively.
Figure 1 shows that the maximum traffic to failure was approximately
7,000 coverages and the minimum traffic to failure was 6 coverages. The
median level of traffic to failure was approximately 300 coverages. Subgrade
CBR values range from as low as 3.7 to as high as 35, with a median CBR value
of 7. Total pavement thicknesses range from 5 to 49 inches, with a median
thickness of 16 inches. The applied loading to these pavements also consisted
of a range of load magnitudes and number of tires per gear which were repre-
sentative of contemporary aircraft. Single-wheel gears, twin gears, twin-
tandem gears, and delta-twin-tandem gears varying from 15 kips to 360 kips per
gear were available.

The range of the test data is important when considering the extent to
which the data are extrapolated. For example, in computing the aircraft clas-
sification numbers (ACN) for ultralow subgrade strengths, 10,000 coverages and
a 3 CBR are used for computing the ACN. The ACN for this ultralow strength
subgrade for some aircraft already in existence is in excess of 100,

3
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indicating the thicknesses required would be in excess of 65 inches. This
indicates that even in computing ACN, the data are being extrapolated far
beyond the bounds of the available data. In actual pavement design, the data
are being extrapolatad to an even greater extent. For instance, considering
that the FAA design procedure provides for 25,000 annual departures, and that
some major airports are considering designs for a 40-year pavement life, a
design traffic in the order of 1,000,000 total departures would have to be
expected. It is essential that the methodology used to extrapolate the data
has a sound theoretical basis and that the data are used as a means of
verification of the methodology.
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DATA ANALYSIS

GENERAL

The initial attempt at the reanalysis of the test data was to modify the
current methodology to reduce the effect on the computed ESWL of widely spaced
tires of an aircraft gear. This approach assumed that the Boussinessq theory
would compute more deflection at greater distances from the tire than would
exist in an actual pavement. This has in fact been long recognized and dif-
ferent correction procedures have been implemented. In the earlier studies at
WES, a 20-radii cutoff procedure had been applied. In his analysis,
Mr. Preston6 uniquely applied a 25-radii cutoff. The current computer program
used for computing the ESWL factor does not apply any cutoff distance for the
computing deflection. The result is that all tires regardless of spacing will
have a contribution to the ESWL factor. It was also extremely desirable to
maintain the ESWL concept and retain the basic ESWL/thickness/CBR relationship
of the current design procedure in the analysis methodology. The modification
should involve only the method in which the ESWL is determined. An obvious
modification would be to use different radii cutoff for computing a
deflection-based ESWL. The other obvious choice would be to 11- a different
response parameter as the basis for the ESWL. In computing the esponse
parameters, a Boussinessq model or an elastic multilayered model could have
been chosen.

After conducting the study for the initial approach, the benefit of
maintaining the basic ESWL/thickness/CBR relationship was questioned. A
second approach was developed in which the response parameters of the test
sections were related directly with the performance of the test sections. To
compute the response parameters, both the Boussinessq model and the elastic
layered model were available. The response parameters were determined at the
top of the subgrade. In addition to deflection the response parameters con-
sidered were the vertical strain, horizontal shear strain, maximum shear
strain, and the octahedral shear strain. The irony of using shear strain as a
pavement response parameter is that this was one of the parameters originally
suggested for computing the ESWL. At that time it was felt that ESWL's based
on shear strain would not be conservative. Another factor that may have been
a consideration in selecting the deflection over shear strain was that the
deflections due to multiwheel loading could be determined more readily by
means of tables and charts.

COMPUTER PROGRAMS

WESWL Program

For years WES has been utilizing a computer program developed by General
Dynamics Corporation for computing the ESWL curves for aircraft. The computer
program uses the Boussinessq model for an elastic half-space for computing
deflection factors at the top of the subgrade from which the ESWL is computed.
In 1991, WES developed a new ESWL pr' .ram specifically for the microcomputer.
This program, WESWL7, is similar to the earlier program but utilizes different
integration and search routines. For this study, the WESWL program was
modified such that different radii cutoff for computing the deflection r•-ild
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be considered. In the use of a radii cutoff, the deflection at the designated
cutoff distance (from the center of the load) is computed. All deflections
:omputed for distances less than the designated cutoff distance are adjusted

by the equation:

D -d-(x 1 /zTc)d, -

where

D - the adjusted deflection at distance xl used to compute the toL-
deflection for a multiwheel gear

d - the deflection computed by Boussinessq theory at a distance xl
from the center of the loaded area

x, - the distance for the search point to the center of the loaded area
x- the cut off distance which is equal the radius of the tire times

the cutoff radii
d- the deflection computed by Boussinessq theory at the cutoff

distance from the center of the loaded area

If the distance from the search point to the center of the tire is
greater than the cutoff distance, the deflection was assumed to be zero.
Thus, a tire at a distance greater than the cutoff distance would not have any
contribution to the ESWL.

Figure 4 provides a comparison of data obtained by running the WESWL
program for different radii cutoff distances. Figure 4 also shows data
obtained from Preston's analysis in which the ESWL was determined using the
slope method. The data clearly show that for cutoff distances less than
20 radii, the ratio of the ESWL at a given depth to the single-wheel load is
very sensitive to the cutoff distances. For distances greater than 20 radii,
there are little differences in the ESUL ratio.

AC.LEA Program

In the course of the project, the computer program "ACNLEA" was devel-
oped. This code uses a layered elastic model for computing the pavement
response to load. The layered elastic analytical model chosen to be incorpo-
rated into the ACNLEA computer program was the JULEA computer code. The JULEA
code was written for a single-load analysis by Dr. Jacob Uzan (personal corre-
spondence) and was modified at WES for multiload analysis. The JULEA code has
been used in the development of the elastic layered design procedures and in
the evaluation of pavements using elastic layered theory. The JULEA computer
program allows the calculation of the design parameters in a system of elastic
layers at any depth and at any point on a horizontal plane. A search grid was
added to the ACNLEA basic computer code to calculate values of the selected
parameters at locations defined by a grid and to sort the data to obtain the
maximum values. By the use of superposition, the computer program permits the
modeling of any gear configuration. The ACNLEA program has the capability of

8
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analyzing both minglo-layer and multilayer systems. The single-layer and
sultilayer capabilities allowed the analysis of the test sections both as a
single-layered system and as a multilayered system. The program automatically
"assigns material properties depending on which system is chosen to represent
the pavement structure.

In addition to the analysis of the test section data, the program has
the capabilities of analysis of pavements considering different performance
criteria, analysis of equivalent single-wheel loads for different aircraft,
and the computation of strain-based ACH values for an aircraft. A description
and a user guide for ACNLEA is provided in Appendix A. The computer program
and paveent performance criteria built into it have not been approved for
USGOo

LAYERED ELASTIC AIRCRAFT CLASSIFICATION NUMBER

The ACNLKA computer program contains performance criteria for pavement
design based on subgrade strain. The criteria imply that all loads producing
the sam subgrade strain magnitude will be equivalent in terms of pavement
performance. If this is true, then aircraft can be rated on the basis of a
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standard wheal that will produce the same subgrade strain magnitude (i.e., an
equivalent standard wheel in terms of performance). In the ACNLEA computer
program the loading of a standard wheel is computed which will produce the
same strain as the strain produced by the aircraft loading. This standard
wheal load represents the equivalent standard wheel load for that aircraft.
For a given aircraft, the equivalent standard wheel load will be a function of
the pavement thickness, the layer properties (modulus of elasticity and
Poisson's ratio), and the aircraft loading. The computer program generates
standard pavement sections which would eliminate the layer properties from the
list of independent parameters. With the standard sections the difference
caused by different subgrade strengths would be minor and most likely could be
disregarded. The ACN value of an aircraft could then be presented as a func-
tion of aircraft loading and thickness of the standard pavement. For computa-
tion of the pavement classification number (PCN) for an existing pavement, a
method would have to be developed for converting actual pavement sections to
the standard pavement sections. This could be accomplished by using a design
procedure similar to the present method for determining the PCN.

MATERIAL CHARACTERIZATION

The layered elastic analysis requires the characterization of pavement
structures by two elastic constants: modulus of elasticity and Poisson's
ratio. The basic assumptions when using the elastic model are that (1) the
pavement system is a layered continuum, (2) the layers are homogeneous and
isotropic, (3) the bottom layer extends to infinity, (4) the interface between
layers is either bonded, frictionless, or partially bonded, and (5) the loads
are applied as circular areas of pressure.

For the multilayer analysis, the actual thicknesses of the test sections
were used to define the layers composing their pavement structure. The
modulus of elasticity for the subgrade materials was estimated by the empiri-
cal relationship E.bvd. (psi) - 1,500*CBR. The Poisson's ratio for the sub-
grade materials was assumed to be 0.4. Modulus values for the granular layers
were empirically assigned as described by Barker and Brabston.8 The procedure
is based on relationships developed for resilient modules of unbound granular
layers as a function of the layer thickness and type of material. Asphalt
surface layers were assumed to have a modulus of elasticity of 250,000 psi and
a Poisson's ratio of 0.5. The interface condition between all layers was
considered to be fully bonded. Figure 5 illustrates a multilayer system used
in the analysis.

For the single-layer analysis, the sum of the test section thicknesses
above the subgrade were used as the depth at which the pavement response
parameters were computed. The single-layer above the subgrade was assumed to
have the same elastic constants as the subgrade material. Subgrade materials
with CBK values greater than 20 were considered to have a maximum modulus
value of 30,000 psi.

