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PREFACE

The study described herein was sponsored by the Federal Aviation

Administration as a part of Inter-Agency Agreement No. pOT—FATBWAI-377,
“New Pavesnent Design Methodolo~ r ,” and. by the Office , Chief of Engi —
eers , U. S. Arx~y, as a part of Military Construction RDTE Project No.

- eA7627l9~AT,~~~ “Pavements , Soils , and Foundations ,” and Military Engi-
neering RIYI’E Project No. l~A].6].lO2B52~ , “Research In Military Engineering
and Construction .”

The study was conducted under th~ general superviaio~i of Mr. J. P.
Sale , Chief of the Geotechnica]. Laboratory , U. S. Arn~r Engineer Waterways
Experiment StatiQn (wEs ) . This report was prepared by Drs . Frazier
Parker , Jr. ,  and Walter R. Barker and Messrs . Robert C. Gunkel and
Eugene C. Odom.

Directors of the WES during tl~e study were COL G. H. Hilt , CE ,
and COL J. L. Cannon , CE. ~echnical Director was Mr. F. R. Brown .
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INTRODUCTION

BACKGROUND

The motivation for developij ig a new structural design procedure
for rigid airport pavements Is that currently available procedures~~

5

have several weaknesses. This does not imply that the existing proce-

dures are not vali4, nor does It imply that any proposed new procedure
‘wi~1 aUevlate all ~f the weaknesses of the exIstIng procedures.
Rather , the proposed procedure will permit consideration of several
design aspects that are ignored or approximated in available procedures.

The procedures described in References 1—5 are similar in approach
with variations only in certain details . Of interest ie the comaon
approach to modeling the pavement and characterizing the supporting
characteristics of the material beneath the port1az~d cement concrete
(Pcc) surface layer. In all five procedures , the pavement is modeled as
a two—layer ,s~rstem, i.e., the PCC surface layer is described as a thin
elastic plate , and the underlying material is described as a dense liquid
(Wi~kler ) foundation ~6 ~ Other important common features of all five
procedures are: (a) the supporting characteristics of underlying mate—
ri~ls are quantified by a single constant , referred to as the modulus
of soil reaction ; and (b) this constant is determined with plate load
tests conducted on in situ materiais .8’~

The validity of using a two—layer model and a plate load test for
quantifying the supporting characteristics of the underlying material
are questionable for pavements with relatively thin layers of bound
material and for vehicle gears yith large , widely spaced wheel loads .
The procedure developed herein utilizes a layered elastic system for
modeling the pavement and should improve the validity of the computed
pavement response parameters (stress , strain, and deflection ) for all
layered systems and loads .

The characterization of each layer with fundamental material
properties obtained from laboratory- tests , as opposed to field tests on
in situ material , will, permit more flexibility for testing the material

1



at a range of field conditions . The use of a layered model and labora-
tory tests to determine properties of the pavement layers will permit

trial of a range of types of materials arranged in various layering
schemes i~i order to determine an optimized design . The use of labora-
tory tests rather than field plate load tests should permit more tests

and , therefore, a better representation of the subgrade .
A final reason for developing a new design proce4u~e for rigid

pavements is the belief among some engineers involved in pavement
design, evaluation, and research that there should be a universal sys-
tem applicable to design and evaluation of all types of pavements,

rather than separate procedures for rigid, flexible, or uusurfac~d
pavements. From a philosophical, point of view, this goal certainly is
desirable and is worth pursuing ; but from a practical point of view,

there are a number of obstacles that will, only be overcome by advances
In the state of the , art of pavement techno1o~ r. However, there are

many more similarities between the design procedure contained herein
for rigid pavements and. the design procedure contained in Reference 10
for flexible airport pavement than there are between currently used
procedures for rigid and flexible airport pavements. Thus , this design

F procedure represents a step toward achieving the goal of a universal

design procedure.

PURPOSE

‘The purpose of this study was to develop a new, practical, and

implementable procedure for the structural design of rigid airport
pavements. This report documents the development of the methodo1o~ r

contained in the procedure and present s the procedure in a stepwise
manner for implementation.

SCOPE

• The study was limited to the structural design of the pavement
section, i.e., the selection of required thickness of pavement layers

to carry the design traffic (magnitude and number of loads) under field

conditions. The key words, rigid, practical, implementable, and

2 
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design, are reflected in the selection of an available linear elastic
response model , available procedures and specific conditions for mate-
rial characterizations, and simplified alternatives for accounting for
traffic and envi ronmental conditions . Certainly more sophisticated
response models (finite element ) and/or more sophisticated material
characterizations (nonlinear , nonelastic , or viscoelastic) are avail-
able , but these are more readily applicable to analysis rather than
routine design. Available test data were used. to establish performance
criteria and, conditions for material ~haracterjzation.

No innovations are offered in the treatment of joint s in the PCC
surface layer , although joints are the critical location in the pave-
ment and models are available for providing at least a rudimentary
treatment . It was believed that these models had riot been developed to
the point where they could be used in routine design . Jointing is
considered by specifying certain minimum requirements.

No new methods are offered for the design of overlays . Although
the use of the basic methodology for design of new pavements appears
valid for design of overlays, no acceptable procedure was found to
quantify either the load deformatioz~ response of in—place pavements or
interface conditions so that the structural condition of’ the pavement
would be reflected in the required overlay thickness, or conversely
the performance of the overlay.

APPROACH

The basic approach taken in the study is ou1~1ined in the fol—F lowing four tasks:

a. Selection of a response model.

b. Selection of material characterization procedures.

c. Development of performance criteria.

d. Assembly of the methodolo~ r into a practical, implementable,
design procedure.

3
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SELECTION OF RESPONSE MODEL

G~2IERAL

The layered elastic model11 was selected for computing pavement
response parameters. By changing from the presently used model

(WestergaarcI idealization), implications are that the presently used

model is iz~adequate and that the layered model offers significant

improvements.6’~ These implications may not be totally true and may,

in fact, be , completely erroneous in certain respects and for certain

conditions. The problem stems from the jud~~ient of adequacy or what

~s best . Such ju d~ nent is oftentime s subjective , based on opinion
rather than fact , and in many cases , based on only a limited range of
circumstances. Nevertheless , the selection of the layered elastic
response model was based c~ what was believed to be sound , rational,
and practical. considerations .

CO1~~.ARISONS OF AVAILABLE MODELS

Crawford and Katona1’2 have prepared a state—of—the—art report on
the prediction of pavement response . In theIr discussions, they refer
to three types of idealizations of pavement structures. These are the
Westergeard, layered elastic , and finite element idealizations. To

these primary idealizations should be added several significant muta-
tions and combinations of’ the three primary idealizations.

Hudson and Matlock3’3 developed a model that essentially follows
the Westergaard idealization but uses a numerical technique for solving
the equations of bending for the thin elastic slab representing the
surface layer. The numerical technique is based on finite difference
approximations of continuous functions , and the corresponding physical
idealization of the elastic slab is similar to the finite element

• idealization. This idealization will be referred to as the discrete
element idealization . A model developed by Saxena~~ combines the dis-
crete element idealization of the elastic slab with an elastic solid

idealization of the underlying material rather than a dense liquid
- • idealization . The elastic solid idealization (Boussinesq) is a

14

—



— ~~~~~~~~~~~~~~

simplified version of the layered elastic idealization (Burmister11)
in that only one semi—infinite layer is considered.

Huang and Wang15 developed a model that combines the finite
element idealization for the thin elastic slab with the dense liquid

idealization for the underlying material. A model developed by

Eberhardt and Williner’ ,17 is similar to that developed by Huang and
Wang, but with a~i additional feature, such that an intermediate layer
can be considered. A procedure was developed in which the top two

layers are modeled as an equivalent thin elastic plate. The finite
element idealization is then used for the equivalent plate, and the

dense liquid idealization for the remainder of the structure.

As stated previously, these four models are simply mutations or

combinations of the three primary idealizations and are subject to
• similar limitations. Therefore, the following discus s~.ons are limited

to the three primary idealizations.

Crawford and ICatona~
’2 provide detailed discussions of the three

• primary idealizations and. include discussions of various material
characterization procedures that are necessary for quantification

of properties of the pavement structures. For the reader interested

in an in—depth comparison, Reference 12 is recommended. However, a

brief comparison follows in which the primary reasons are outlined for

selecting a response model based on the layered elastic idealization.

For the layered elastic idealization (Figure 1), the pavement

structure is represented as a series of horizontal, uniform, elastic

layers with properties defined by (a) Ei , the modulus of elasticity

of the 1th layer; (b) v~, , the Poisson’s ratio of the 1th layer, and
(c) h~. the thickness of the ~th layer. Furthermore, the layers

extend horizontally to infinity in all directions , and the n layer

extends vertically to infinity. The Westergaard idealization (Figure 2)

represents the PCC slab as a thin elastic plate with properties defined
• by E , V ,‘and h , over a dense liquid (Winkler) foundation. The

liqui d foundation is cbaracterized as a bed of’ springs having a certain
stiffness. Each individual spring represents the effect of the support

5
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Figure 2. Westergaard pavement idealization (from Crawford and Katona~~ )
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provided over a unit area and is quantified by a constant k , whicl ~.s
the ratio of pressure on the unit area divided by the deflection. In
the basic Westergaard idealization, loads were represented as uniform
circular pressure distributions , but procedures developed by Pickett
et al.18 and Pickett and Ray19 permit uniform pressure distributions
with any shape to be readily handled.

The elastic layered idealization would appear to be a more
realistic representation of a real pavement structure since PCC pave—
ments are truly layered systems , although the materials may not be
truly elastic. For practical loadings , however , the materials can be

• represented by quasi—elastic properties . The representation of the
top layer as a thin elastic plate (Westergaard idealization) or as an
elastic layer is really not that different when the top layer is a
PCC slab , as in rigid paveme~its. The major difference lies in the
representation of the remainder of the structure. The use of tunda—

• mental constants E a’.d v to represent the properties of underlying
• layers is theoretically sounder than a single constant k . From a

practical standpoint , it is also more valid , considering that the
determination of k is made with a plate test and represents the
response of the material to a particular loading condition (i.e. ,
30_in. *_diazn plate and 10—psi vertical pressure), which may be different
from that actually experienced in the pavement.

Experience has shown that, for single, dual, and even dual—t andem
gears with closely spaced wheels on relatively thin slabs (less than
about 15 In . )  laid either directly on the subgrade or on granular layers ,

• quantifi cation of the supporting characteristics of the underlying layer
with a modulus of soil reaction produces reasonable computations of the
response Lf the pavement . However , for larger loads transmitted to the

• pavement through a number of widely spaced wheels , for relatively thin ,
high—strength (large stiffness) base courses , and for thick PCC slabs,
the validity of the idealization decreases. For the thicker slabs and

A table of factors for converting units of measurement is presented
on page iv.

7 
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widely spaced wheels , the zone of influence (stresses in the underlying
material) becomes much larger than that under a 30—in .—di am plate,
although a 10—psi contact pressure may in fact be valid for both condi-
tions . The effect of a thin, high—strength (stiffness) base course will

be more pronounced on the load deformation response of a 30—in.—diam
plate than on the load deformation response of a thick FCC slab. The
response of’ the 30—in. —di am plate will be significantly reduced by the
thin base, whereas the reduction in the response of the pavement will
not be as significant .

Another situation in which the use of an elastic layered
ideali zation may be more represent ative occurs when there exists within
the subgrade different types of materials at relatively shallow depths
(less than 20 f t ) .  For instance , a stiff or a soft layer in the sub—
grade may not significantly affect the load deformation response of a
30—in .—diam plate, but the effect may be significant on the load
deformation response of a thick slab loaded with a large load on

widely spaced wheels.
Characterization of each layer with elastic constants obt ained

from laboratory tests , rather than one elastic constant obtained from

field test s , provi des the designer greater flexibility. At this point,

it should be noted that it is recognized that the materials in pave-

ments behave neither elastically nor linearly but that the assump—
tion of linear elasticity is necessary for practical application . The

state of stress under which the material is tested in the laboratory

may be changed to conform to the most critical state of s cress under

which it may exist in the pavement. This is contrasted with the con-

stant state of stress at which the modulus of soil reaction is selected.

There is also the flexibility of being able to readily change the physi-

cal condition of the specimen (moisture, pore pressures, density, etc.),

• whereas this cannot be so easily accomplished on in situ material. Thus ,
• the use of an indirect correction for saturation of the modulus of soil

reaction8 is not necessary. -

The use of laboratory procedures makes it possible to test a

more representative sample of the existing subgrade and a larger variety

8
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of available base course materials. With the present design procedure,

extensive plate bearing tests are the exception rather than the rule. - •

Another factor to be considered is the repetitive nature of the loads

applied to a pavement. Certainly, the use of laboratory teats will more -

•

readily permit consideration of the effects of repeated load applica-
tions than will field plate bearing tests.

In addition to the necessary and practical assumptions of linear

elasticity, the layered elastic model has one major weakness when applied

to rigid pavements, i.e., the inability to treat discontinuities (cracks

and joints) primarily in the PCC layer. In this regard, the Westergaard

idealization is better because it does permit a rudimentary treatment of

the joints. With the Westergaard idealization, bending stresses in the

slab, the vertical slab deflections, or the vertical reactive pressures

may be computed at or near the corner or edge of a slab that is semi—
infinite in the horizontal direction. ~npirical adjustments to these

response parameters may then be made to account for the reduction due

to support provided by adjacent slabs,

The assumption of’ completely bonded or completely frictionless

layer interfaces is not considered to be a significant weakness. A simi—

lar assumption is made by the Westergaard idealization in which the
interface between the PCC slab and the underlying material is assumed
to be frictionless. The interface between a PCC slab and the second

layer is most likely intermediate between a completely bonded and com-
pletely frictionless condition. Between all other layers, the assump-
tion of full bonding is probably more valid, being dependent on the type
material and construction procedure. However , no data exist to adequately
quantify the interface conditions, although the response model does

exist that can analytically consider intermediate conditions. The com-
putation of the various response parameters will certainly be affected

by the selection of the Interface condition. For computation of the

design parameters, it was assumed that no bond existed at the interface
beneath the PCC slab and that full bond existed at a].]. other interfaces.

The comparison of the finite element idealization with the

• Weatergaard and elastic layered idealizations may not be valid since it

9
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refers basically to a computation procedure rather than to a mathematical
representation of the physical structure. As has been noted previously,

the finite element idealization may be employed for the upper layer with
a dense liquid or elastic solid representation for the remainder of the

structure. Nevertheless, consideration as a separate idealization has

• merit for comparisons between available techniques for computing the

response of a pavement to load . As discussed herein , the finite element
representation will mean that the entire structure will be broken into

a number of finite elements (Figure 3).
• In the finite element idealization, the continuous pavement struc—

ture is broken into a number of elements connected at nodal points. The
• material in each element is assigned properties that may vary from ele-

ment to element. The number of elements and nodal points that may be
considered is limited by computer capacity, and thus boundary conditions
must be specified. The loads are applied as concentrated forces at the

• nodal points. With the aid of special types of elements, discontinuities,
special interface conditions, reinforcing steel, and dowel bars may be
introduced. Special computational techniques permit consideration of

NOt(~ £I.~~UtNt NuM•t~~$ ANt CINCLED.
MOOt NUMSENS ANt NOT CINCLID.

H ( X*N ( D~~ON ELEMINT
d00A*. PONT

I. WIA JN5 COURSE

I ®  ,/ / 
IASE COIJ*5(

• ;

a. Niti CLEMENT MESH b. ILEMEPi r N

S

Figure 3. Pavement id.ea].ization using the finite
element program ( from Crawford and Katona12)
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voids and temperature and moisture gradients within the pavement struc-
ture. In addition, variable layer properties (thickness and load
deformation properties) and nonlinear material response may also be
treated.

However, there are limitations. For a three—dimensional
idealization with only a minimum number of elements and refinements
(Figure 3), the required time and cost involved in applying the proce-
dure to pavement problems become prohibitive.

There are plane strain, axisymmetric, and prismatic solid finite
element idealizations, but with all of these idealizations certain con-

straints are introduced. If the time, effort, and cost to apply the

models are reduced to manageable levels, the applicability to a general
design procedure and improvements over simpler models is likewise

reduced.

After consideration of all models, the layered elastic model was
selected. The model has several weaknesses, and certainly there are
more sophisticated models available. However, it offers a viable
alternative that can be implemented into a workable design procedure.

Consider the relationship between the interior stress computed

by layer theory and 0.75 of the edge stress computed by plate theory
(Figure ~4). The parameter of 0.75 of the edge stress is the design

parameter presently being used for design of rigid airport pavements.
Although the relationship in Figure 1~ is not one of equality, it is one

of strong correlation; thus, if a workable design procedure could be
based on edge stress, then it would be expected that a workable proce-

dure could be developed based on the interior stress.

SELECTION OF C0?.fl’UTATIONAL PROCEDURE

The two most widely used computer codes to solve for the response
of’ a layered elastic pavement idealization are the BISTRO2° and the

~~ VR0N2~ codes. In addition, the CRANLM22 and the BISAR23 codes have
been used but not as extensively as the BISTRO or CHEVRON codes • From
these, the BISAB code was selected to develop the performance criteria
because of the author’s confidence in the accuracy of the program and

11
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the ability of the program to consider different interface conditions.

The BISAB program is an advanced version of the BISTRO program and has
capabilities that, while not necessary for the use of the design proce-

dure developed in the study, may be useful in the future for pavement

analysis. The CHEVRON program does offer some advantages in terms of

operation cost and may, in some design situations, be a completely

adequate program. As an example, the CHEVRON code has been modified
for multiple wheels and is recommended by Barker and Brabston1° for
flexible airport design. In order to maintain as. much consistency

• between pavement types , it was the original intent to use the same
code for rigid pavements.

However , for rigid pavement s that have a subgrade of a low
resilient modulus, the deflection basin computed with the CHEVRON

12
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computer code becomes very distorted in the area beneath and imme-
diately adjacent to the loaded area. This distortion is evident vnen
compared with the deflect ion basins computed, using the BISTRO/BISAR
computer program (Figure 5) . The distortion of the CHEVRON—computed
basin is much greater for low subgrade moduli with the distortion dc—

• creasing as the subgrade modulus increases until for a subgrade modulus
of 7000 psi the basins computed are nearly identical . The distortion
is caused by inaccuracies in the numerical solution procedures for
various integral equations and BeBsel functions for large E.1/E5 ratios.
The distortion in the curves in Figure 5 are accentuated by the location
of a stiff layer (B = 1,000 ,000 psi ) at a depth of 2b0 in. below the
bottom of the slab (reasons for this will be discussed in the following
section). When the subgrade is assumed Infinite in depth , the distortion
is not as severe with the CHEVRON code , i .e. ,  there is no hump where the
deflection s near the load are smaller than those further removed from
the load (Figure 6) .
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• Figure 5. Deflecti~~ basins computed with the CHEVRON code
compared with the deflection basi;s computed with the
BISTRO/BIBAB codes
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A much smaller effect on the stresses is apparent , as illustrated
by the plot of radial tensile stress in the bottom of the PCC slab in
FIgure 7. However , it was believed that the additional accuracy of the

BISTRO/BISAR computer codes was desirable. Because of the cost benefit
and additional capabilities of the BISAR code , this program was chosen

over the BISTRO code . 
S

MDDIFICATION OF MODEL FOR
FINITE SUBGRADE DEPTHS

The layered elastic idealization assumes that the bottom layer
extends vertically to infinity. This , along with the assumption that
the layers extend hori zontally to infinity, is a necessary condit ion for
solving the integral equations and Bessel functions to obtain the pave—
ment response. From a practical standpoint , borings are not usually
made to depths sufficient to establish the location of layers below a
10—ft depth,14214 and the most common situation encountered is one in
which the stiffness of the soil increases with depth. The results are

that the model invariably overpredicta vertical deflections within the
pavement structure. Strains, and therefore stresses, are also affected

but to a much lesser extent .
The effect of the assumption of subgrades with infinite extent

may be examined by studying the influence on two of the more important
response parameters, i.e., vertical slab deflection and tensile stress

• in the bottom of the slab. Figure 8 illustrates the influence on ver-
tical slab deflection . The magnitude of the influence will be affected
by the subgrade modulus . As the stiffness of the underlying materi al(s)

F decreases , the effect on the vertical deflection increases. This is an

obvious consequence since the vertical deflection is obtained by inte—
grating the vertical strain function with depth from the surface of the

S subgrade to infinity. By introducing a relatively stiff lower layer , the

- • 
effects of the integration of the strain function are masked by de-
creasing the magnitude of the vertical strain to very small values.

Figure 9 illustrates the influence on radial stress in the bottom
of the slab. The stress is not significantly affected by the presence

15
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of the stiff layer. This is typical of not only the radial stress
(Figur e 9) and the tangential stress but also the vertical stress . The
components of strain are affected by the as$umpt4.~~a of infinite layers ,
but since they are computed directly from the stresses and involve no
integration or summation process, the effect is small . The effects of

small differences are not cumulative as they are for computations of
deflections. The assumption of layers of infinite horizontal extent

will also affect the computed response. For rigid pavements with small
thick slabs , this may be important and is one of the weaknesses of the
layered elastic idealization .

The decision was made to modify the model by incorporat ing a
layer of infinite thickness having a modulus of elasticity of 1 x psi
and a Poisson ’s ratio of 0. 14 at a depth of 20 ft. unless exploration
indicates the need for some other representation. This was a rather

arbitrary decision but was based on observations of what was needed to 
S

Improve agreement between measured and computed values. Certainly it is
realized that the magnitude of the load and thickness of the PCC slab

will influence the depth to which the underlying material is affected

and thus should be considered in positioning the stiff layer. However,
S about 20 ft appeared to be a practical value for aircraft loads and a

reasonable range of pavement thicknesses. The value of i x io6 psi for
• . the modulus is several orders of magnitude larger than the modulus of

elasticity for most subgrades and appears to work very well. This
modulus value and the Poisson’s ratio of 0.4 can , however , be varied -

S considerably without affecting the results to any great extent.
The acceptability of the modification may be enhanced by con-

sidering several typical examples. Figures 10—12 show influence lines
of vertical deflection measured as the load traveled across the pavement

and deflection basins computed with the BISTRO code with and without a
• st iff layer . The difference in an influence line and a deflection basin

is that dat a for the influence lines were obtained from a gage at a fixed
location in the pavement as the load moved and. the deflections for the
basin were computed for various locations in the pavement with the load
located at a fixed position , i.e. , center of loaded area located at poiut

19
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of maximum response. Because of the approximations of linear ity,
elasticity , and time independency, the two are relatively compatible
for pavements.

The results shown in Figures 10—12 are typical of the results
observed for rigid pavements. The inclusion of the stiff layer improves
the correlation between the measured and computed deflections and the
shape of the curves. Of particular significance is the location at
which the deflections become small or zero . It has been observed (even
for flexible pavement structures) that the elastic layered idealization,
without a stiff layer, indicates significant deflections far from the
load , while measurements have shown that the deflections decrease

• rapidly as the distance from the load increases. This has been inter-
preted to mean that the zone of influence within the pavement is not as
great as predicted by the elastic layered idealization in which the
subgrade extends to infinity.

Additional comparisons are provi ded in Figures 13 and ].14, which
5 5 

are plots of computed and measured deflection (with and. without a stiff
layer) for a range of pavements and loads . The pavements are from test
tracks , which will be described later. The deflections are usually the
largest values obtained with the load. Some of the measured values were

• for static loadings, and some were for slow—moving loads.
A line of equality and two linear regression lines are presented

in both Figures 13 and 14. The regression analyses were accomplished
S with measured deflections as the independent variable and computed

deflectj ons as the dependent variable. Both regression functions are
S based on least square criteria , and one has the added constraint of

passing through the origin.

Computed deflections without a stiff layer are shown in Figure 13.
-

‘ 

The regression function constrained through the origin is described by
the equation

1.338k (1)

and the unconstrained regression function is described by the equation

23
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A = 0.20 + O.998A (2)

where
Ac = computed deflection without a stiff layer
A measured deflection
Computed deflections with a stiff layer are shown in Figure 114.

The regression function constrained through the origin is described by
the equation

= O.937A (3)

and the unconstrained regression function is described by the equation

= 0.01114 + O.739A (14 )

where A computed deflection with a stiff layer.