An elastic-layered structure was set up for each test section point and
analyzed with the ACNLEA computer program for the applied loading on each test
section. The maximum response parameters were then determined for each test
section to develop the performance criceria. Single-layer analyses were

10



ASPHALT El = 250,000 psi, U-0.5

BASE E2, u=0.3

T SUBBASE1 E3, v,0.3

SUBBASE2 E4, umO.3

SUBBASE3 ES, u=0.3

SUBGRADE E=1500*CBR, v-0.4

Figure 5. Test section parameters for a multilayer system

performed to compare results with the Corps of Engineers procedure and

Preston's slope method4 which is based on a single-layer system.

RESPONSE P T

Earlier in this report it was stated that because of the limited ranges
of the test data with respect to subgrade strengths, gear loading, and traffic
level, extrapolation is required beyond the ranges of the test data and that
selection of the paramettr(s) for extrapolation must be soundly based. It has
been recognized that the primary cause of pavement rutting has been shear
deformations. The current CBR design procedure was developed to basically
prevent such shear deformations. The logical parameters for consideration are
deflection, maximum shear strain, vertical strain, horizontal shear strain, or
octahedral shear strain. The deflection is the parameter currently used for
computation of the ESUL. Strain parameters are considered in lieu of stress
because past analyses indicate that the use of the strain provides a means of
indirectly considering subgrade strength. The fact that in these analyses the
modulus of elasticity of the subgrade was obtained from the CBR directly con-
nects the strain relationships to the CBR. In considering the problem of
aultiWheel gear the attenuation of the response parameters with distance must
be a consideration. To illustrate this, Figure 6 shows how different response
parameters attenuate for a single-wheel loading. The response for multiwheel
aircraft is computed by superimposing the response from the individual wheels.
The vertical deflection and vertical strain can be superimposed directly, but
the other parameters must be obtained by superposition of the strain tensors.
The maxuims shear strain, the octahedral strain, and the maximm horizontal
shear strain are computed maximum strain trnsors. The data in Figure 6

11
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Fig=e 6. Attenuation of pavement response parameters with distance

from point of toadinf

indicates that the vertical strain, haxlmM shear strain, and octahedral
strain, attenuate essentially at the same rate and at a higher rate than the
horizontal shear strain and the fthection.

BOUSSINZSSQ ANALYSIS

The first approach of this study was to develop a performance criteria
bthed on the iSWL and usLnf deelecteon computed at the top of the subgrade for
deteraininc the ESdt and the cltosical Cor equation for the relationshipbetween LWUL, subgrade strength, and thickness. This approach is the same as
the current design procedure except that different cutoff distances ;ere used
to compute the ESWL. The development of the VESWL computer program permitted
the calculation of the ZSWL for selected cutoff distances. For each data
point a thickness reduction factor (*-factor) was calculated based on the ESWL

values from the different cutoff distances and the CBR equation. The *-factor
is computed for each test section by first computing the ESWL using the pro-
gram WESVL. From the ESWL and the tire contact area, the ESWL contact pres-
sure (p) is determined. Finally, the Corps of Engineers CBR equation is
solved for the a-factor as shown.

a T/ [CA]*f(CBR/p)I
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where
a - thickness reduction factor (a-factor)
T -. total pavement thickness, inches
A - loaded contact area, square inches

CBR - subgrade CUR
p - contact pressure for the equivalent single wheel, psi

f(CER/p) - -0.0481-1.1562 og EBY-0.6414 ogCBRY-0.4730 fogCB•

Figures 7 and 8 present the data for the a-factor analysis with cutoff
distances of 8 and 12 radii, respectively. In the figures the a-factor is
presented as a percent of design thickness. Also presented in Figures 7 and 8
are the regression curves for both multiwheel and single-wheel data. It
should be noted that for single loading the cutoff distance does not apply
since the ESIIL is always equal to the single-wheel load. The regression curve
for the single-wheel data should agree with the load repetition factors cur-
rently being used for single-wheel loading. As can be seen in Figures 7 and
8, the published a-curve of a single wheel falls directly on top of the single
wheel regression line obtained from the analysis. In comparing the regression
curves for multiwheel data with the regression curve for the single wheel
data, it is seen that by the proper selection of a cutoff distance, a curve
can be determined which would be common to both multiwheel and single-wheel
gear.

MULTILAYER ANALYSIS

Equivalent Single-Wheel Load Criteria

As in the Boussinessq analysis, there was a strong desire to develop
performance criteria based on the ESWL concept using the classical CBR equa-
tion for the relationship between ESWL, subgrade strength, and thickness.
Because of the long term use of the CBR equation in airport pavement design,
there still existed a sense of loyalty to the relationship between CBR, load,
and thickness. The approach for multilayered analysis was the same as was
used for Boussinessq analysis except that in addition to deflection, strain
parameters are used to compute the ESWL. The availability of the ACNLEA com-
puter program permitted the calculation of the ESWL for multilayer pavement
systems. For each data point, an a factor was calculated based on the ESWL
values from the different strain values computed at the top of the subgrade
and the CBR equation. The steps required to calculate the a-factors are

(1) For each test point the pavement structure is established by
modeling each layer with the elastic layer constants (modulus of elasticity
and Poisson's ratio).

(2) Using the elastic layer computer program, the response of a
single-wheel from the gear is computed and expressed in terms of the selected
response parameter, SWrno..
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(3) The response of the gear (multiwheel) is calculated and expressed
in terms of the selected response parameter, MWr,,a*,*.

(4) The equivalent single-wheel load is calculated with the equation

£ZSL - S..'gle-vheel Load * (0jr.ape•S/SWr168Pon)

(5) The Corps of Engineers CBR equation is solved for the a factor
the same way as is done for the Boussinessq analysis.

Figures 9, 10, 11, 12, and 13 present a-plots based on ESIJL values
obtained from the maximum vertical deflection, maximum vertical strain, maxi-
mum horizontal shear strain, maximum shear strain, and maximum octahedral
strain parameters calculated on top of the subgrade, respectively. In Fig-
ure 9 it can be seen that the data of multiwheel gears is well below the data
for single-wheel gears. A comparison of the a-plots based on the strain
parameters (Figures 10, 11, 12, and 13) revealed that the multiwheel data
falls with the single-wheel data and that the data can be fit with one regres-
sion curve. This implies that using strain parameters as the basis for the
calculations yields criteria which can be independent of gear type.

In comparing the data for the different criteria (Figures 10 through
13), it is not apparent that a single criteria provides a superior relation-
ship over any other criteria. The data for all the criteria contain consider-
able scatter which could not be attributed to other parameters such as gear
type, subgrade strength, or pavement thickness.

Strain Criteria

Another analytical approach was to correlate directly the computed
strain values at the top of the subgrade with the performance (in terms of
coverages to failure) of the test sections. This analytical approach would
not utilize the CBR equation in the development of the criteria nor in the
prediction of pavement performance in pavement design. Instead of plotting
a-curves and using the CBR equation as the performance criteria, new criteria
were developed for each strain parameter considered. In the development of
the criteria, each of the test sections were analyzed using the ACNLEA com-
puter program. The test sections were modeled as layered elastic systems with
the layer properties determined as previously described. The loads applied to
the test sections were modeled as circular areas of uniform pressure. Table 2
contains the values of both deflections and strains computed in the analysis
of the test data. Figures 14 through 18 show the plots and regression fits of
the data. The data for the deflection parameter (Figure 14) contains scatter
that can clearly be attributed to gear type, indicating that a single criteria
curve based on deflection would not be appropriate. The plots for the strain
data produced regression curves very similar with no obvious superior rela-
tionship. None of the strain plots showed a significant difference between
multiwheel and single-wheel data. This is illustrated in Figure 19 where the
data for the maximum shear strain for the multiwheel and the single-wheel

15
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gears are plotted separately. Regression curves were generated for both sets

of data and for the combined data. Considering the overall scatter in the

data, differences between the different regression curves cannot be considered

to be significant.

Selecting a particular strain criteria to be used for design and evalua-

tion appear to be a matter of personal choice. To preclude the elimination of

any of the parameters for criteria, each of the regression curves have been

Included in the ACKLEA computer program and are available for pavement

research. The criteria based on maximum shear strain was selected for the

additional compaizions reported later in this report. Maximum shear strain

was selected because of the relationship between pavement rutting and shear.

Performance criteria based on vertical strain had been previously

developed$ for use with layered elastic criteria. The criteria in this

earlier study was developed to fit closely the current CBR design procedure.

The development of these criteria resulted in vertical strain criteria that

were a function of the subgrade strength. Figure 20 presents a comparison of

the vertical strain criteria developed in the earlier study with the vertical

strain criteria developed in this current study. It becomes obvious that the

now strain criteria, independent of subgrade strength, are very close to ear-

lier criteria for weaker subgrades. For high-strength subgrades, the allow-
able strains determined from the now criteria will be less than the allowable

strains determined from the earlier criteria. For low-strength subgrades, the

design pavoemont thicknesses should be about the same for both criteria, but
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Figure 20. Comparison between vertical strain criteria from previous
studies and the vertical strain criteria develop in this study

for high-strength subgrades the thicknesses determined using the new criteria
will be greater than the thicknesses determined using the older criteria.
Since the older strain criteria were developed to produce thicknesses that
match the CBI design procedure, the comparison of the new strain criteria and
older strain criteria would also apply to a comparison of the new strain
criteria and the CBl design procedure.