Examination of Figures io~~1~ and the regression functions reveal
the following :

a. Computation without the stiff layer overpredicts deflections.

b. The deflections computed with a stiff layer are a better
approximation of the measured deflections. (Evidence of
this is the position of the regression functions relative
to the line of equality and the closeness to unity of the
coefficients for the constrained regression functions.)

£• The variability of the computed values is reduced by inclusion
of the stiff layer. (Evidence of this is the difference
between the standard errors associated with the unconstrained
regression analyses.)

To summarize, it was comparisons such as those just described that
led to the decision to make the rather arbitrary modification to the

elastic layered idealization. Although computations of stress and strain

do not appear to be affected to the extent that the deflections are
affected, it is believed that the modi fication improves the overall
acceptability of the- mode].. From a practical standpoint , it mlnimi.zes
the need to explore and characteri ze the subgrade to large depths unless
the geo1o~ r of the area indicates that a soft or stiff layer is probable
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between the normal exploration limits and about 20 ft or a soft layer
below 20 ft.
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SELECTION OF MATERIAL CHARACTERIZATION PROCEDIJRFS

GENERAL S

The amount of research that has been directed toward charac-
terizing paving materials and subgrades with a test that is more
accurate and more fundamental than a plate bearing or CBR ( California
Bearing Ratio) test is truly prodigious . Conversely, the formulation

and application of practical , usable , widely accepted procedures for S

the routine design of rigid pavements is truly meager. Chou25 has

prepared a state—of—the—art report on the characterization of pavement

materials including subgrades. Much of the discussion in this chapter
will be based on this study.

The materials composing a rigid pavement respond neither linearly

nor elastically to load , but in a complex manner. Generally, the re—

sponse is nonlinear and nonelastic for a rather wide range of stress

and strain conditions. The approximation of linear elasticity is more
valid for such materials a~ PCC and bound bases (subbases) than it is

for granular bases (subbases) and subgrades. PCC and bound bases

(stabilized with PC or lime) tend to be more brittle and have more

linear stress—strain relationships as illustrated in Figure 15. The
• response of many of the materials i~ highly dependent on the state of

stress and the number of load repetitions to which the material has
been subjected . Although the response of rigid pavements is not as
sensitive to time and temperature* as flexible pavement, temperature

• and rate of loading will have an influence on the characterization of

S materials in which a bituminous binder is used or in other layers where

freezing occurs.

The pavement designer must then approximate the complex response

of materials in order to use a simple analytical procedure to obtain the

response of a pavement. As it turns out, many of the necessary approxi—

mations are not nearly so drastic as m ight be suspected from considera—
tion of the total response of the materials. The states of stress

* That is, if the effects of temperature gradients within the PCC slab
are ignored.
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and strain within pavements are usually within the range where the 
S

assumption of linear response is reasonable. After only a limited number

of load repetitions, the assumption of elastic response will usually

become more reasonable, although for initial loadings the response may 
S

have been very inelastic and nonlinear. The state of stress is variable

throughout a pavement structure and wi’ 1 depend on the loading and

layer thicknesses. However, a state of stress may be selected which

will provide a reasonable approximation of conditions that exist in

real airport pavements.
Layers with bituminous binders are beneath the surface , where j

the variability in the temperature regime is not as great as it is for

flexible pavements and the effects of the rate of loading are not as

critical. Suitable temperatures and rates of loading can be selected

that provide adequate characterization of the material containing a

bituminous binder. As to the effect of freezing on the subgrade, the

most critical period, in terms of magnitude of pavement response, is

during periods of thaw, and these conditions can be approximated in the

laboratory.

Procedures will be considered for determining the load deformation
characteristics of PCC surface layers, granular bases (subbases), bound

bases (subbases), and subgrades. Details of the procedures for subgrades

Will depend on whether the material behaves as a cohesive or cohesionless 
S

material.

At this time, some discussion of termino1o~ r regarding the four
types of materials that compose rigid pavements is needed. There is

genera]. agreement as to what constitutes PCC surface layers and sub—
grades. Misunderstandings and the need for more precise definitions
arise when considering bound or granular bases (subbases). Chou25

discusses bound bases (subb aseø) under the genera]. heading of soil

stabilization, i.e., stabilizing agents, stabilization mechanism, pur-

poses for st&bilization, and resulting material properties. Wider ranges in each aspect of the stabilization are noted. Barker and

Brebston~° discuss the general area of stabilization and provide limiting

values for determining when the stabilizing agents are effective in
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modifying the properties of the natural material. The one fact that

becomes readily apparent from these and other discussions on the sub3ect
is that there are many “gray” areas and only a few “black and white.”

To the myriad of existing definitions and concepts will be added several

more, which are peculiar to the procedure contained herein.

Bound bases (subbases) are natural soils, prepared soils (washing ,
grading , crushing , etc.), or crushed stone , which has portland cement,
lime (slaked or hydrated), fly ash, sodium silicate, bitumen, or a com—
bination of the listed ingredient s added. A distinction is made between
bound bases in which the stabilizing agent is a bituminous binder and
one in which another of the listed agents is used. Bituminous stabilized

bases depend on the mechanical bond between particles provided by the

bitumen binder. The other agents (primarily portland cement , lime , or
lime-fly ash) depend on certain chemical reactions to provide the bond
between particles and will be referred to as chemically stabilized

bases. The distinguishing feature of both types of bases is that the
material can be molded into a beam and can sustain flexural —type loadings .

Bituminous bases should meet requirements as set forth in Ref-
erences 26 and 27 for bases in which a bituminous binder is used. The

references contain specifications for gradation, amount of binder , etc . ,
.

5 

which are intended to ensure that the material functions as a bound
material.

Chemically stabilized materials should meet requirements set forth
in References 26, 28, and. 29. Among these are requirements for durability
and the requirement that strength increase with age , which are intended
to ensure that the materials continue to function with age and that no
adverse chemical reactions occur. However, in terms of ensuring that

the material functions as a bound material (sustain flexural loading),
the requirement that the material attain an unconfined compressive
strength of 250 psi at 28 days, as 5et forth by Barker and Brabston

is applicable ±or rigid pavements. This requirement should be used in

lieu of strength requirements in References 26, 28, and 29.
Those materials that have a chemical stabilizing agent added but

do not meet the 250—psi compressive strength requirement should be
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characterized with procedures for granular bases (subbases) or subgrades,

depending on the nature of the natural material. For instance, a clay
subgrade to which lime has been added but which does not meet the 250—psi

strength requirement should be characterized and considered simply as S

part of the subgrade. The general rule is that the material should be

characterized and used in the design as if no stabilizing agent had been

added when the compressive strength requirement is not met.

Granular bases (subbases) are natural soils , prepared soils
(washing, grading, crushing, etc.), or crushed stone , which meets grada—
tion and durability requirements as set forth in References 1—3 , 2i~, and

26. The characteristic of granular bases (subbases) that distinguishes

them from bound bases (subbases) is that they do not possess and/or will

not maintain the ability to sustain flexural loading.
The elastic constants defined for each layer will be the modulus

of elasticity and Poisson ’s ratio. The modulus of elasticity will re-
ceive the greater attention for several practical reasons. One is that,

in terms of response of the pavement , the modulus of elasticity is the S

dominant of the two parameters. A second is that Poisson’s ratio varies

S 
only within a limited range for the different types of materials com-

posing a pavement structure. Finally, it is difficult to accurately
determine Poisson’s ratio from laboratory tests.

The strength of the PCC surface layer will be defined by the

flexural strength. This parameter is required in current design proce-

dures, and the same well—established characterization procedures will

be used.

S EFFECTS OF LOAD REFFTITIONS S

To examine the effects of repetitive load applications on the

response of rigid pavements, study the vertical deflection patterns that

occur as a typical rigid pavement is trafficked. The total vertical

slab deflection can be broken into transient (elastic) and permanent
components. For rigid pavements, the elastic component remains rela—

S tively constant or decreases somewhat with traffic (Figure 16). After

cracking is initiated, the elastic deflection will increase as the

result of the overall decreased stiffness of the entire system.
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Figure 16. Elastic slab deflection versus traffic

Permanent deformation initially occurs as the slabs become seated

and additional densification of loose material occurs. This deformation

is rapid at first but then decreases as traffic is applied and. essen—
tially decreases to zero. Figure 17 shows that the cumulative deforma-
tion becomes relatively constant and remains so until cracking begins.
In fact, Figure 17 indicates that between 600 and 2000 coverages there
is a decrease in the permanent deformation, i.e., the pavement surface

appears to rise. It is not known if this decrease is traffic—related

or due to other causes. The only significant decrease in permanent
deformation occurred between 600 and Boo coverages for the 20—in.
pavement and between 600 and 1000 coverages for the 15—in, pavement.

The fact that the decrease in the permanent deformation is greater for

5 the 20—in, pavement than for the 15—in , pavement and occurred between
two consecutive readings indicates that the decrease is not related to

traffic; thus , it is concluded that after the initial permanent deforma-
tion, the traffic—induced permanent deformation remains relatively

constant until the onset of cracking. As cracking progresses , permanent

deformation again begins to increase.
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Figure 17. Cumulative permanent deformation versus traffic

The pattern of the total deflection will be similar to that for

the permanent deformation since the total is the sum of the permanent

and the relatively constant elastic components. The total deflection 5

- will then become practically equal to the elastic deflection after ini-
tial conditioning. For pavements designed for realistic volumes of

traffic, this situation exists for a large portion of the life of the

pavement . S

Pavement response is a composite of the responses of the various

layers. The difference in the response of the four different types of

materials to static compression loading (triaxial tests) is illustrated

in Figure 15. Although these results are from static tests, the same

effects exist for repetitive loads. The effects of repeated loading

are more pronounced for subgrades and granular materials than for PCC

and bound bases • The relative influence of the assumptions of linearity
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and. elasticity are the same for static and resilient response. The S

effects of repeated loading on the PCC, granular bases (subbases), bound

bases ( subbaaes), and subgrades are discussed in detail in Appendix A.

t4DDULUS OF ELASTICITY
AND POISSON’S RATIO

Based on the discussions presented in Appendix A, the rigid pave-

ment system may be represented on a quasi—linear elastic system. The

modulus and Poisson’s ratio values are selected based upon best esti— S

mates of in—place conditions. The modulus of elasticity ~nd Poisson ’s
ratio of PCC are relatively insensitive to state of stress, temperature,
or stress repetitions and thus can be represented with a high degree of

confld.ftnce from the results of laboratory tests. The particular labora—
tory test considered most appropriate in representing the conditions of

the PCC in a pavement system is the flexura]. beam test, and thus it is

the flexural modulus to be used. for design. This is not to eliminate

the use of other testing procedures for determining a modulus, but it

should be stressed that these desIgn criteria are based upon the flexura3.
modulus and that other modulus values should be related to the flexura].

S modulus. There have been numerous studies relating the modulus values
obtained from other test procedures, such as the uniaxial compression
test, split tensile test, and resonant column test. If the designer

has confidence in the correlations to the flexural modulus, then the

results of these teBts can be used; but the designer should also realize

that the level of confidence of the design systems may be somewhat

reduced by such correlations. The usage of Poisson’s ratio is rela—
tively narrow, and the effects of varying Poisson’s ratio over this

range on the computed response is almost negligible. Considering the

difficulty in measuring Poisson’s ratio, a fixed value of 0.2 for FCC
will be adequate for design purposes. Thus, this has been the value

of Poisson’s ratio selected for development of the design criteria.

The modulus and Poisson’s ratio values of base material vary over
- - a wide range. A compensating factor is that the principal strength of

rigid pavement is derived from the concrete surfacing, and thus rela-
tively large variations in the moduli of the base can be tolerated.
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For bound bases , since the propertieB in flexure are considered to be
appropriate, the beam test as given in Appendix A should be employed. 

5

Bituminous bound bases in particular are subject to a variation in
modulus and. Poisson’s ratio due to differences in binder type, binder
content , temperature, and rate of loading . There are procedures, as
discussed by Barker and Brabstorz1° and Chou,25 for estimating the
modulus and Poisson’s ratio of bituminous bound bases that can be used 

S

for design. Such procedures would certainly be appropriate for designs

that employ bituminous bases primarily for waterproofing and not as a
structura]. element. Bases stabilized with cement and/or lime will be

similar in behavior to PCC, i.e., the modulus will depend on the strength

of the material with Poisson’s ratio relatively constant. As with PCC,

correlations between the properties in flexure and the properties as 
5

determined by other laboratory tests have been developed. As with the

bituminous bound bases, the modulus of relatively thin bound bases can
be crudely estimated without seriously compromising the pavement design.

Published values of the modulus of chemically stabilized materials vary

over a wide range, i.e., from less than 100,000 to that approaching the
modulus of lean concrete. For development of these criteria, a modulus
value of 250,000 psi was used. This modulus may be considered typical

of what may be expected from a stabilized base. Poisson’s ratios for
chemically stabilized bases vary over a wider range than the values for
PCC, but 0.2 would still be an adequate estimation.

The properties of granular bases are very dependent on the state

S 
of stress , state of compaction, moisture content, and to some lesser
degree on the aggregate quality. By specifying the material quality

and compaction requirements and dealing with moisture conditions through
S assuming a nearly saturated condition or by applying some rationale for

arriving at a design moisture content, the remaining variable influencing

the modulus is the state of stress. ~3ince this particular parameter

does have such an important effect on the modulus of base materials, a
detailed discussion is presented in Appendix A on the state of stress
under rigid airport pavements. The study indicates that the first stress
invariant in bases does not vary greatly and that a value of 10 psi would
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be a typical value applicable for pavement design. The repetitive

triaxia]. test is considered to be the laboratory test that can best be
used. to establi sh the characteristics of a particular granular materiel. S

Other approximate methods have been developed that do yield reasonable
modulus values , but care should be exercised. in the use of either the
typical state of stress or the approximate methods of determining the
modulus . For these procedures to be appropriate, the pavement design

S should be a typical design and the materials should meet the specified
quality and compaction requirements.

5 

Poisson ’s ratio of granular materials varies with the shear
stress. In the range of stress normally encountered in rigid pavement ,
the value of 0.3 is an appropriate value for design. In the repetitive

triaxial test, the Poisson’s ratio is particularly difficult to measure

and is subject to a high degree of error; thus , in most design situ-
ations, no attempt would be made to measure this material property.

5 

Characterization of subgrade soils is normally considered much
more crucial than cha.re.cterizetion of the bases, primarily because of S

the relative thickness between the two and because of greater vari-

ation, which can occur in subgrade materials. In many ways, cha.rac-.

terization of the subgrade materials is very similar to characterization
of unbound granular , i.e. , the material must be characterized with
respect to a stat e of stress , moisture condition , and material density .
As with the unbound base , the repetitive triaxia]. test is considered to
be the appropriate laboratory test for characterizing the material . For
the cohesionless subgrade, the characterization procedure is the same as

5 
for the unbound base, except the material quality and material densities

will not meet the requirements for base materials; thus, some of the

appropriation procedures will not be valid. For cohesive soils, the

modulus is more a function of the deviator stress than the first stress

invariant; hence, this is the stress parameter used in characterization

of the cohesive subgrades. Based. on the discussions In Appendix A , a
5—psi deviator stress is considered to be an adequate estimation for

S 

design of a typical airport pavement . As with the bases , since these
values of stress are estimates for a typical pavement , it may- be

-
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desirable to check these estimates through computation of the stresses
before the design is finalized.

As discussed in Appendix A, the moisture content at which the

laboratory tests are conducted is very critical. Studies of the mois-

ture content in airport subgrades have indicated that in most cases the
subgrade material is near saturation . In selecting a moisture content
at which the laboratory tests are to be conducted , the final or equilib-
rium water content should be considered. In some design situations, the
designer may have information indicating that this fins], moisture con— 

S

tent would be less than saturated. For such cases, savings may be
realized by designing the pavement on the expected subgrade moisture
content rather than the saturated water content.

Much effort has been applied toward developing correlations
between other material parameters and resilient modulus . A study con-
ducted by the U. S. Army Engineer Waterways Experiment Station (w~s) for
correlating modulus of subgrade reaction as determined by the plate
bearing teat is discussed in Appendix A. Such correlations can be use-
ful in estimating the resilient modulus of the subgrade , but as with any
empirical correlation care must be exercised in their use. Particular
care must be taken in the case of field tests conducted to ensure that

5 the moisture conditions at the time the tests are conducted will be
representative of the final water content of the subgrade.

When the moisture content of the subgrade approaches the satura—
tion moisture content, the Poisson’s ratio of the material will approach

0.5. In the study at the WES, 0.14 has been found to be a representative
5 value for most subgrades. For subgrades that are to be considered near

saturation, it is suggested that 0.14 would be an adequate estimation of

Poisson’s ratio. If acme lesser moisture content is considered appli-

cable for design, then Poisson’s ratio should be measured, or some lesser

value of Poisson’s ratio should be appropriate.

STMIARY

Table 1 provides a su ary for determining the modulus and
S 

- Poisson ’s ratio for use in the analysis of rigid pavements. The column
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entitled “Influencing Parameters” may need additional explanation since
the parameters listed are by no means all of the parameters that in— 

S

fluence the modulus of a material. First, the table assumes that the
materiel tested is used in the pavement and meets the material specifi— 

5

cations. For example, for the bituminous concrete, it is assumed that

the aggregate, bitumen, moisture, and density are the same as to be

used and do meet the specifications. Thus, in setting up the labora—
tory tests many influencing parameters will be fixed. but others, i.e., S

.

those parameters listed , will be variable , and particular care must be - 5

exercised in the control of these test parameters. 
S
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DE L0P~~IWP OF PERFORMARCE CRITERIA 
5

GENERAL

Historically, performance criteria for rigid pavements have been
based on limiting the tensile stress in the PCC slab to levels such that
failure occurs only after the pavement has sustained a number of load
repetitions . Cracking or other forms of pavement distress are attributed
to the repeated application of loads, and the process and criteria are
referred to as fatigue and fatigue criteria. The fatigue process for j
rigid pavements is assumed to be similar to that for a PCC beam, and the 1
criteria are presented in the same manner as the results of fatigue
testing of concrete beams, i.e., a plot is made of the ratio of the
applied stress to the strength of the PCC versus the number of stress
repetitions applied.

Yimprasert and McCullough30 
prepared a plot comparing performance

(will not be referred to as fatigue herein) criteria from several
sources. These comparisons (Figure 18) are based on both laboratory
tests of beams and the results from the Mierican Association of State
Highway Officials (AAsHO) road tests. The performance criteria recom—L mended by the Portland Cement Association5 (Figure 19) are based on
laboratory tests of beams. The performance criteria developed by the

Corps of Engineers are based on results of full—scale test pavements
subjected to controlled accelerated simulated aircraft traffic. The
evolution of these criteria is described in References 31—35. One ver-
sion of these criteria is shown in Figure 20. This curve35 is a plot

-~ of the design factor (Dl’) versus coverages from the equation

DF = R/0.75a

where -

Dl’ = design factor
R = PCC flexura]. strength
a tensile stress in the bottom of the PCC slab computed with

C the Westergeard. edge—load idealization
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Figure 20. Current Corps of Engineers limiting
stress performance criteria

The factor of 0.75 is used to account for the reduction in the edge

stress resulting from the support provided by adjacent slabs. Coverages
are a measure of the number of repetitions of the maximum stress occur-

ring at a particular location in the pavement. The definition and

method for converting actual aircraft operations to coverages is con-
tained in Reference 36. The criteria developed by the Corps of Engineers

are often presented in the form of a plot of percent of a standard thick-
ness versus coveragea .37

Upon detailed examination of the various fatigue criteria, it

becomes apparent that while the basic concept and form are the same,

many details are different . The data for the criteria are derived from
two sources : controlled traffic tests of actual pavements , and labora—
tory flexural tests on concrete beams ( fatigue in compression is
described by compressive loading of cylinders or cubes). The data for
the curves labeled Hudson and Scrivner and Vesic in Figure 18 were
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developed from an analysis of data from the AASHO road tests. In Fig-

ure 20, the data for the curves resulted from an analysis of data from
test pavements trafficked with simulated aircraft traffic. The data for

the curves labeled. Kesler, Murd.ock and. Kesler, and, Clemmer in Figure 18,

and for the curves in Figure 19, were obtained from flexural loading S

tests of concrete beams .
There are differences in procedures for counting stress repeti-

tions. For beam tests, the procedure is simply to count the number of - S

applications of load, although complications may arise concerning the

nature of the load. For the AASHO road tests, loads were applied with 
S

vehicles having single— and tandem—axle loads . Stress repetitions , as
defined for the relationship developed by Vesic in Figure 18, were the
number of load applications , with the tandem—axle load applying two—load
applications with each pass. In Figure 20, the t erm coverages is
synonymous with stress repetitions. Passes of a load are converted to
coverages, which are a measure of the number of times the maximum stress

will occur at a particular location in the pavement. To convert actual

aircraft traffic to coverages (stress repetitions), the random lateral

5 
movement of the load across the pavement is considered. A factor,
referred to as the pass—to—coverage ratio , converts the number of air-
craft passes (may be referred to as operations or departures) to the
number of coverages that occur at the location of maximum accumulation

within the pavement .
The computation of stress is accomplished by different procedures. S

For laboratory beam tests, the maximum bending stress is easily calculable

from simple equations of bending. For the relationship labeled Hudson

and Scrivner ( from AASHO road test) in Figure 18, the stresses are
5 essentially maximum stresses measured along the pavement edge , with the

loads located near the pavement edge . The word “essentially” is used,
since the stresses used were not measured directly. Rather , a series
of strains were measured , then converted to stresses , and an empirical
relationship developed. From this relationship, the stress was computed
to develop the performance relationship. The curve labeled Vesic in
Figure 18 was also derived from an analysis of the AASHO road test data ,

14 14
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but stresses were computed using the finite element model with the
Westergaard idealization of the pavement. The stresses are reported
as the maximum that could have existed in the pavement. The stresses
for the relationships in Figure 20 were computed as described previously.

There are differences in the definition of failure. For the
relationships in Figures 18 and 19 based on flexural tests of beams ,
failure is defined as fracture of the beams . For the relationships
based on data from the AASHO road tests , failure was defined as the
pavement condition when the serviceability index equaled 2.5. The
performance criteria in Figure 20 are based on what is referred to as
the initial failure condition. This is defined as the condition at which
50 percent of’ the slabs in the traffic area have developed a crack that
divides the slab into two or three pieces . The line designated k = 25

to 200 defines the condition at which the cracking will occur no matter S

what the modulus of soil reaction. However, performance of accelerated.

traffic tests and results of condition surveys indi cated that pavements
with high-strength foundations continued to satisfactorily carry loads
after cracking , but that pavement s with low—strength foundations devel-
oped multiple cracking and differential displacements soon after initial 

S

cracking. For this reason, additional relationships were added to relax
the criterion for defining failure for pavements on high—strength

foundations and thus in essence permit additional traffic after initial

cracking.
For the performance criteria contained herein, the basic data

will be developed from test pavements subjected to controlled accelerated
simulated aircraft traffic. The term coverages~

6 will serve as the mea-
sure of traffic or stress repetitions. The elastic layered idealization
and in particular the BISAR computer code will compute the limiting
stress. The maximum principal tensile stress occurring in the bottom
of the PCC slab and the vertical PCC slab deflection were selected as
the critical response parameters . The initial crack definition of
failure selected stated that a pavement was considered failed when
approximately 50 percent of the slabs in the traffic area had cracked.

t •~~~~~~~~~~ ~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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No allowances were made for satisfactory performance after initial

cracking for pavements on high—strength foundations .

FULL-SCALE ACCELERATED TEST

The pavements from which the performance criteria were developed

are described in Appendix B. These pavement s were constructed and

tested by the Corps of Engineers from 194 3 to 1973. The procedures fol—

loved in each of the test tracks were basically the same. The pavement

sections were designed to answer specific questions or to solve certain .

problems ; the pavements were constructed and the as—constructed properties S

measured; the type of traffic needed to answer the specific questions or

to solve the specific problems was applied to the pavement; the volume

of traffic and pavement condition -were monitored until failure of the

pavement was achieved; and the after—traffic properties of the pavement

were measured.