SIN=GL- IAYU ANALYSIS

A similar strain analysis was performed using a single layer to model
the pavement structure. The analysis would correspond to a Boussinessq analy-
sis except that a stiff layer was placed at 240 inches. The modulus of elas-
ticity of the subgrade was set at 1,500 times the CBR, and the Poisson's ratio
was set at 0.5 (as in the case for the Boussinessq analysis). In the single-
layer pavement system, the modulus of elasticity and Poisson's ratio values
for the layers composing a pavement structure are assumed to be equal to the
modulus of elasticity and Poisson's ratio of the subgrade, respectively. The
data from the single-layer analysis are given in Table 2. Figure 21 presents
the plot of the maximum shear strain as a function of coverages. The plots of
the other strain parameters indicated the same trends. It can be noticed, by
comparing data for multiwheel analysis (Figure 16) with the data presented for
the single-layer analysis (Figure 21), that both plots indicate a similar
correlation of strain with coverages. The regression line in the case of the
single-layer system plots above the line corresponding to the multilayer
system, but the scatter of the data points is about the same. There is no
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compelling evidence in the analysis of these data to select one modeling
system over the other. The computer program ACNLEA has the capability of
modeling a pavement using both systems and has the performance criteria for
both modeling systems.
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COMPARISON OF DESIGN PROCEDURES

BASIS OF DESIGN COMPARISONS

Design comparisons between the new criteria and other existing design
procedures were made. For these comparisons, hypothetical sections of typical
flexible pavements were designed from the current CBR design procedure. The
layered system for the elastic multilayer design consisted of an AC layer, a
granular base layer, a series of subbase layers (depending on the thickness of
the pavement), and the subgrade layer. As shown in Figure 22, the thickness
of the AC layers was set to 15 percent of the total thickness, the thickness
of base layers equal to 20 percent of the total thickness, and a subbase layer
equal to 65 percent of the total thickness. For the single-layer system, an
AC layer equal to 15 percent of the total thickness was used in the analysis.
Four different subgrade strengths were selected based on CBR values of 3, 6,
10, and 15.

Design comparisons were made between the multilayer system, single-layer
system, Preston's slope method, and the current CBR design procedure. Compar-
isons were made for a 43.5-kip single wheel, a B-727 gear (2 tires), a B-747
gear (16 tires), and a proposed landing gear (24 tires) that would support an
aircraft of over 1 million pounds. All of the comparisons were made for
10,000 coverages of these gears.

DENINATION OF REQUIRED THICKNESS FOR THE ELASTIC LAYER PROCEDURE

To determine the design pavement thickness using the elastic layer pro-
cedure, several thicknesses were assumed for the four different subgrade
strengths selected. The maximum shear strain is computed at the top of the
subgrade for each of the assumed pavement sections, and plots similar to the
plots shown in Figure 23 are generated. From this figure, the design thick-
ness can be determined by drawing a horizontal line corresponding to the lim-
iting strain value obtained from criteria plots (Figures 17 and 21) at
10,000 coverages and reading the thickness for each subgrade strength value
(Figure 23).

DESIGN COMPARISONS

Figures 24 and 25 show plots for the required thicknesses obtained for a
43.5-kip single-wheol load and the B-727 gear, respectively. Each curve in
the plots illustrates thi variation in thickness with subgrade CBR for the
respective design procedures. These two plots show two general trends occur-
ring in Sears with few tires. First, Preston's slope method and the Corps of
Engineers procedure tends to agree across the range of CBR values with thick-
nesses for the latter being slightly larger. Second, for CBR values of 4 and
above, the multilayer and single-layer systems give thicker pavements than the
Corps of Engineers or Preston's slope methods. For CBR values below 4, the
multLlayor approach results in thinner pavements than those obtained by the
single-layer system. This is because credit given to the structural layers in
the multilayer system results in lower strain values. For high CBR values,
the two curves converge and give approximately the same results.

25



MULTI-LAYER SYSTEM

ASPHALT a 0.15 T El a 250,000 psi, v-0.5

BASE = 0.20 T E2, uO.3

T SUBBASE1 E3, u-0.3

SUBBASE2 E4. vw0.3

SUBBASE3 ES, v-0.3

SUBGRADE E=1500CR, tu-0.4
Figure 22. Standard pavement sections

0.01 L

40 42 44 46 48 50 52 54 56 58 60

TOTAL THICIKNESS

Figure 23. Determination of required thicknesses for the elastic
layer design procedure

26



GEARIW-OME WHEEL $WM, mOV oE oo100

9O

80

70

60

50

40

~30

20

10 
N

0 3 6 9 12 15
SUBORADE COR, %

Figure 24. Required thickness versus subgrade CM for a 43.5-kip
"single wheel

B-727 (ONE GEAR), 10000 COVERAGES, GLm191000 LBS

60

~50 _ _ _

140

j30

20

10

0 3 6 9 12 15

SUBGRADE CBR %

Figure 25. Required thickness versus subgrade CBR for a B-727
twin gear

27



For the case of gears for heavier aircraft with many tires, the result-
ing behavior changes slightly. Figures 26 and 27 illustrate the plots for a
B-747 and a proposed gear intended to support a million pound aircraft,
respectively. It can be noted that the multilayer system consistently gives
thinner sections than the other design procedures. It seems that for heavier
gears with a large number of tires, the Corps of Engineers procedure tends to
overestimate the required thickness, particularly for low strength subgrades.
The exception is the case of high strength subgrade where the curves for the
different procedures get closer together. It can be seen from Figure 27 that
there are considerable reductions in design thickness if the multilayer or
Preston's slope procedures are used for designing pavements on medium- or low-
strength subgrades. This fact may be attributed to the overlapping effect in
the computation of the deflection factors for the equivalent single-wheel load
in the case of the Corps of Engineers procedure. This overlapping effect can
be demonstrated if Figure 27 is compared to Figure 24, where the plots were
generated for a single wheel of the one million pound gear. The difference in
the curves for each procedure corresponds to the influence or overlapping
effect of the tires (and probably the tire arrangement) on the design thick-
ness. It should be noted that for the heavier gears, the thickness of pave-
ment exceeds the greatest thickness in the data base. Also, the comparisons
are for a traffic level of 10,000 coverage, which is far more than the highest
level of traffic for the data base.

EFFECTS OF TIRE SPACING

Additional analyses were performed to assess the effect of tire spacing
on the required thickness of a pavement. The resulting design thicknesses for
twin and twin-tandem gears with various spacings were analyzed for subgrade
CBR values of 3 and 15. The tires in these gears were assumed to have a
50-kip load and contact area of 285 square inches. Thickness comparisons were
made between the maximum shear strain criteria as computed with the multilayer
pavement model and the CBR design procedure.

The analysis was performed by setting a tire spacing and then computing
the applied maximum shear strain at the subgrade level. This strain value was
then used to obtain the design thickness above the subgrade using the criteria
developed for maximum shear strain. The tires in the dual gears were spaced
from 20 inches to 90 inches. For the purpose of this analysis, twin-tandem
gears had a longitudinal spacing between tires equal to 1.25 times the trans-
verse spacing. When the tires transverse spacing was changed, the longitudi-
nal spacing was changed'accordingly. Figures 28, 29, and 30 show the results
of the analysis.

Figure 28 illustrates the required thicknesses for twin gears on a sub-
grade with a CBR of 3. The curves on the plot are for the multilayer system
analysis and the CBR design procedure. This plot demonstrates that increasing
the spacing between the tires in a twin gear decreases the required thickness
of a pavement. The decrease in thickness with the increase in tire spacing is
just slightly greater for the layered elastic procedure than for the CBR pro-
cedure. This indicates that greater load attenuation of adjacent tires is
achieved when using the layered elastic procedure. Also shown is signifi-
cantly greater thicknesses required by the CBR procedure.
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Figure 29 illustrates the analysis performed for the twin-tandem gear
and a 3 CBR subgrade. The load attenuation effects of adjacent tires are more
readily apparent for the twin-tandem gear than was the twin gear. As with the
twin gear, the CBR design procedure required the thicker pavement at all tire
spacings. When the same twin-tandem gear was analyzed for a higher subgrade
CBR equal to 15, the behavior changed significantly. Figure 30 shows the
required thicknesses for the twin-tandem gear with variable spacing on a
15 CDR subgrade. Figure 30 shows that for tire spacings beyond 40 inches
there is no overlapping effect of adjacent tires. For the CBM procedure,
there continues to be effect of adjacent tires far beyond the 40 inches spac-
ing. The plot also shows that tý,e CBR design procedure predicts, for the
15 CDR subgrade, slightly thinner pavements than does the strain criteria.
For a practical transverse spacing between 30 and'50 inches, the difference
between the layered elastic procedure and the CBR procedure is only about 1 to
2 inches.

The comparison performed indicates a basic difference between the CBR
design procedure and the layered elastic design procedure as to the effect of
tire spacing and the required thickness of aircraft having multiwheel gear.
The analysis of data produced performance criteria independent of the number
of tires and tire spacing. To develop criteria for the CBR design procedure,
the criteria had to be a function of the number of tires. This should also
indicate that spacing would be a factor but is not considered. Since the
analysis on the data performed by the layered elastic design procedure did
produce criteria that are independent of the number and spacing of the tires,
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it is felt that the layered elastic design procedure can be used with a
greater degree of confidence when considering the effects of tires on pavement
requirements.
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DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS

DISCUSSION

The analysis of available test data for flexible pavements indicates
justification for the suspicion that the deflection-based ESWL is not an
appropriate parameter for determining pavement thicknesses for heavy multigear
aircraft. Criteria can be developed from strain parameters that describe the
pavement performance without resorting to separate thickness adjustment curves
for different aircraft gear. Although the maximum shear strain computed on
top of the subgrade was chosen for the design parameter, the vertical strain,
the horizontal strain, or the octahedral strain could have been chosen. The
strain criteria result in a greater attenuation of' the overlapping load
effects with distance from the load than does the current deflection-based
ESWL procedure. The study also indicated some differences between classic
CBR-thickness relationship and strain based thickness criteria. Even for
single-wheel gear, the classic CBR equation under-predicts thickness for high
subgrade CBR values and over-predicts thickness for very low subgrade CBR
values, but it compared with strain-based thickness criteria. For multiwheel
gears, the differences in load attenuation compensate for the under-prediction
but magnify the over-prediction. Since the bounds of the data base are very
limited, caution must be exercised in applying the results of the analysis to
actual design and evaluation of pavements for heavy multiwheel aircraft.
Particularly disconcerting is the extrapolation of the data from a few thou-
sand coverages to hundreds of thousands and from a maximum thickness of
49 inches to thicknesses approaching 100 inches. To illustrate this point,
the data for the maximum shear strain criteria were replotted from a log-log
plot to an arithmetic plot as shown in Figure 31. When the data are shown in
this manner, it becomes apparent that both the data for low coverage levels
and the limited data at the higher coverage levels have no clear projection of
the relationship between strain and coverage. Extrapolation to thicker pave-
ments may also pose some danger. The premise of the design procedure is that
the life of the pavement is increased by reducing the strain at the top of the
subgrade. As the thickness of the granular material above the subgrade is
increased, an increased portion of the surface rutting and surface cracking
can be attributed to the behavior of the granular layers. The worry expressed
can only be addressed by having a procedure which considers failure of the
pavement as a system failure. For there to be shear in the subgrade, there
also must be shear in the asphalt surfacing and granular base layers. To make
giant leaps in pavement design methodology, radically new methodologies must
be considered. The development of layered elastic design methodology is not
the giant leap, but it is a step forward toward improved pavement design meth-
odology. In any case, it will be only through extensive prototype testing and
field evaluation that a flexible pavement design procedure can be developed
and used with confidence for the design and evaluation of flexible pavements
for significantly heavier multiwheel aircraft.

CONCLUSIONS

Based on the analysis of test data presented in this report, the follow-
ing conclusions have been made:
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(1) Criteria suitable for the design of flexible pavements for
multiwheel aircraft have been developed. The criteria are independent of num-
ber of tires and tire spacing.

(2) The degree of confidence in using the new criteria in the design
for flexible pavements for multiwheel aircraft is greater than the degree of
confidence in using the current CBR design procedure. Even for the new crite-
ria the degree of confidence must be considered to be very low. The low
degree of confidence can be attributed to the extrapolation of the data beyond
the bounds of the data and to unexplained scatter in the data.

(3) The use of a layered elastic computational model and a maximum
allowable shear strain criteria (as a factor of coverages) at the top of the
subgrade will result in thinner pavements for subgrades with low CBR values,
but thicker pavements for subgrades with high CBR values. The time-honored
CBR equation relating CBR, load, and thickness appears to be unconservative
for high CBR values.

(4) Overlapping load effects attenuate with distance more rapidly
with the new criteria than with the current CBR procedure. It is possible to
use a distance cutoff with Boussinessq theory to compute ESWL values which
would produce load repetition factors independent of the number of wheels in a
gear. The cutoff distance best fitting the data is approximately 12 radii.
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(5) The strain criteria provide a new way of computing the aircraft

classification number which would be superior to current procedure.

RCOHMNDATIONS

As a result of the study, the following recommendations are presented
for consideration:

(1) The layered elastic model should be employed for the analysis of
flexible pavements subjected to new multiwheel aircraft. The pavement should
be modeled using a multilayered pavement system. The performance criteria
developed for maximum shear strain should be used to predict pavement
performance.

(2) Studies should be undertaken to extend the bounds of the test
data and to decrease the scatter of the existing test data. Such studies
would involve the construction of full-scale test sections for the testing of
multimheel aircraft gears and studies of existing flexible pavements which
have been sustaining a high volume of multiwheel aircraft. Additional
analytical studies should be conducted for the existing test sections using
new and improved pavement models.

(3) Long term performance studies should be started for newly con-
structed flexible pavements. Data bases should be maintained to follow pave-
ment performance. For the long term the best performance data will be the
performance of actual in service pavements, but such data are the most diffi-
cult and expensive to obtain. As an alternative to long term performance
studies, performance studies of existing flexible pavements should be under-
taken. In such studies flexible pavements which, for structural reasons, are
in need of rehabilitation, would be evaluated and the data collected can be
used to verify the proposed criteria. In this manner, a large volume of data
could be collected at a relatively low cost.

(4) With the adoption of the layered elastic procedure for design of
flexible pavements, consideration should be given to changing the method for
computing the ACN and the PCN.

35



REFERENCES

1. Ahlvin, R. G. 1991. "Origin of Developments for Structural Design of
Pavements," Technical Report GL-91-26, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS.

2. Ahlvin, R. G. 1958. "Consolidated CBR Criteria," Journal of the Soil
Mechanics and Foundations Divisign, ASCE, Paper No. 1825.

3. U.S. Army Engineer Waterways Experiment Station. 1962. "A Limited Study
of Effects of Mixed Traffic on Flexible Pavements," Technical Report
No. 3-587, Vicksburg, MS.

4. Barker, W. R. and Brabston, W. N. 1975. "Development of a Structural
Design Procedure for Flexible Airport Pavements," Technical Report
S-75-17, U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.

5. Cooksey, D. L. and Ladd, D. M. 1971. "Pavement Design for Various
Levels of Traffic Volume," Technical Report No. AFWL-TR-70-133, U.S. Air
Force Weapons Laboratory, Kirtland Air Force Base, Albuquerque, NM.

6. U.S. Army Engineer Waterways Experiment Station. 1952. "Design of
Flexible Airfield Pavements for Multiple-Wheel Landing Gear Assemblies,
Test Section with Lean Clay Subgrade," Report No. 1, Technical Memorandum
No. 3-349, Vicksburg, MS.

7. U.S. Army Engineer Waterways Experiment Station. 1947. "Flexible Pave-
ment Behavior Studies," Interim Report No. 2, Vicksburg, MS.

8. H amitt, G. M., II, Hutchinson, R. L., Rice, J. L., Thompson, 0. 0., and
Brown, D. N. 1971. "Multiple-Wheel Heavy Gear Load Pavement Tests,
Analysis of Pavement Behavior," Technical Report S-71-17, Report 4, Vol-
ums IIIB and IV, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS.

9. U.S. Army Engineer Waterways Experiment Station. 1950. "Investigation
of Effects of Traffic with High-Pressure Tires on Asphalt Pavement,"
Technical Memorandum No. 3-312, Vicksburg, MS.

10. 0. J. Porter and Company, Consulting Engineer. 1948. "Accelerated Traf-
fic Test of Stockton Airfield, Stockton, California (Stockston Test
No. 2)," U.S. Army Corps of Engineers, Sacramento District, Sacramento,
CA.

11. Preston, 0. W. 1991. "An Improved Method for Determining Aircraft
Flexible Pavement Requirements," Report Number MDC K5509, Douglas Air-
craft Company, McDonnell Douglas Corporation, Long Beach, CA.

12. U.S. Army Engineer Waterways Experiment Station. 1962. "Total Thickness
and Compaction Requirements for Flexible Pavements to be Subjected to
Channelized Traffic," Technical Report No. 3-610, Vicksburg, MS.

36



13. Turnbull, U. J. and Ahlvin, R. G. 1957. 'Mathematical Expression of the
CBM (California Searing Ration) Relations," rog•egjnj, Fourth Interna-
tional Conference on Soil Mechanics and Foundation Engineering, London,
England.

14. Gonzalez, C. R. 1991. "A Computer Program for the Calculation of the
Equivalent Single-Wheel Load Factor," Miscellaneous Paper GL-92-18,
U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.

37



APPENDIX A: USER'S MANUAL FOR THE ACNLEA COMPUTER PROGRAM

INTRODUCTION

Purpose

The ACKLBA computer program was written for the structural analysis of
pavement test section data under the project "Super-Heavy Aircraftm sponsored
by the Federal Aviation Administration (FAA) and the Air Force. The program's
main task is to compute strains, deflection, ACN values, and allowable air-
craft loads for given pavement structures subjected to aircraft loadings.