Certain details of each test were different. The construction

procedures , time of construction, geographic location, type subgrade ,

type joints , type load , distribution of’ loading , ext ent and type of

testing , etc., varied . Although extrapolation to a general design

procedure is considered justifiable, it should be recognized that the

entire range of conditions that might be experienced by a pavement has

not been covered. Another factor to be recognized is that although the

volume of data may seem substantial, it is not sufficient to define a

complete set of criteria. The relationships presented are simplifica—

tions of what a-re probably more extensive and complex families or sys—

tems of relationships. Because of the limited data available for each

range of conditions , the relationships provided are agglomerations of

-
- a group of relationships. For example , the limiting stress criteria are

defined by’ a single relationship. If more data had been available , it

may have been possible to define a family of relationships for different

loadings or possibly foundation stiff’nesses.
The use of’ data from actual traffic tests permits a number of

factors to be considered indirectly in the design . The performance is

directly related to traffic , and the resulting criteria are for the
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entire pavement rather than for one component or material, such as
fatigue of the PCC as obtained from beam tests. Environmental, effects

are not considered in the computation of the response parameters for
developing Le criteria. Although the full—scale pavements experienced
the effects of temperature and moisture changes and gradients, fric— S

tional restraint forces , etc., the range of conditions experi enced was
not e.ll—inclusive .

The accelerated traffic tests were conducted over short periods
of time, and the detrimental effects of exposure to the environment are
not experienced. However , the beneficial effects of time are not con—
sidered either. PCC gains strength with time ; the strength of cohesive S

subgrath’ , does not reach the minimum strength until saturation occurs
(which takes time), nor do the minimum strength conditions prevail all
the time. However, the detrimental and, beneficial effects of time may,
to a certain extent, counterbalance each other.

The effects of joints are not considered directly although it IS
recognized that joints are a point of weakness in rigid pavements and
the distress is usually initiated at joints. The effects of joints are

— handled in the following manner:
a. The test pavements all had j oints and slab sizes that were

similar to the standard types used in airfield pavements.
S b. The traffic was applied In the most critical manner with

respect to the joints.

c. The use of the criteria will result in adequate pavements
provided that the standard joint types and similar slab
sizes used ensure adequate vertical forces transmitted
between slabs.

Each test pavement was limited in size; therefore, construction

procedures and equipment were not of the size and complexity used for
constructing large amounts of’ aircraft pavements. More manual operations
were Involved in the construction of the test pavements than would

normally be involved in the construction of a complete runway or taxi—

way. This must have affected the variability and the quality of pave-
ment. Many of the test items were only 2, 3, or 14 slabs in size. On

full—scale paving jobs, the pavement at the start of a job or even at
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the start of a day’s operations is normally of a poorer quality than the
pavement constructed after the “bugs” are worked out of the syBtem.
There are other factors , such as the difference in the consolidation of
PCC with hand—held vibrators as compared with the consolidation with a

slip—form paver. The question of the difference in the test pavements

and actual. airport pavements is unanswerable, and it must be assumed
that the test pavements were representative of real pavements.

The size of the test pavements, some of which were only one slab 
S

in size, presents another problem. Considering the variability that
naturally occurs, the number of additional slabs needed for a truly

representative sample is not known . In assigning traffic at failure ,
average conditions were selected when possible.

The volume of traffic applied to the test pavements was small
as compared with the volume of traffic that would be used to design
pavements for today ’s major civil airports or the larger military
facilities. The primary reason for this is the cost involved in
applying large amounts of traffic. Another reason is that a number of

the tests were conducted during the l940’s and 1950’s when pavements
were designed for much lower t raff ic volumes. The net result of the low
applied traffic volumes is that the results from the tests will have to
be extrapolated to higher t raffic volumes in order to be used to design
for current and projected traffic. S

In s1~mm~- iy ,  the use of data frc~si full—scale accelerated traffic
tests has certain disadvantages. Bowever, when the complexity of the
problem of designing pavement s and alternative sources of data are

S considered , it apparently is the best alternative for producing criteria 
S

that are generally applicable and implementable.

ASS IGN)~ NT OF MPLTERIAL
PROPERTIES TO TEST PAVEMENTS

L 

For the test pavements described in Appendix A, the elastic

properties of the various layers shown include moduli of elasticity,
S 

Poisson’s ratio, and modulus of soil reaction values. For the Multiple—

Wheel Heavy Gear Load ,35 Keyed Longitudinal Construction ~~~~~~ and
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Soil. Stabilization Pavement Study39 pavements, the values shown for all.
types of’ materials were obtained from laboratory and field tests of the
various materials. However , for the remainder of the pavements (Lock—
bourne j•_3 ,ho.Ji6 Sharonvifle Channelized ,314,147 and Sharonvi]ie Heavy 

SLoad48 ), the load deformation properties of the foundation material were
described solely by the modulus of soil reaction obtained from static
plat e load tests. The modulus of elasticity for the subgrades for these S

pavements was obtained fr om the correlation between modulus of elas—
ticity and static modulus of soil reaction (Figure 21). Values of
Poisson’s ratio were selected from values presented by Barker and

10Brabston.

Data from which the correlation in Figure 21 wa-s developed are
shown in Table 2. These data were obtain,ed by conducting static plate
bearing tests8 on in situ soils and repeated load triaxial tests
(Appendix D) on “undisturbed” samples of cohesionless soils or samples
prepared in the laboratory to approximate field conditions for cohe—
sionless soils. Two points in Figure 21 were not used in establishing
the correlation since the laboratory specimens did not represent the
in situ conditions.

The general application of a relationship, such as shown in
Figure 21, to a wide range of conditions Is questionable on several
accounts. However , for the purpose for which it was developed and used

S herein , it did appear to provide reasonable estimates for the modulus
of elasticity of the subgrade In the earlier test tracks . The credi-
bility of the correlation is enhanced by the comparisons presented in
Figure 22. The three points represented three conditions in which
both types of tests had been performed. Points 1 and 2 were for a high
plasticity clay (CH ) and point 3 was for a low plasticity clay (CL) .
The second curve in Figure 22 was taken from Reference 49. The proxim—
ity of the three additional data points and the additional curve to the
established relationship indicates that the correlation should provide
reasonable estimates of the resilient modulus of’ subgrade soils. It
should be noted that the laboratory tests were conducted, according toS 

procedures outlined in Appendix D and that moduli for cohesive soils
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Table 2

Data for Correlation Between Static Modulus of Soil. S

Reaction and Resilient Modulus

Soil. Identification Modulus of Soil Reaction
S No. Class LL P1 pci Resilient Modulus pet

1 CL 36 12 35 14,500’
2 CR 50 32 170 22,000’

• - 3 CR 58 33 32 1,700’
14 SM N.P. 116 21,5OO’~
5 CL 49 25 75 9,1400’
6 ?.~~ 27 3 225 12,000”

7 SW—SM N.P. 190 35,000”
8 SW—SM N.?. 1450 112,500”

9 SP N.P. 630 91,000”
10 CL 43 21 175 32 ,500’
U CH 73 48 85 14,500’ 

5

12 CH 73 48 
- 

118 13,200’

13 CH 73 48 120 7,625’
114 CH 73 48 120 9,000’

15 Cii 73 48 130 6,213’

16 Cii 73 48 72 6,500’

17 Cli 53 34 325 200 ,000t 
S

18 Cli 64 42 250 102,500t

S * Resilient modulus determined at deviator stress of 5 psi.
5

: ** Resilient modulus determined at first stress invariant of 10 psi .
t Points not used to establish correlation. Laboratory specimens

were not representative of in situ material.
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were selected at a deviator stress of 5 psi and at a fi rst stress
invariant of 10 psi for cohesionless soils.

The modu.1.i of elasticity for the granular base materials in the
earlier test sections were selected using data from the previously
described correlation (when plate bearing tests were conducted on top
of the base cour8es), combined with information from other sources.
This additional information was obtained from procedures for determining
moduli of granular materials described by Barker and Brabston (Appendix
G10) and Chou,5° and from test results for similar materials presented
by Chisoim and Townsend51 and Hicks.52 Values for Poisson’s ratio were
assigned from values recommended by Barker and Brabston.1’° The earlier
test pavements did not contain bound base courses.

LIMITING STRESS CRITERIA S

5 
The limiting stress (fatigue) criteria are presented as a rela-

tionship between design factor and coverages. The basic definitions of
coverages and design factor are the same as used previously for Corps of
Engineers criteria. The one difference in detail is that stress as com-
puted with elastic layered theory is substituted for the stress computed

S with the Westergaard idealization , and. the factor to account for stress
reduction due to shear between slabs is omitted. Design factor is now
defined as

DF = R/ci (6)

‘where

DF~ = design factor for stress computed with elastic layered
theory

R = PCC flexural strength
a maximum principal tensile stress at bottom of PCC slab

computed with elastic layered model

The limiting stress criteria are illustrated in Figure 23. The
data points in this figure are listed in Table 3. The plus signs after
covereges in Table 3 and the arrows on the data points in Figure 23

53

S - - r r ~~5~~~ j ~~~ 5L ~~~~~~~~~~~ ~~~~~~~ 
55_ 5SS55 • 5-__~~ :5~ 5S S5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5- _5 --S- - -



rS

~

r5- 5S 
r Wr 5-5, 5-5~~ -r~~~ -,S,S--,--,rr, 5’ 

-_•-._r,r, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5-’

E ~ I I \; I!\ I I I I I I I I

\ \ \~~~~~~~~~~

\~
‘\  \

S 

~~ \ .\  :~~~ .~~~

I

~~~~~~~~~~~ 

-

~

— ~~D \• \
-~~~~~ ~~ ~~ ‘ ‘ ‘ 

— 
S

y

~~~\ \ \ S

“ .\ ‘\
52ur0 \ \ \

U0U~ 3 0~ VONVAS ~~~~
‘

S \ \ \ Q
~~~~~~~~~~~~~~

‘

\ \ : ~~~ S\ \ ~~~~~~~~~~~~~ 

S

4 ~ ~
~O43Vi N51530

514



— 
-S ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ - — ~~~~~~~~~

Tebl. 3 S

~~ta for Diwi nt of Psrfx~~~c. Criti ri.

It~~ ?rstftc , D.sijo bsf1.ctioi~,81t~ ZccstiQn Idunt ifiestion bp, Lo.4 Cev.r.asp f~~~ in.
Lockbaur~. A Du~j-Wh..1 3904 1.82, 0.0206

So. 1 A 115 1.31 0.0356
B 187 1.117 0.0322
B 35 1.03 0.0558
C 200 1.33 0.01137
C 1111 0.92 0.0157
D 1150 1.30 0.aIigS

33 0.89 0.0063
S 1130. 1.118 0.01109
2 77 1.02 0.0712
P 550.. 1.87 0.011116
P 111 1.25 0.0770IC 72 1.29 0.06311
K 700 1.91. 0.0393
ii i~o 1.39 0.0653
II 9 0.911 0.105
0 573 1.70 0.0515
0 72 1.11. 0.0928

262 1.211 0.0891e
P 6 0.81, 0.11111Q 1,390 1.68 0.0657
Q 57 1.12 0.106
U 88 1.51 0.01,
U 1.5 1.16 0.0625
A (R.ecsa.tr .) Th,si—wb..1 658 1.87 0.01135

Loekbciu-n. ~~ Stv41s.Wb.,1 97 1.15 0.061,1
No. 2 22 I 9112 1.19 o.os811

23 I 17 1.07 0.0808
211 I 203 1 .07 0.0786
25 I 1,3 1.53 0.01179
26 2.2011. 1.11 0.01107
27 Stn$i. Wh..1 2,200.. 2.1111 0.031,6

Dusl—T.n4 1311 1.21 0.101,$ 2,2011+ 1.63 0.0807
1(3 D~~1—TsM 2,2011.’ 2. 1,6 0.0562

Locibourn. 1 Dus1—~~..1 18 0.82 0.0903
No. 3

~~arouvi11, 57 Du.1—Vh..1 311,650.’ 2.35 0.01,
C snnalis. d 58 311,650. 1.98 0.01111

59 7.600 1.86 0.03
60 1,6711 1.80 o.ota
61 3.867 2.13 0.017
62 ~~~~~~~~~ 10,002 2.72 0.013

Sb~~os-vt11. 71 20.1—Tens.. 9.680.’ 3.28 0.0295
Rea,p Lo.d 72 h 9.680 2. 53 0.01.13

73 Dial—TendS.. 2.115 2.00 0.0507

NIJEO L 1 0—511 221 1.25 0.0579
2 C—5A 11,230 1.69 0.0502
2 D i—Tenden 95 1.211 0.0537
3 Diai4end.. 205 1. 113 0.00511
3 c—s* 1,1100 1.78 0.01133
11 C—5A 180 1.05 0.0683

flJB 1 C—511 511 1.39 0.0589
2 31111 1.110 0.0530
3 22 1.110 0.051’9
11 0—3* 6,336 1.76 0.053011 Du.1—T,n4 320 1.113 0.0591

• S ~~~1—Tend5 3,215 2.00 0.01178
3 350 1.62 0.05811 h ,66o 2.00 0.007811 ~~~~~ i 70 1.61. 0.05711

Pot. : Th• plu. .i (+7 tndicatis tbnt treftis sto~p.6 prior to iten t.&lur..
‘ Dot. points sot u.sd in eni~.ysis.
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indicate that the pavements did not fail at the stated traffic level.
Of the 10 data point s that had not failed, six were considered invalid
since these six points had. not approached failure. These six points
are shown in Table 3 with an asterisk preceding the coverage level .

Several curve fitting techniques were tried on the remaining
514 data points. The one finally selected was a linear relationship •

fitted to the data by means of least squares with the design factor
as the dependent variable and the logarithm5 of the coverages as the
independent variable . The resulting relationship in Figure 23 is 

S

described by the equation

DF = 0.58901 + 0.351486 log(Cov) (7)

where log(Cov) equals the logarithm of the traffic in terms of coverages .
The standard error from the regression in terms of the design factor is
0.23225. The band width of two standard deviations about the regression 

S

5 
line is shown as the shaded area in Figure 23. The correlation coeffi-
cient from the regression analysis was 0.81638.

Several factors considered in the selection of the particular
relationship in Figure 23 should be briefly noted. The selection of

S the design factor as the dependent variable was made for the purpose
of producing a relationship that would minimize (based on least squares
criteria) the variability in the required thickness , stiffness, and
strength of pavement to carry a cert ain load . The alternative would
have been to select coverages as the dependent variable and design
factor as the independent variable. This solution would then minimize
the variability with respect to coverages. The choice between the two
relationships is subjective in nature, and only through examination of

S both relationships was the choice made to use the relationship having
the design factor as the dependent variable for the design criteria.

* Unless otherwise denoted , all logarithms will be to the base ten .

________ 5—  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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A single relationship, rather than multiple relationship s for
several ranges of conditions, was selected because of insufficient data
for a range of groupings and from visual inspection of the plot, which
shaved no veil-defined groupings of data points. Groupings according
to load and foundation stiffness were tried. A linear regression was
selected because its simplicity was coimnensurat e with the nature of
the data in the sense that each data point is reflective of numerous
factors of a complex problem. In addition, the absence of visual 

S

trends in the data did not suggest the applicability of a more complex S

relationship. S

The absence of data points for traffic volumes greater than
10,000 coverages should be noted. Only one point is shown for coverage
levels greater than 10,000 , and this pavement did not reach failure at
the indicated traffic level. Use of the relationship to design for

traffic volumes greater than 10,000 coverage a (which will frequently
be the case for current traffic volumes) will require extrapolation of

the linear relationship. There is nothing to suggest that this should S

not be the case.

VERTICAL DEFLECTION CRITERIA

The vertical deflection criteria are presented as relationships
between vertical slab deflection and traffi c in terms of coverages. The

vertical slab deflection data in Table 3 were computed with the elastic
layered theory using the BISAR program . For each aircraft gear , the

S 
deflection was computed under each tire and under the centroid. of the
gear . The maximum deflection at these points is shown in Table 3.

Several types of curve—fitting techniques were tried to determine
the best fit curve through the 54 data points in Table 3 that were used
to develop the design factor criteria. The one finally selected was a

-~ power curve fit  to the data by means of least squares with the vertical
deflection as the dependent variable and the number of the coverages as
the independent variable . The resulting relationship in ~‘igure 214 is
described by the equation

51
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6 = o.1o876(cov )_0.1228 (8) - S

where 6 represents the computed vertical elastic slab deflection .
The standard error for Equation 8 is 0.01958 in. A band , two standard.
errors wide, is shown in Figure 24. The correlation coefficient of
—0 .58282 from the regression analysis signi fies that deflection is a S

poor indicator of pavement performance . 
S

S To improve the relationship between computed deflection and pave-
ment performance, an attempt was made to identify particular test see—
tions that may have failed due to excessive deflection. In the plot of

the test data (Figure 23), 24 test sections failed at coverage levels
less than the coverage level predicted by Equation 7. If the assumption
is made that the premature failure of these 214 sections may have been
due to excessive deflection , a reason exists for examining these test 

S

sections alone. It still must be realized that in most of the test
sections the overprediction of Equation 7 will be caused by inherent
variability of the test data. Therefore , an analysis of the 214 points

5 was conducted to see where these points were with respect to the best
S fit deflection curve (Figure 24). The failure coverage for 16 data

points is less than the coverage predicted from the deflection—coverage
relationship in Figure 24. Thus , no conclusions can be drawn from the
failure of these 16 sections, but the remaining 8 test sections did

S indicate excessive deflection . From this analysis , it was postulated 
S

that the eight test sections failed due to excessive deflection and that

deflection criteria could be obtained from these data.
A regression analysis was run on these eight points, and the

curve selected as the best fit (Figure 25) is described by the equation

6 = 0.098738 (log CovY
0
~

5T9
~
0 (9)

This curve was selected as the limiti~ig deflection criterion. Equation 9
has a stand ard error of 0.00356 and a correlation coefficient of —0.98720.

As an additional analysis , the deflection dat a were divided into

two groups : (a) 35 points in the gr oup for single- and dual-wheel gears
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(Figure 26); and (b) 19 points in the group for dual—tandem and C—5A
gears (Figure 27). The best fit  curve for each group is also shown
in the respective figure. The best fit equation for single— and dual—
wheel gears is given by

6 = 0.12657(Cov)_0~
163l4 (io)

where
SE = 0.02085

S 

r = —0.67485
The best fit equation for multiple—wheel gears is expressed as

6 = 0.077005(Cov)
_0.04919l (11)

where
SE = 0.01355
r = —0 .41200

The difference in the two curves in Figures 26 and 27 indicates

S 
that the vertical slab deflection varies more with the type of aircraft

- 
- 

gear than with the performance of the pavement . Two different aircraft
gears could produce about the same stress on a single pavement, but the

deflection caused by the aircraft gears could vary greatly. As an S

illustration, consider the case of a Boeing 7147 aircraft with a maxi-

mum ramp weight of 713 kips and a Boeing 727 aircraft with a maximum
ramp weight of 173 kips . Both of these aircraft produce wheel loads of
about 42 kips. Computations for an 18—in. —thick PCC slab (B = 4 x 106

psi , v = 0.2) on a 12—in.—thick base CE = 30,000 psi , v = 0.3) over a
subgrade with B = 10,000 psi and v = 0.14 yield maximum tensile

stresses in the slab and maximum vertical slab deflections of 2914 psi
and 0.01435 in. •for the Boeing 7147 and 262 psi and 0.0238 in. for the
Boeing 727. As noted , the stresses are almost the same , but the deflec—
tion produced by the Boeing 747 is almost twice that produced by the

S 
Boeing 727 . The use of a single relationship for deflection criteria

61
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would be either too severe for the Boeing 747 or unconservative for the
Boeing 727 .

Additional data will be presented in a following section , which
will strongly indicate that the deflection is also dependent on the
subgrade strength. The test data were Insufficient to define the rela-
tionship between the deflections and the aubgrade strength ; therefore ,
at this point, the deflection criteria are not considered to be a good

design parameter.

It should be noted that the deflection criteria are independent
(at least directly) of the PCC strength. Because the modulus of rupture
is related to the modulus of elasticity, and the modulus of elasticity
is used in computing the deflection s , the strength criteria are in-
directly related to the PCC strength but in a very complicated manner. S

An attempt was made to utilize the PCC strengt h in a more direct manner.
The attempt involved developing from the test section data a relation-
ship between computed deflection and the design factor (Figure 28). The S

relationship is best described by the equation

6 = 0.082794DF 1 2209 (12)

As with the previously developed deflection criteria , the useful-
ness of the criteria for design is considered limited. These criteria

may also be used by selecting a limiting computed deflection, but for

these criteria the limiting deflection is based on the design factor ,
which contains the PCC strength . The relationship may find greater use
in pavement evaluation since it does provi de a means of relating deflec—
tion to design factor criteria, which are the principal criteria for
rigid pavement design . Again , a warning must be issued that the cri-
teria are somewhat dependent on gear configuration and care must be

— exercised in the use of the criteria.

O CRITERIA FOR OVERLAY AND
REINFORC~~ SLAB DF~~IGN

The criteria developed thus far have been for nonreinfor ced PCC

S 
placed on bound or granular base courses or directly on the

614
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subgrade. Criteria for unreinforced rigid overlays and reinforced
pavements and overlays will be considered in this section.

The criteria recommended for rigid overlay design and for rein-
forced pavement and overlay design are the same as are currently employed
for military and civil facilities.~~

3 The criteria were developed from
data from full—scale accelerated test pavements , j ust as the criteria
previously described. Many of the test tracks listed in Appendix A

contained overlays and reinforced pavement s as well as the unreinforced

pavements described. No reanalysis was performed on data from the over-

lays and reinforced pavements because it was apparent that no signifi—

cant improvements could be made.

As the criteria were developed and applied , it was noted that
they would be applicable for the proposed system. The reason for this

is that the basic parameter used in the development of both ‘~ria

is the thickness of unreinforced pavement. The overlay crite “-5e S

developed and then applied in terms of the thickness of overl- -

to provide the same performance of an equivalent reinforced pav~xnent

thickness .33’53 The criteria for reinforced ~avement and overlay design
were developed and then applied in terms of the steel increasing the

- • effective slab thickness as a percentage of the required unreinforced

pavement ~~~~~~~~~~~~~~~~~~ Provided the proposed criteria result

in adequate thicknesses of wireinforced pavement, the use of these

thicknesses with existing procedures should result in adequate unrein- S

S forced overlay, reinforced pavement, and reinforced overlay thicknesses.

OVERLAY CRITERIA

Three equations are provided for determining the thickness of
rigid overlays of rigid pavements. Equations are provided for the three

S 
conditions of bond achieved between the overlay and the base pavement.
When a deliberat e and concentrated effort is made to achieve bond, over-

lay thickness is given by

h0 = h ã
_ h  (13)
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where
h = thickness of overlay

= thickness of PCC slab placed directly on foundation

h thickness of existing PCC slabs

This equation is based on the assumption that the bond is sufficient for
two slabs to act as one, thus the direct one—for—one relationship in

thickness. Certainly , the equation should be applicable no matter what
the basis for determining the thickness of the slabs directly on the

foundation. Therefore, it is deemed adequate for use with the proposed
criteria.

Bonded overlays are recommended when the existing pavement is

in sound structural condition, i.e •, no cracking. This permits the

direct substitution of thickness. The required equivalent thicknesses

of PCC slabs directly on the foundation are selected based on the

flexural strength of the overlay. The use of Equation 13 is predicated

on the assumption that the flexural strength of the overlay is approxi-

mately equal to the flexura3. strength of the base pavement. Should the
flexural strength of the overlay be 100 psi or more greater than the
flexural strength of the base pavement , the flexura]. strength of the
base pavement should be used to compute the equivalent slab on founda—

tion thickness.
When no deliberate effort is made to achieve bond and a condition

S of partial bond exists between the overlay and the existing pavement,
-

- overlay thickness is given by

Ii = I h — ~~l.4 (i14)o

where C equals a coefficient that depends on the structural condition
of the existing pavement. When a deliberate effort is made to ensure
that there is no bond between the overlay and the existing pavement ,
overlay thickness is given by

-~ h = 4h~ — ~~2 (15)
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As based on a visual. inspection of the existing pavements , the numerical
value of C is established as follows:

C = 1.00 when the slabs are in good condition, with little or 
S

no structural cracking .

C = 0.75 when the slabs show initial cracking caused by loading ,
but little or no multiple cracking.