General

The ACNIU computer program is an analysis tool based on the solution of
layered linear elastic half-space pavement structures. It consists of two
computer codes to provide data input and analysis of a flexible pavement
structure subject to a given loading. The first computer code (ACNIN) is for
building of aircraft data files and the second code (ACNHS) is for the input
of a pavement section, selecting performance criteria, performing the analytic
calculations and obtaining the results. The program will compute the pavement
PCN as defined by tha equation from the International Civil Aviation Organiza-
tion (ICAO) manual, the allowable aircraft load based on one or all of five
performance criteria, an allowable loading for a single wheel of the aircraft,
an allowable loading of a standard wheel, and the aircraft ACN for the allow-
able loading as determined from the allowable load of the standard single
wheel. The performance criteria have been developed from the analysis of
37 test sections. The criteria developed are based on deflections, vertical
strains, horizontal strains, maximum shear strains, horizontal shear strain,
and octahedral strains computed at the top of the subgrade. The allowable
loads listed in the program output for the aircraft, the aircraft single
wheel, and the standard single wheel are loads that produce a computed
response equal to the allowable response as determined from the criteria.
Therefore, all these loads are considered to be equivalent in terms of pave-
ment response parameters. The aircraft ACN presented in the output is the
equivalent load for the standard single wheel converted to kilograms then
divided by 500. Also presented in the output are the allowable response
parameters (deflection or strains), the computed pavement response for the
aircraft gear, a single aircraft tire and the standard tire, and the coordi-
nates for horizontal locition of critical pavement response.

Aircraft

The program will consider any aircraft in the analysis but only one air-
craft at a time. The aircraft data are input through the interactive program
(ACUIN) that builds and stores aircraft data files. When the analysis program
(ACHIS) is executed, the aircraft to be used for the section analysis is
selected from a list of aircraft data files. The basic aircraft data needed
are the wheel spacing, aircraft load, wheel load, and either the tire contact
pressure or the tire contact area. In building the aircraft data files the
standard single-wheel data are automatically added to the data files by the
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Lnput program. Also needed is geometrical data to set up a search grid for
locating the maximum value for each of the response parameters. Once built
the aircraft data files may be retained for future use.

Pavement Section

Two typos of pavement sections may be considered for analysis. One type
of pavement section is where the pavement is considered to be a single-layer
half-space system. In this single-layer analysis the pavement structure is
assumed to have the same properties as the subgrade. The other type of pave-
ment section is considered multilayered with each layer having properties as
determined by a standard procedure. The section data are input interactive
with the execution of the analysis program (ACNHS). Built into the analysis
program are performance criteria for both typos of pavement sections. The
proper criteria are automatically selected depending on the choice of pavement
type to be analyzed. The basic data required for input of a pavement section
are the structure thickness and the subgrade CBR. The selection is made
between the single-layer system or the multilayer system. The properties of
the section required for the layered elastic analysis are automatically gener-
ated by the program and stored in a temporary data file.

Other Program Data

In addition to selection of the aircraft and pavement section, three
other selections are made with the execution of the ACNHS computer program.
The first selection is between an analysis based on constant tire contact area
or constant contact pressure. The analysis for the constant contact area
would be similar to the FAA and Army flexible pavement procedure which uses a
constant contact area for determining the equivalent single-wheel load. The
constant contact pressure analysis relates to computing aircraft ACN values
based on a standard (tire pressure) single wheel. The second selection to be
made is the response parameter for the analysis. This selection need only be
made for the constant tire contact pressure case. The selection is for one of
the five response parameters mentioned previously. For an analysis with a
constant tire contact area the analysis is given for all response parameters.
The third selection is for a cutoff distance. The cutoff distance is the
maxiLum distance from the center of the tire for which a response parameter
will be computed. This is provided because with widely spaced gears, search
grid distances may be generated for which the layered elastic program is no
longer accurate. The actual cutoff distance used in the program is equal to
the thickness of the pavement structure plus the cutoff distance (entered by
the user) times the radius of a tire contact area.
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BASIC COMPUTER OPERATIONS

cOMU RWT

The ACIZA computer program was coded for IBM compatible personal com-
puters running under the disk operating system (DOS) 3.0 and above. Because
of the math intensive nature of the program, a PC with a fast microprocessor
and a math coprocessor is highly recommended.

To run this program a PC with 500 bytes of free memory is required.
Although not required, a computer with a hard disk subsystem is also recom-
mended, as this will increase program speed and will provide sufficient disk
space for input, output, and temporary files. The program has the option of
using a pointing device (mouse) to make on-screen selection easy to perform.

USER'S MANUAL CONVENTIONS

The following typeface conventions are used to describe the different
features included with the program.

Twoeface Convention Description

(10) Instructs the user to press the designated key on the
keyboard (in this case the F10 key).

C > Refers to the DOS prompt.
C > AC= Instructs a user to type the command at the DOS prompt

and then press the (ENTER) key on the keyboard.
[(OK Refers to an on-screen button or icon that can be

selected or *pressed" with a pointinj device (in this
case the [OKI button).

(UpArrow) Instructs the user to press the up arrow key on the
keyboard.

(DuArrow) Instructs the user to press the down arrow key on the
keyboard.

[CBRm.] Refers to an input field where the user has the option
to type a value.

0 Indicates to the user to type a field value in an
input screen.
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DESCRIPTION OF COMPUTER PROGRAMS

MAIN MENU PROGRAM

The ACNIN and ACNHS programs are executed from a control program called
ACN, whose only function is to provide a menu for the ACNIN and ACNLEA pro-
grams. This program is run by entering: C > ACM at the DOS prompt and press
the (E1TER) key. The menu of programs is shown in Figure Al. Pressing the
(Input Aircraft Loads] button runs the ACNIN program and pressing the [Compute
ACU Values] button runs the ACNHS program. A [Help] button is also provided
with a brief description on the options available. To end the program and
return to DOS the [Exit to DOS] button is pressed. As an option, the user may
execute the ACNIN program or the ACNHS program directly from DOS by typing the
executable names at the DOS prompt.

ACNIN INPUT COMPUTER PROGRAM

General

ACNIN is the input program for the aircraft data. This program builds a
load data file containing the necessary data for a gear assembly or aircraft.
To run the ACNIN program the user can select the [Input Aircraft Loads] button
shown in Figure Al or alternatively type: C > ACNIN. A welcome screen is
displayed which can be passed by pressing the (ENTER) key. After passing the
welcome screen, the main input screen shown in Figure A2 is displayed. This
screen is subdivided into three areas: (1) Aircraft Information, (2) Search
Grid Data, and (3) a Push Button Menu at the bottom of the screen.

Aircraft Information

A description of the input fields in this screen area follows (refer to
Figure A2). To navigate between the various input fields the (UpArrow),
(DnArrow), (ENTER) key may be used. Additionally, the user may click directly
in the desired field with a suitable pointing device.

(1) Designation: Enter a brief description of the problem or type of
aircraft. The length of the description is limited to the length of the input
field itself. For example: B-747 200 Kips. Filling this field is optional.

(2) Gross Load: Enter the gross load (in pounds) of the gear or air-
craft to be used in the analysis. For example: the 200,000 in the field
(Figure A2) represents the loa- to be applied to one gear of a B-747 airplane.
Filling this field is requirec.

(3) Fraction of Load on Gear to Analyze: Enter the fraction (not the
percent) of the gross load entered in the previous field (Gross Load that acts
on the gear to be used in the analysis. For example: 1.0 shown in Figure A2
indicates that all of the 200,000-lbs load is to act on the four tires to be
used in the analysis. Filling this field is required.
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Figure Al. Main menu for the ACNLFA computer programs

Figure A2. Input screen for the ACNIN computer program
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(4) Number of Tires: Enter the number of tires composing the gear to
be analyzed. Note that the maximum number of tires is 50. In the example
shown in Figure A2, only four tires of the B-747 airplane are to be used in
the analysis. Filling this field is required.

(5) Tire Contact Pressure: Enter the tire contact pressure (in pounds
per square inch) of the tires in the gear assembly. For most design and
analysis problems this contact pressure may be assumed to be equal to the tire
inflation pressure. Filling this field is required.

(6) Load Data File Name: Enter a name for the load data file. This
name needs to be a DOS compatible file name, 8 characters for the file name
and 3 characters for the file extension (In the example shown in Figure A2 the
data file will be named B-747200.LOA). If the file extension is omitted, the
LOA extension is used by default. Filling this field is required.

Search Grid Data

The search is used to ensure the determination of the maximum value of
the response parameter. Except for the case of the horizontal shear strain,
the maximum value can be found if a grid is set up covering the area between
the tires. When considering horizontal shear strain, it is important to
extend the grid outside the area of the tires.

Because the computer programs are math intensive during the determina-
tion of the response parameters, the use of symmetry and fewer nodes in the
grid will help reduce the calculation time. For example, in a twin-tandem
gear only one-quarter of the gear needs to be searched as is illustrated by
Figure A3. The spacing between the nodes in a grid depends on the tire spac-
ing and the degree of accuracy desired. A description of the input fields in
this screen area follows:

(1) X and Y Grid Origin: This is the location of the grid origin. It
describes one of the corners of the search grid rectangle. Filling this field
is required.

(2) Number of Lines in the X and Y directions: These X and Y values
define the number of lines (or nodes) that make up the grid. The more lines
entered, the finer the grid will become. The number of lines need not be
equal along the X and Y axes (the grid does not need to be symmetric). Fill-
ing this field is required.

(3) Increment in the X and Y directions: These values are the spacing
between the lines (or nodes) in the grid along the X and Y axes, respectively.
These increments may be either positive or negative numbers. Positive numbers
indicate the grid origin is located at the bottom-left corner of the grid
rectangle, and negative numbers indicate the grid origin is located at the
upper-right corner of the grid. Fine mesh grids provide better resolution for
determining the maximum values of pavement response but require more computer
time.
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Figure A3. Search grid for a twin-
tandem gear

On fast personal computers (with fast Intel 80386 and 80486 processors) the
increment value can be set to 1 or 2 inches and without creating an unaccept-
able long run.