c = 0.50 when a large number of slabs show multiple cracking, but
the majority of slabs are intact or contain only single
cracks.

C = 0.35 when the majority of slabs show multiple cracking.
Equations 14 and 15 were developed empirically fr om the results

of full—scale test tracks and adjusted where necessary based on actual
performance data. The performance of various overlay items was compared

with varying thicknesses of slabs on similar foundations wider the same
load and traffic. The overlay thickness is related to an equivalent

thickness of slab on foundations. Therefore, if it is assumed that the

equations establish a valid relationship between overlay and equivalent

slab on foundation thickness, then appropriate overlay thicknesses can

be determined provided the criteria for selecting the equivalent slab

on foundation is adequate. Because of their wide usage, it was assumed

that the equations provide adequate overlay design; thus, they are

recommended for use with the proposed criteria for overlay design.
S Although the presently used. overlay design equations are recoin-

mended, a design procedure with elastic layered theory as the basic

response model provides the framework within which the overlay design

may be directly incorporated. This will, however, require development

of capabilities in several areas, such as the ability to quantitatively

define the load—deformation characteristics of cracked pavements (which
will be reflective of support provided and the resulting performance of
the overlay), and the ability to quantitatively define the degree of
bond developed between the overlay and the existing pavement .

A system , Such as that currently existing , might be employed for
characterizing cracked pavements , i .e. ,  when C = 1.00 , the modulus of
elasticity of the PCC layer is as measured for the intact material ; when

¶ C = 0.5, the modulus of the PCC layer might be o.14 times the measured
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modulus of the intact material , etc. Further , the same type system
might be used to describe the degree of bond achieved between the over-
lay and the base pavement . The effect of such a system would be the same
as the different exponents in Equations 114 and 15. The BISAB code, as
recommended for use with the criteria developed herein, does have the

capability of considering variable bond between layers , but the problem
is in defining the degree of bond.

The bonded case could be handled with the proposed system,
- provided it is only applied when the existing pavement is structurally

• sound. However, the only improvement over Equation 13 that could be
effected would be to consider differences in the moduli of the PCC in
the overlay and the existing pavement. The effect of different PCC

moduli are not considered significant. When the moduli are the same,
Equation 13 should give the same results as direct application of the

design procedure since the assumption of full continuity between the
two PCC layers, which is made in the equation and can be made in the
response model (BISAR code).

The currently used procedure for design of rigid overlays of

flexible pavements is to design the overlay thickness as a slab on S

• foundation where the load deformation characteristics of the existing

flexible pavement are defined by a modulus of soil reaction measured
with a plate bearing test. It is recommended that the same procedure

be employed with the proposed procedure, i.e., the overlay designed as S

a slab on foundation. Material characterization procedures discussed

previously with test procedures outlined in Appendixes C—E should be
followed.

When the asphalt concrete (or other type bituminous material)
surface layers of the existing flexible pavement are badly fractured and ,
in the estimation of the designer , will not behave as a bound material ,
the designer may characteri ze with either of the following:

a. The material may be assigned the same properties as granular
base or subbase material in the pavement.

O b. The material may be assumed to be granular, and a modulus may
be estimated using the procedure described by Barker and
Brabston in Appendix G.1.O
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It the bituminous surface course is less than 3 in. thick , it may be

assigned the same modulus as the base or subbase course regardless of

its structural condition .
Occasionally , the use of a plate bearing test to characterize the

load deformation characteristics of flexible pavements provides ques-
tionable results. The characterization of the materials composing a
flexible pavement with the prescribed procedures and the use of these S

properties in an elastic layered model should improve the design of
rigjd overlays of flexible pavements .

CRITERIA FOR REINFORCED
PAVEMENTS AND OVERLAYS

The basic criterion for the design of reinforced pavements and

overlays is shown in Figure 29. This relationship was developed
empirically fran data from full—scale accelerated traffic tests. The

test tracks designated Lockbourne No. i,14
~~
42 Lockbourne No. ~~~~~~

and Sharonville Channelized Traffi c~
4 ’4~ contained reinforced test

sections of varying thicknesses and percentages of reinforcement.
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The relationship in Figure 29 was developed by comparing the

performance of plain and reinforced pavements and relating the improve-
ments in performance to the amount of steel. The basis for the compari-

son was the thickness of unreinforced pavement. Therefore, assuming -
that the proposed procedure will result in adequate thicknesses of S

unreinforced pavement , application of the criteria illustrated in -

Figure 29 should result in adequate thicknesses of reinforced pave— S

- 
ments and overlays. Limitations on application of the criteria , as
presently employed, should continue to be used.
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ASS~~~LY OF PROCEDURE FOR DEIGN

GF~ERAL

Herein , procedures for application of the response model, material
characterization tests , and performance criteria to the design of rigid
airport pavements will be set forth . Much of the information provided
will be genera]. in nature since the problems faced by the engineer will

vary widely- for each design situation. Although a general procedure
is provided by which rigid pavements can be designed , the emphasis has
been placed on presenting the development and background in lieu of

S 
presenting a cookbook—type design procedure.

MATERIAL SAMPLING

Only general guidance can be provided for material sampling . The
amount accomplished should depend on how much the designer feels he
needs to adequately define the properties of the materials so that the
resulting pavement will have the desired reliability. The variability

S of the subgrade, borrow and aggregate sources , number of material S

S sources considered , the type of facility being designed, etc., should 
S

determine the extent of the material sampling program.

SUBGRADE AND BORROW

Guidance for soils investigations for currently used procedures

are contained in References 1—3 and 214. Provisions for exploratory
surveys and preliminary investigations, as contained in these ref-

erences, are applicable to the procedures outlined herein. The depth

and spacing of borings contained in these references for cut , fill , and
borrow areas are applicable . Samples should be obtained from the
borings or from pits for classification and de-v-elopnent of compaction
data.

The extent of undisturbed sampling will depend on the results from
the preliminary soil survey. At least four samples of each distinct type
of subgrade soil should be obtained for resilient modulus testing. Beg
samples of each distinct type of borrow material proposed for use as
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fill should be taken to provide for preparation of four samples of each
distinct type material for resilient modulus testing.

BASE (SUBBASE) MATERIAL

Samples from all sources of aggregate that are to be considered
in the design process should be obtained in quantities sufficient to
perform classification tests , durability tests , and at least four speci-
mens for resilient modulus testing. If a binder is to be used to produce
bound base material , the samples from available sources should be ob— S

tam ed and used in the preparation of specimens for resilient modulus
testing. Procedures as currently employed to ensure that binders
(cement , lime , fly ash , or bituminous materials) meet required specifi—
cations should be employed.

PORTLAND CEMENT CONCRE’2E

Samples from available sources of aggregate, portland cement, and
additives should be obtained and tested to ensure compliance ‘.ith mate-
rial specifications. In addition, samples of aggregate from available
sources and representative samples of portland cement and additives
should. be obtained for mixture proportioning studies to determine ranges
of flexural strength and modulus.

EXISTING PAVEMENTS
TO BE OVERLAID S

The basic requirements for a preliminary survey of pavements to
be overlaid is the same as for a new pavement, i.e., to define the mate-

rials within the pavement. If as—built plans and specifications are
available, the preliminary investigation may be omitted. However, if
this information is not available a series of borings will be necessary
to determine the layered system comprising the existing pavement.

Undisturbed samples, where possible, or disturbed samples for cohesion—

less materials should be obtained for all materials in quantities suffi-

cient to provide four specimens of each distinct material type for

resilient modulus testing.
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For rigid pavements, samples should be obtained for the subgrade
end base course layers. Condition coefficients should be established,

as outlined in References 1—3, to define the structural condition of the S

PCC surfacing. Beams of the existing PCC should be obtained for flexural

testing, or if this is not possible, cores should be obtained for split

tensile testing. Procedures for obtaining and. testing drilled cores and.
sawed beams are outlined in ASTM Standard Method C 142—68~~ (CRD—C
27_6956 ).

For flexible pavements , samples should be obtained for the sub—
grade, subbase course, and base course layers. For bituminous surfac—

ings, layers 3 in. thick or less need not be sampled, and the layer may

be included with the base layer when assigning material properties.
Likewise, when the bituminous surface layers are cracked to the point
where they would not function as a continuous layer of bound material,
then the same material properties may be assigned as for the base layer.

S 
No specific guidance can be provided to determine the amount of cracking
that Will destroy the integrity of the bituminous surfacing. It will be

a matter of the opinion of the designer.

MATERIAL CHARACTERIZATION -

The standard tests for classifying materials, establishing com-
paction requirements, and determining if material specifications are

met will be the same as those presently employed.1_3
~

214 procedures , S

different from those currently used, will be needed to characterize the
load deformation properties of each material. These properties will be
determined from laboratory tests rather than from field tests.

Variations will be obtained in material properties. For design,
it is recommended that the average value of modulus of elasticity be

used. The 80 percentile value is recommended for use when determining
the design value of flexural strength. Selection of Poisson’s ratio
will not be so precise . Al]. available data should be studied , including

S 

recc~~nended typical values, and a representative value selected.
Procedures are available for estimating modulus values as veil as

S 
values of Poisson ’s ratio. The reliability desired in the resulting

114
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design should be considered before relying on a procedure that will

result only in an approximation of the material properties. Thickness

design is not overly sensitive to Poisson’s ratio and approximations

are acceptable, although it is recommended that tests be conducted and

used in conjunction with typical values for selecting a representative
value.

SUBGRADE

Test procedures for subgrade soils are outlined in Appendix E.

Cohesionless soils will be insensitive to moisture content, but very

sensitive to density. Samples should be prepared as close as possible

to field densities. Moduli values should be computed at first stress

invariants of 10 psi, and average values computed. Comput ations of
Poisson’s ratio should be made and compared with typical values for
selecting represent ative values for design.

Cohesive soils are sensitive to moisture content and density and
should be tested at the most critical conditions. Normally, this will

be in a condition of complete saturation. However, for arid locations

where experience indicates that saturated conditions are never attained,
moisture contents less than saturation may be used . Undisturbed samples

should be used where applicable and where possible. For fill material ,
specimens should be compacted to simulate field conditions (density and

moisture) as close as possible and saturated fr om the as—compacted
condition. Moduli values should be computed at a deviator stress of
5 psi , and the design value selected as the average value from test
results.

When the potential for frost action exists and the pavement is
to be designed based on zero or partial frost protection , the subgrade
should be tested according to procedures outlined in Appendix B of

Reference 10. Moduli values should be selected at a deviator stress

of 5 psi , and -the average value selected for design. When the subgra~e

is to be protected against frost penetration (even though climatic and

soil conditions are conducive to frost action), procedures outlined in
S Appendix E should be used.
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Computations of Poisson’s ratio should be made and compared with 
S

the typical values to select a representative design value .
Procedures for characterization of subgrades beneath existing

pavements for overlay design are basically the same as those described

above , exceptions being that the materials should be tested at their
in situ moisture and density conditions. Exceptions to this would be

conditions where frost penetration may produce higher water contents

during thaw periods or special conditions (sample taken near edge of

paved area or in areas where the surface was not sealed) where the
moisture conditions are not those normally prevailing in the subgrade.

BASE ( suBBAsE ) MATERIAL

Separate procedures are provided for granular and bound base

materials. Granular materials should be tested in compression according

to procedures outlined in Appendix D. The response of granular bases,

while insensitive to moisture , is dependent on the density of the mate-
rial . Therefore, specimens should be prepared as close as possible to

5 field densities. Moduli values should be selected at first stress

S 
invariants of 10 psi, and average values selected for design . Computa—

tions of Poisson ’s ratio should be made and compared with typical
values for selecting a representative design value.

Bound base materials should be tested in flexure according to

procedures outlined in Appendix C. Separate procedures are provided

for chemically stabilized and bituminous stabilized bases. Chemically
stabilized materials are sensitive to curing time and conditions end
should be moist—cured for 28 days prior to testing. Bituminous sta-

bilized materials are sensitive to temperature, and the design modulus *

should be selected for average temperature conditions in the base. The

average temperature may be selected fr om available temperature predic—
•ton ~~de1s. The values selected for design should be the average of
a~1 values obtained. Poisson’s ratio should be selected from the fol—