Button menu

(1) [T IU COOID.] Button: Click on this button or press the (M2) key
to open an input screen for the gear tire coordinates. Figure A4 presents
this input screen that consists of a series of X-Y tire coordinates pairs.
The coordinates shown in Figure A3 are for a twin-tandem gear having spacing
of 44 inches by 58 inches.-

(2) [LOAD) Button: Click on this button or press the (13) key to load
from disk load data file already built. A list of available load data files
will be presented from which a data file may be selected.

(3) [SAVE] Button: Click on this button or press the (F4) to save the
load data file after finishing entering all data for an aircraft. The air-
craft load data file must be saved in order to use the data entered in the
ACMHS computer program.

(4) [(CNCEL) Click on this button or press the (Esc) key to disregard
any data entered. When pressed, the input fields will be re-initialize and
the user may type new values.
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Figure A4. Input screen for the gear tire coordinates

(5) [HSUP] Button: Click on this button or press the (Fl) key to get
an explanation on the input fields of this screen.

(6) [EXITI Button: Click on this button or press the (F9) key to end

this program and return either to the menu of programs or to the DOS prompt.

ACNHS COMPUTER PROGRAM

General

The ACNHS program provides input of the pavement structure, selection of
control parameters, computational analysis, and output of data and results.
The program is executed by selecting the [Compute ACN Values) button from the
main menu of the ACN program as shown in Figure Al or by typing C > ACNHS at
the DOS prompt. After the welcome screen is displayed, a main input screen
like the one shown in Figure A5 is presented. This screen consists of a
serieu of input areas defining the method of calculation, type of layer system
to use, performance criteria, subgrade strength category, traffic coverage
level, pavement section, load data files, response parameter cutoff distance,
and a button menu. The various input fields are described in the following
paragraphs.

Method of Calculation (ASSUME CONSTANT)

This is the input field described by the ASSUME CONSTANT section in Fig-
ure AS. Two methods are available: tire contact area and contact pressure.
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Figure A5. ACNHS input screen

When the tire contact area is assumed to be constant, the calculations
throughout the computer program are greatly shortened because the relationship
between load and pavement response is linear as illustrated in Figure A6a.
This means that knowing the load value at a particular response allows the
calculation of the allowable load at the allowable response (from the perfor-
mance criteria) by simply projecting up or down the line. Notice that only
one load-strain point defines the line since it must pass through the origin.
When the contact area is chosen, it is possible to handle the computations for
all criteria in one run of the program. However, when the tire contact pres-
sure is assumed to be constant, the relationship between load and pavement
response is not linear as illustrated in Figure A6b. In this case, an itera-
tive procedure must be followed in which a load is assumed and a response is
calculated and compared to the allowable response given by a selected perfor-
mance criteria. If the computer response is different from the allowable
response, then a new load is assumed and the procedure repeated until a match
is achieved (within a certain tolerance). When the constant pressure is
chosen, only one criteria can be considered in one run of the program. To
select a calculation method move the cursor to the desired method and press
(ENTER) or click on it with a pointing device.

Type of System (LAYER SYSTEM)

This input allows the selection of either a single-layer pavement system
or a multilayer pavement system. The performance criteria in terms of strains
values and deflections will be selected for either the single-layer or multi-
layer pavement structures. In the single-layer pavement system, the modulus
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of elasticity and Poisson's ratio values for the layers
composing a pavement structure are assumed to be equal
to the modulus of elasticity and PoLison's ratio of the
subgrade, respectively. The subgrade modulus is esti-
mated by the relationship: E - 1,500 CBR, where E is
the modulus of elasticity and CBR is the subgrade
strength index (see ASTM 4429, MIL-STD-621A). In the
multilayer pavement system, appropriate values for the
modulus and PoLison's ratio are assigned to each Lndi- PFwsmnwu.
vidual layer. In this manner, the strength characteris-
tics of the various layers can be taken into account W Camw A
more rationally. The computer program automatically
assigns appropriate modulus and Poisson's ratio values
to the various layers based on the subgrade CBR and the
thicknesses of the layers. To select a layered system
move the cursor to the layered system desired and press
(ENTER) or click on it with a pointing device. LOW

Pavement Performance Criteria (CRITERIA)

Five different pavement performance criteria have P& w,
been developed and implemented into the ACNHS program.
The criteria are based on the vertical deflection, ver-
tical strain, maximum horizontal shear strain, maximum ') C.SMw.
shear strain, and octahedral strain. The criteria were
obtained from analysis of available data of full scale Figure A6. Rela-
test sections conducted by the Corps of Engineers and tionship between
other federal agencies. These criteria relate calcu- load and pavement
lated response parameters (strains or deflections) response parameter
computed at the top of the subgrade to the number of in an elastic
coverages that caused the test sections to fail. The system
following equations describe the linear regression
curves for the response parameters implemented in the
program.

Single-Layer System Criteria:

Allow. Vertical Deflection: LOGCG (D,) - -0.5160-0.1635 LOGI0 (COVERAGES)
Allow. Vertical Strain: LOGI0 (,.) - -1.9875-0.2043 LOGI0 (COVERAGES)
Allow. Max. Horiz. Shear Strain: LOGI 0 (0b,) - -1.9877-0.2000

LOG1o (COVERAGES)
Allow. Max. Shear Strain: LOGIO (,) - -1.8098-0.1992 LOGLo (COVERAGES)
Allow. Octahedral Strain: LOGI 0 (ot) " -1.8335-0.2027 LOG10 (COVERAGES)

Multi-Layer System Criteria:

Allow. Vertical Deflection: LOG,0 (DM) - -0.6816-0.1355 LOGC0 (COVERAGES)
Allow. Vertical Strain: LOGo (,) - -2.2977-0.1549 LOGI 0 (COVERAGES)
Allow. Max. Horiz. Shear Strain: LOGI0 (.,b) - -2.3809-0.1452

LOG1o (COVERAGES)
Allow. Max. Shear Strain: LOGI0 (in) - -2.1538-0.1504 LODG0 (COVERAGES)
Allow. Octahedral Strain: LOGI0 (..t,) " -2.1772-0.1546 LOG1 0 (COVERAGES)
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Subgrade C.M Strength Category (SUBGRADE STRENGTH)

Options are provided in this input area to select the desired subgrade
strength category or to input the subgrade CBR directly. The categories are:
High (15 CBR), Medium (10 CBR), Low (6 CBR), and Ultralow (3 CBR). The user
may select one strength category or may enter a suitable subgrade CBR value at
the [CIR- ._] input field. Selecting one of the four standard categories
automatically updates the [CBR-. j field.

Traffic Coverage Level (COVERAGE LEVEL)

The standard traffic coverage level for ACN determinations is
10,000 coverages, which is automatically set when the programs starts. Any
desired coverage level may be input directly in the data field.

Response Parameter Cutoff Distance (CUTOFF DISTANCE)

The cutoff distance allows the user to physically cut the influence of a
response parameter at a certain distance away from the center of a load. The
cutoff distance is expressed in terms of the radius of contact area of the
tires in a gear assembly. The actual cutoff distance is the input distance
plus the pavement total thickness. This cutoff distance varies with the tire
imprint area and load. Some researches have used values that vary from 10 to
25 times the radius of contact area. If no cutoff distance is desired, the
cutoff distance should be set sufficiently large to be greater than any dis-
tance from a grid node to the center of a loaded area.

"Trail Pavement Section (THICKNESSES)

This section of input fields allows the user to enter the desired pave-
ment thicknesses to represent the pavement section. The five input fields
that make up this category are: [Total-.._], [Asphalt- ], [Base-
[Subbase- .._..], and [Calc. Depth- _]. The user may enter the total pave-
ment thickness and the computer program will automatically assign asphalt,
base, and subbase thicknesses based on a "standard pavement section." This
standard section is broken down as follows: Asphalt - 0.15 x Total, Base -
0.20 x Total, and Subbase - Total - Asphalt - Base. However, the user may
change these values by typing the appropriate values in the input fields. The
depth of calculation for the response parameters should be set to the total
depth of the pavement because the performance criteria is based on the
response at the top of the subgrade. The computer program will automatically
set this value to the total thickness unless the asphalt, base, and subbase
thicknesses are changed. The user must be certain that the calculation depth
is at the correct depth.

Note: The program allows the user to determine deflections and/or strains at
different depths by typing different values at the [Calc. Depth] field. How-
ever, the user must be aware that the allowable loads and ACN values calcu-
lated will not be based on appropriate criteria.
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Load Data Files (DATA FILES)

The user can type in the name of a load data file or select one by
pressing the [LOAD] button. Notice that this file must be already created by
the ACMIN computer program discussed in previous sections.

Rigid Boundary Layer

By pressing the [CALC] button, one additional window will open (Fig-
ure A7) asking the user to enter or accept the depth to a rigid boundary.
When using the layered elastic theory, it has been found in the past that
surface deflection basins can be better matched if a rigid boundary is set at
a depth of approximately 20 feet. The use of this rigid layer counter-acts
the assumption that the subgrade layer extends downward to infinity. The user
may enter the desired depth or press the [OK] button to accept the default
value (240 inches). The user may press the [IGNORE] button if no rigid layer
boundary is desired.

Button Menu

(1) [CALCI Button: Click on this button or press the (FlO) key to
start performing the calculations.

(2) [ACE RESULTS] Button: Click on this button or press the (FM) key
to view any existing results saved on disk. When the calculations are per-
formed by pressing the [CALCI button, this step is automatically performed.

(3) (HELPI Button: Click on this button or press the (MI) key to get
an explanation on the input fields of this screen.

(4) [EXIT] Button: Click on this button or press the (F9) key to end
this program and return either to the menu of programs or to the DOS prompt.

A12



Figure A7. Screen for the rigid boundary layer depth
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EXAMPLE PROBLEMS

EXAMPLES DESCRIPTION

This section presents two step-by-step examples to illustrate the vari-
ous features of the computer programs. In these examples, a pavement analysis
is conducted for a B-747 twin-tandem gear (44 x 58 inches). The load on a
single 4-tire gear is equal to 200,000 pounds and the tire pressure equal to
187.27 pounds per square inch. The allowable load is desired for a pavement
thickness of 30 inches on a 15 CBR subgrade soil. The calculations are
required to be based on the single-layer criteria and a cut-off distance equal
to 10 radii. For the first example, a constant tire contact area is used.

For the second example, a constant tire constant pressure and a multi-
layer analysis are used. Since the input of load data in the ACNIN program
and the analysis parameters in the ACNHS program are common for both examples,
the user may follow the first example to change appropriate parameters in the
second example.

EXAMPLE PROBLEM 1

Running the Program

(1) The first step is to run the computer program. At the DOS prompt
type: C > ACN. A menu of the programs is displayed as shown in Figure Al.

(2) Select the [Input Aircraft Loads] button to create a load data file
by moving the cursor to the button and pressing (ENTER) or by clicking on it
with a mouse. Press the (ENTER) key to continue at the welcome screen. The
load data screen will be opened and ready for input.

Entering Load Data

(3) Move the cursor to the [Designation:] field (or click on it) and
type: B747 Gear 200K.

(4) In this example the gross load is equal to the gear load. Move the
cursor to the [Gross Load, GL (lbs):] field and type: 200000. Note: Move
the cursor by pressing the (Tab), (Shift-Tab), or the (ENTER) keys.

(5) Move to the '[Fraction of GL on gear to analyze:] field and type:
1.0. Note: The ratio (gear load/aircraft load) - 1.0.

(6) Move to the [Number of Tires in Gear (Max- 50):] field and type:
4.

(7) Move to the [Load Data File Name:] field and type: B-747200.LOA.
This is the load data file that will be read by the ACNHS program to compute
the ACN values and. allowable loads.
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(8) Press the [TIRE COOD. ] button or press the (M2) key on the key-
board to enter the gear tire coordinates. At the next screen enter the tire
coordinates as indicated in Figure A3. Notice that the origin of the coordi-
nate system was located at the center of the gear. When finished entering the
tire coordinates, press the [OK] button or the (010) key on the keyboard to
accept the input.

(9) The next step is to build the search grid. Since the gear is
sy metric, only one quadrant needs to be gridded to compute the maximum
response parameters. Figure AB depicts the extension of the search grid for
this problem. The search grid origin is conveniently set at the geometrical
center of the gear. With the grid origin set at the center of the gear and by
setting the number of lines along the X-axis to 21 and the X-increments to
2 inches, a distance of 40 inches (20 at 2 inches) is covered which will pro-
vide search points outside the outer tire. In the same manner, setting the
number of lines along the Y-axis to 21 and the Y-increments to 2.6 inches, a
distance of 52 inches is covered which is also beyond the tire. These X- and
Y-increments also guarantee that at least one point is directly underneath a
tire. To input this grid, move to the X- and Y- origin and enter zero in both
fields. Enter a value of 21 for the number of lines in the [X- and Y-Lines]
fields. Finally, enter a value of 2.0 inches in the [DX-Incr.] field and a
value of 2.6 inches in the [DY-Incr.] field.

At this point the input screen should look like the one shown in Fig-
ure A2. To save this file, press the [SAVE] button or press the (M4) key.
After the file has been saved, press the [EXIT] button or press the (F9) key
to exit this program and return the menu of programs.

Specifying Calculation Parameters

Now that the load data file has been created, the ACNHS program can be
executed. To execute the program select the [Compute ACV Values] button from
the menu of programs (Figure Al). At the welcome screen press (ENTER) to
continue. The main input screen is displayed.

(10) For this example, a constant tire contact area will be used. Hove
the cursor to the tire contact area in the (ASS;UM CONSTANT] box and press
(ENTER) or click on it with the mouse.

(11) In the same manner, select the single-layer criteria in the [LAYER
SSTEN) BOX.

Note: Since the tire contact area was assumed to be constant, all
the response parameters under the [CRITERIA] box will be calculated
and presented in the results even though only one is selected.
However, if the contact pressure is assumed to be constant, then
the user must select only one of these response parameters in which
the program is going to iterate on.
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Figure AS. Extension of the search
grid for the example problems

(12) The subgrade CBR strength for this example is 15". Nove the cursor
to high in the [SU3GRADZ STRENGTH) box and press (MNTER) or alternatively move
to the [C3*n._] input field and type 11.

(13) Since the ACM values are desired, a coverage level of 10,000 must
be used to obtain the ACM, which would correspond to the ICAO ACM. Move to
the [COVZRAGE IIEVL] field and type 10,000.

(14) Move to the [In RaddL] field of the [CUTOFF DISTANCE) box and
type 100.

(15) For this example problem the ACN values and aircraft allowable
loads will be determined for a 30-inch pavement. The ACM will correspond to
the allowable aircraft load. Hove to the [Total-m _] field in the [THICK-
333333 (in)) box and type 30. The program will automatically assign pre-
selected thicknesses for the asphalt, base, and subbase layer. Because in
this example the single-layer system will be used, there is no need to change
this values since all layers will have the same modulus of elasticity and
Poisson's ratio. However, if this were not the case, the user may type dif-
ferent thicknesses values for those layers. In addition, the computer program
will automatically assign the calculation depth in the [Calc Depth (in)) field
to be equal to the total thickness of the pavement.
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Figure A9. Rxample screen displaying a list of available
load data files

(16) The last input in this screen will be to select the load data file
for this problem. Press the [LOD] button or press the (14) .key to display a
list of available load data files. A screen similar to Figure A9 is next
displayed. Move the selection bar to the data file B-747200.LOA created
before and press (IMETIl) twice. The user say also use the mouse to "scroll
down' the window if necessary, click of the file name, and press the [OKI
button or press the (1101 key. The program will come back to the previous
input screen. The screen should look like the one shown in Figure A5. Press
the [CALC] button or press the (FI0) key to perform the calculations.

(18) A window asking about the rigid boundary layer is presented. Press
the [OKI button or press the (110) key to accept the default value. A window
presenting the search grid status is displayed in the middle of the screen to
indicate the program is performing calculations.

Viewing ACM Results

After the calculations are performed, a window containing all results is
displayed. Figure AlO shows a partial view of the ACM results for the example
problem. The user may scroll up or down this window to view different parts
of the output by using the (UpArrow) or (DnArrow) keys or by clicking with the
mouse on the right scrolling bar. If the [PRINT) button or the (03) key area
is pressed, a screen displaying available print options is shown as illu-
strated in Figure All. The print options are:
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Figure MOA. Partial view of the ACN results for the example
roblem 1

Figure All. Available print options for the ACNHS
computer program
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[*03 Results): Only prints the ACN results.
[LOAD Data File: Only prints the load data file use for the
calculations
[STV CTUU Data ILI*]: Only prints the pavement structure built by the
program [ALL Data Files]: Prints all input and output data files
[CANCEL]: Cancels the printing operations and returns to the output
window

Brief Discussion of the Results of Example 1

Figure A12 contains a printout of all the input and output data files
generated by the program. The first few lines contain the load information,
pavement thickness, and subgrade CBR. The pavement PCN value and the allow-
able standard wheel load (which are based on the Corps of Engineers CBR equa-
tion) are printed. Since the analysis is for a constant area, the allowable
aircraft load, allowable single wheel load, allowable standard wheel load, and
the ACN values for all the performance criteria have been computed and are
displayed under the STRAIN CRITERIA heading. The allowable loads are computed
by:

Allow. Aircraft Load - Aircraft Load x
(Allow. Response/Calculated Gear Response)

Allow. Single-Wheel Load - Tire Load x
(Allow. Response/Calculated Single-Wheel Response)

Allow. Standard Wheel Load - Standard Wheel Load x
(Allow. Response/Calculated Standard-Wheel Response)

ACN - (Allowable Standard Wheel Load /2.2/500)

where "response" stands for the pavement performance criteria used (i.e.,
deflection, vertical strain, etc.) and "allowable" stands for the permissible
deflection or strain from the performance criteria. These strain and deflec-
tion responses are presented in the next four columns following the allowable
load and ACN values table. Also printed are the locations where the maximum
values of these responses occur. The rest of this output file contains the
load data file and the pavement structure file used for the calculations.
Note that although only one aircraft was entered (the B-747 gear) this load
data file contains data for two aircraft. The first part of this section
contains the data that corresponds to the "standard single-wheel tire" used to
calculate the ACN values (calculations of ACN values are in reference to this
standard tire). The second section in this example output contains the actual
gear entered for the analysis. Finally, the pavement structure automatically
built by the computer program is printed. This section contains the layer
thicknesses, modulus of elasticity values, Poisson's ratios, and calculation
depth. Note that by assuming several trail pavement thicknesses (which in
turn corresponds to an allowable aircraft load), a plot of ACN versus allow-
able aircraft load can be constructed for a specific CBR strength category.

EXAMPLE PROBLEM 2

The same data in example 1 will be used in example 2 with the exception
of the layer system, performance criteria, and the use on a constant contact
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SINGLE-LAYER CRITERIA - CONSTANT TIRE CONTACT AREA
Aircraft - B-747 Gear 2
initial Load (lba) - 200000.00
Depth(in) 30.00
Subgrade CBR 15.00
--- CBR EQUATION ----
Pavement PCN M 126.11
Allow. Standard Wheel Load - 138718.97
Radii Cutoff Distance 10.00
Coverage Level 10000.00

-- STRAIN CRITERIA ----
Performance Allowable Allowable Allowable STD ACN
Criteria AC Load(LBS) AC SW Load Wheel Load

Deflection 266052.62 113543.47 112603.45 102.37
Vertical Strain 309205.50 75653.03 74000.53 67.27
Doria. Shear Strain 289863.45 90509.05 88709.95 80.65
Max. Shear Strain 307915.91 79585.68 77847.28 70.77
Octahedral Strain 305727.69 77394.70 75704.16 68.82

Performance Allowable Gear Single AC Standard
Criteria Strain at Strain Tire Strain SW Tire

Coverage Level Response Response Response

Deflection .67613-01 .5082Z-01 .2977Z-01 .24023-01
Vertical Strain .15681-02 .10143-02 .1036E-02 .84755-03
Daori. Shear Strain .16301-02 .11253-02 .9007Z-03 .73523-03
Max. Shear Strain .24743-02 .1607Z-02 .15542-02 .12711-02
Octahedral Strain .22683-02 .14841-02 .14655-02 .1199Z-02

-- CODINAIMS OF MAX. STRAIN OR DIFLIAON -

Performance X-Coord. Y-Coord.
Criteria (in) (in)

Deflection 14.00 23.20
Vertical Strain 22.00 29.00
Doris. Shear Strain 32.00 40.60
Max. Shear Strain 22.00 31.90
Octahedral Strain 24.00 31.90

Figure A12. Printout containing the results of the example
problem 1 (Continued)
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LOAD Data File
Job Title
STANDARD 81NGLE WHEEL
No. of Aircraft
2
Aircraft Identification I 1
STANDARD-SW
Gross Load

40000.00
Fraction of Gross Load on Gear to be analyzed

1 .0000
No. of Tires
1
Tire Radius Cont.Area Cont.Press. Tire Load X-coord. Y-coord.
No. (in) (sq.in) (psi) (pounds) (in) (in)

1 8.383 220.766 181.1875 40000.00 .00 .00
Search grid
X-Origin Y-origin No.X-Incr DX-size No.Y-Incr DY-size

0.0 0.0 30 1.00 1 1.00
Aircraft Identification 1 2
-747 Gear 200K
Groes Load
200000.00
Fration of Gross Load on Gear to be analyzed

1.000
No. of Tires

4
Tire Radius Cont.Area Cont.Press. Tire Load X-coord. Y-coord.
No. (in) (sq.in) (psi) (pounds) (in) (in)

S 9.22 26-6.99 1-7.27 50000.00 -22.-0 -29.-00
2 9.22 266.99 167.27 50000.00 22.00 -29.00
3 9.22 266.99 187.27 50000.00 -22.00 29.00
4 9.22 266.99 187.27 50000.00 22.00 29.00

Search grid
S-Origin Y-Origin No.d-Inor DI-size No.Y-Incr DY-size

.00 .00 21 2.00 21 2.90

STRUCTURE Data File
Job Title
STANDARD SECTION
Number of Pavements

1
Number Thicknesses & Noduli Variations

I 1
Pavement Description
Flexible Pavement
Slab Flexural Strength (only for rigid pavements)
0.00
No. of Layers

3
Layer Thicknesses Modulus of Poissons Interface
Number ( in ) Elasticity Ratio Condition Layer Code

( psi)

1 30.00 22500.00 .50 0
.00

2 210.00 22500.00 .50 0
.00

3 1000000.00 .50 0
no. of Depths

Depth No. Depth (in)

1 30.00

Fi gure A12. (Concluded)

A21



pressure. The desired layer system is the multilayer criteria, constant con-
tact pressure will be used, and the analysis will be performed for the maximum
shear strain response parameter.

(1) Following the selection procedure described in example 1, select
the Constant Pressure option in the ASSUME CONSTANT box (refer to Figure A13).

(2) Select the MultL-Layer Criteria option in the [LAYER SYSTEM] box
and the Max. Shear Strain option in the [CRITERIA] box (refer to Figure A13).
All other calculation parameters remain the same.

(3) Press the [CALC] button to perform the calculations. Since in this
example the tire contact pressure was assumed to be constant, the program
needs to perform an iterative procedure as mentioned earlier and will take
more time to complete the calculations.

(4) A window asking about the rigid boundary layer is presented. Press
the JOK] button or press the (FMO) key to accept the default value. A window
presenting the search grid status is displayed in the middle of the screen to
indicate the program is performing calculations.

(5) After the calculations are done, a screen shnwing the results is
displayed as illustrated in Figure A14. The user may .roll up and down the
data window to revise the results. Notice that in this example, only the
results for the selected response parameter (max. shear strain) are presented.

(6) If desired these results can be printed by pressing the [PRINT]
button shown in Figure A14. Figure A15 contains a printout of the results of
this example.

Brief Discussion of the Results of Example 2

Under the STRAIN CRITERIA heading (refer to Figure A15) the allowable
standard load, aircraft ACN, allowable aircraft load, and calculated allowable
strains are printed. Since the run is for a constant pressure, the results
are for only one criteria. The allowable standard load is the load on the
standard single-tire that will give a calculated strain equal to the permissi-
ble maximum shear strain given by the criteria. The tire characteristics of
the standard tire are used to determine this strain. On the other hand, the
allowable aircraft load is based on the gear characteristics of the aircraft
and is also defined as the load that will give a calculated strain equal to
the permissible strain. From the allowable standard load the aircraft ACN
value is computed using the equation:

ACK - (Allowable Standard Load /2.2)/500

At the end of Figure A15 the pavement structure data file for this exam-
ple is presented. Notice that in this case the pavement section is composed
of seven different layers with modulus of elasticity and Poisson's ratio val-
ues assigned individually. Also, notice that the rigid boundary is set at
240 inches deep and has a preassigned modulus value of 10,000 psi.
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MULTI-LAYER SYSTDE - CONSTANT PRESSURE
MAX. SIHR STRAIN CRITERIA
Aircraft - B-747 Gear 2
Initial Load (lbs) - 200000.00
Depth(in) 30.00
Subgrade C3R 15.00
--- CDR EQUATION ----
Pavement PCN 126.11
Allow. Standard Wheel Load (lbs) - 138718.97
--- STRAIN CRITERIA----
Radii Cutoff Distance 10.00
Coverage Level M 10000.00
Allow. Standard Load M 99682.46
Aircraft ACN M 90.62
Allowable Aircraft Load (lbs) W 333566.71
Calculated Strain .17552-02
Allowable Strain .17561-02
- COORDINATES OF MAX. STRAIN OR DEFLECTION --
X-Coordinate (inches) - 22.0000
Y-Coordinate (inches) - 31.9000

LOAD Data File
Job Title
STANDARD SINGLE WHEEL
No. of Aircraft
2
Aircraft Identification I 1
STANDARD-SW
Gross Load
40000.00

Fraction of Gross Load on Gear to be analyzed
1. 0000

No. of Tires
1
Tire Radius Cont.Area Cont. Press. Tire Load X-coord. Y-coord.
No. (in) (sq.in) (psi) (pounds) (in) (in)

1 8.383 220.766 181.1875 40000.00 .00 .00
Search grid
X-Origin Y-Oriqgn *No.X-Incr DX-sLze No.Y-Incr DY-size

0.0 0.0 30 1.00 1 1.00
Aircraft Identification 0 2
-747 Gear 200K
Gross Load
200000.00
Fraction of Gross Load on Gear to be analyzed

1.000
No. of Tires
4

Tire Radius Cont.Area Cont.Press. Tire Load X-coord. Y-coord.
No. (in) (sq.in) (psi) (pounds) (in) (in)

- - - ---------------- -----------------------
1 9.22 266.99 187.27 50000.00 -22.00 -29.00
2 9.22 266.99 187.27 50000.00 22.00 -29.00
3 9.22 266.99 187.27 50000.00 -22.00 29.00
4 9.22 266.99 187.27 50000.00 22.00 29.00

Search grid
X-Origin Y-Origin No.X-Incr DX-size No.Y-Incr DY-size

.00 .00 21 2-00 21 2.90

Figure A15. Printout containing the results of the example
problem 2 (Continued)
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STRUCTURE Data Pil.
Job Title
STANDARD SECTION
Number of Pavements

1
Number Thicknesses & Moduli Variations

1 1
Pavement Description
Flexible Pavement
Slab Flexural Strength (only for rigid pavements)
0.00
No. of Layers

7
Layer Thicknesses Nodulus of Poissons Interface
Number ( in ) Elasticity Ratio Condition Layer Code

( psi)

1 4.50 2SO000.00 .50 0
.00

2 6.00 64048.04 .30 0
.00

3 6.50 37361.73 .30 0
.00

4 6.50 34554.78 .30 0
.00

5 6.50 29644.20 .30 0
.00

6 210.00 22500.00 .40 0
.00

7 1000000.00 .50 0
No. of Depths
I

Depth No. Depth (in)

1 30.00

Figure A15. (Concluded)
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