~~~~1ng reeo~~~nded values: S 4
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Material Poisson ’s Ratio 
S

Bituminous Stabilized 0.5 for E < 500 ,000 psi
0.3 for E > 500,000 psi

Chemically Stabilized 0.2

PORTLAND C~~~NT CONCRL’TE

Mixture proportioning studies should be conducted to establish

a practical range of flexural strength that may be obtained with avail—
- able materials. Flexural str~ngth tests are conducted according to

ASTM Standard Method of Test C 78~75~~ ( cRD—C 16_ 66 56 ). During the
conduct of flexural tests, deflections should be measured, and moduli
of elasticity computed according to procedures outlined in the Corps
of Engineers procedure CRD—C 21_ 58. 56

The design strengths specified should depend on the method used

in the specifications. If mixture proportions are contained in the job

specifications , the design strength should be the strength obtainable
80 percent of the time with the specified mixture proportions . If
flexural strength is specified in job specifications , the design
strength should be the strength reasonably obt ainable 80 percent of

S the time with locally available materials that meet other material
requirements. The 80 percentile strength should then be used for con—

V struction quality control.

Normally the u~ dulus of elasticity of PCC will not vary over a S

very wi de range for a~gregates from a particular locality. For the

mixtures meeting atreng~h requirements, a representative value of
modulus of elasticity should be selected. Should a range of over
1,000 ,000 psi exist between the moduli for proposed mixtures, limiting

moduli from the ends of the range should be used in the design proce-
dure . Should thi s result in differences in the required thickness , each
thickness design would, then have to be tied to particular mixtures.
However, situations that require different thicknesses based on the

modulus of elasticity of the concrete will, in all likelihood, be rare.

Strength of PCC in existing pavements may be obtained by testing
beams sawed fr om the pavement according to ASTM Standard Method of Test
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C 78—75~~ (CRD—C l6_6656 ) or from tensile strength obtained from split
tensile tests according to ASTM Standard Method of Test C 1496_7158

( CRD—c 77_2256 ) on cores from the pavement . The split tensile strength
should be converted to flexura]. strength with a correlation recommended
by Haminitt 59 or other correlations as available.

LAYER~~ SYST~ 4 DF~ IGN

Once the properties of available materials have been determined

the optimum (economic and structural considerations) layered system may

be selected by a trial— and—error process. PCC slab thickness and base

course type and thickness will be the primary parameters that may be
varied. The resul~;s will be an array of acceptable designs, which are
structurally acceptable but must be evaluated economically to determine
the optimum design.

The array of acceptable layered systems will be bounded by prac—

tical limitations. The minimum thicknesses of bases and. PCC slabs are

based on structural requirements , construction constraints, thickness
limitations based on soil and environmental conditions (swelling soils,
frost action, etc.), and limitations of locally available materials.

Awareness and adherence to these practical limitations will reduce the
effort required by the designer.

The procedures for selecting layered thicknesses, as outlined

herein, will be based solely on structural considerations. However,

special requirements, as currently specified in References 1—3 and 214,

should control when thicker or 1”gher quality layers are indicated.

LIKITING 5TR~SS CRITERIA

The limiting stress criteria (Figure 23) are used to select a PCC

slab thickness for a given set of foundation conditions. Base course

thickness is controlled by the stress criteria, but the control is

indirect. Base course thickness will normally be held constant, and

the thickness of the PCC slab varied until an acceptable structure is

determined. The process can then be repeated with a different base
thickness. The entire process may be repeated for all available mate-

rials. In areas where frost problems exist, the base course thickness
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will probably be controlled by requirements for protection of the sub—

grade against frost penetration .
The use of the limiting stress criteria can best be demonstrated

by a set of’ example problems. Three foundation conditions are illus-
trated in the examples . One case will be with the PCC slab directly
on the subgrade, a second is with the PCC slab on a 12—in , base course

layer with properties similar to a granular material , and a third case

is with the PCC slab on an 8—in. base course layer with properties
S similar to a bound material. Two conditions of traffic are illustrated 5

in each of the examples , one similar to that which might be encountered
at a civil aviation facility and a second similar to that which might

be encountered at a military Installation.

Four procedures for handling traffic or loads are illustrated.

For the examples for civil facilities, the procedures recommended in

Reference 1 are followed. To determine a pavement thickness, all traf-

fic is equated to equivalent DC—8—6l traffic with the relationship

/w \
l/2

log ( log R2) 
(~~) (16)

where
equivalent DC—8-6l departures

= adjusted departures of aircraft in question

W1 = wheel load for equivalent DC—8—61
= wheel load for aircraft in question

A second thickness of the pavement is determined only for the wide—body

jet aircraft in the traffic mixture. When Equation 16 is used, wide-

S body jet aircraft are substituted for equivalent DC—8-6l traffic on a
one—to—one basis. The number of departures for aircraft with single-

or dual—tire gears should be adjusted using the following conversion

factors: S

To Convert To Multiply R2 by

Single wheel Dual tandem 0.50 
5

Dual wheel Dual tandem 0.60

-5- - 5 - - - _ _
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For the examples for military installations, the pavements are designed

for each aircraft, and the required thickness is selected for the criti-
cal aircraft . For both civil and military designs , the cumulative damage
concept is applied in a rather crude fashion , and the pavement designed
for the entire mixture of traffic.

For the four methods of handling traffic , the proposed criteria
will be an approximation. The test pavement s were loaded with only one
type load , and the loads were applied across the pavements in specific
patterns. In many of the earlier tests , the loads were distributed uni—
form].y across the pavements; in the later tests, the loads were applied
in a distribution simulating a normal distribution. Interwoven into

these criteria is also the concept of “coverages.” The concept of coy—

erages as applied herein is discussed in Reference 36. It is a difficult
concept to comprehend, and impossible to extend or use with other cri-

teria, such as fatigue data developed from flexural tests of concrete

beams. However, conceptually it is analogous to the more general termi—
nolo~ r of stress or load repetitions even though the two are not inter-
changeable. The traffic at failure (in terms of coverages) assigned

each of the test pavements was for one type load and is implicitly tied

to the manner In which the traffic was applied.

From the standpoint of applied load, the procedure of’ equating

all traffic to equivalent DC—8 traffic and the use of this one load with
the criteria is conceptually correct since the test pavements were
loaded with only one type load. The assumption necessary is that Equa-
tion 16 realistically accounts for the differences in load configuration
and distribution of load on the pavement . Certainly the equation pro-
vides only an approximation, but as will be seen in the examples, it is

S an acceptable approximation.
S The procedure of designing for only the wide—body jet aircraft

and comparing this design with the design for the equivalent DC— 8 design
is similar to the procedure employed for military design , i.e., the most

critical design (thickest slab ) is selected. Conceptually the use of
this procedure with the proposed criteria is correct from the standpoint
of load and load application . However , the assumption necessary is that

the pavement life or thickness required is not affected by any loading
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except the critical loading, i.e., the loading requiring the thickest
pavement . This assumption may not be totally valid , but as ‘will be seen
in the examples, it also provides an acceptable approximation.

The use of’ any of the procedures described has the advantage of 
S

simplifying the process of treating a mixture of traffic. This simpli—
fication appears to be in order when considering the impreciseness of
the performance relationship, the precision of’ material characterization —

procedures , and the accuracy of estimates of t raffi c (both numbers and
magnitude of’ loads).

The use of cumulative damage concept s to account for the effects
of mixed traffic is a more complex procedure than those previously
described. Conceptually it is a more satisfying procedure since
theoretically the effects of each load, the differences in the distribu-
tion of’ each load across the pavement, and their cumulative effects on

pavement life (or thickness required) can be considered. However,
severs], factors should be noted to caution the user when using this
procedure .

As noted previously, the data for development of the limiting

stress criteria (Figure 23) were from pavement s where only one load was
used, and this load was distributed across the pavement in a particular
manner. The effects of different loads are not accounted for in the

criteria , and one is forced to make the assumption that each load has a 5

detrimental effect on the pavement and that Miner’s hypothesis, in some

form, can be used to ~.ccumulate the damage from each aircraft . The
feeling that most people have is that each aircraft operation does have

some detrimental effect on the pavement ; however , no defi nit ive data

exist to show this (to the author’s knowledge). Conversely , there is a

certain amount of evidence available from laboratory tests to indicate
that the fatigue strength or life of concrete is not adversely affected
by loads less than some fraction of a failure load and. that they may
even have a beneficial effect.60~ 

1 Certainly a pavement is a more

complex system then a beam or cylinder , and in addition to fatigue of

the concrete, such things as foundation support are affected by load

repetitions. However , because of the lack of definitive data to prove

8].
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or disprove its validity, the use of Miner ’s hypothesis must be con-
sidered only as a rough approximation .

When cumulative damage concepts are applied , one is faced with
the task of choosing the complexity of the analysis to be performed .
The limiting stress criteria (Figure 23) are based on the maximum stress

existing in the pavement , i.e., design factor is defined as the ratio of
flexural strength of concrete to the maximum induced stresø. Stresses

less than the maximum do exist in the pavement , and one must decide
whether to include their effects in the analysis . Similarly, the loca—

tion of the maximum stress will vary as the position of the gear varies.
In addition, the peak of’ the load distribution for each aircraft will
vary. This can best be illustrated by considering Figure 30. This

figure illustrates, conceptually, two distributions of loads across a S

pavement and the distribution of stress within the pavement for loads

located at the center of the distribution, i.e., the location where they

are most likely to occur . The criteria , as developed , are based only on

the maximum stress that occurs , end through the concept of coverages,
the critical location within the pavement , i.e., the location (one tire
width wide) where the maximum number of maximum stress repetitions will
occur. When an accumulated damage approach is used, one must decide

whether or not to try to account for the effects of stresses other than

5 
the maximum. This is represented by the unshaded area in Figure 30.
The next decision that must be made is whether or not to consider the 

S

differences in the locations of the center line of the distributions of

the various aircraft (aircrafts A and B in Figure 30). With the cri-

teria, as developed, inclusion of either effect will be only an
approximation .

In the examples , only the maximum stress is considered , and. the
location of the center line of the distributions of each aircraft is

considered to be coincident , i .e. ,  the pass—to—coverage ratios developed
in Reference 36 were used to convert aircraft departures or operations
to coverages . This is a rather crude application of cumulative damage
concepts but is as complex as can be justified considering the approxi-

mations involved.
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Any of the four procedures for handling traffic can be used.
When the approximations involved and the effort required are con-
sidered , the simpler approaches have certain advantages. This is
especially true , since a trial—and—error procedure will be required
to select a PCC slab thickness for each foundation condition tried and
to select the optimum combination of foundation condition and PCC slab S

thickness. The trial— and—error process will be illustrated later with
example problems for three foundation conditions for the four methods
for handling traffic.

LIMITING DEFLECTION CRITERIA

Although the deflection is ~~~ reconuuended for design , examples
are worked including these criteria. The design examples provide some
information as to the comparison of thickness , as determined by both
the stress criteria and deflection criteria , and justi fy not recom-
mending the criteria for design.

The limiting deflection criteria (Figures 21~ and 25) are used to
S check designs obtained based on the limiting stress criteria. If the

deflec tion of the pavement is less than the permissible deflection ,
then the design is acceptable. Otherwise , the slab thickness must be
increased , or the base course thickness or quality modified.

The four methods of handling traffic are basically the same.
The loading requiring the largest thickness is the critical loading . 

S

For design of civil facilities, when all traffic is related to equi va—
lent DC— 8—6l traffic , the limiting deflections are for the equivalent

DC—8—61 traffic and are computed for the equivalent DC-.8—61 load .
When the design is for the wide—body jet traffic , the limiting def’lec—
tions computed by layered elastic theory are for the traffic for the
particular wide—body aircraft used in the design . When the accumula-
tive damage traffic procedure is used , the limiting and computed
deflections and the volume of traffic are determined for each in-

s
- divi dual. aircraft and the largest required thickness is selected. The

same procedure is followed for design of mi1~tary facilities, i.e.,
limiting and computed def].ections and traffic volume are computed for

814 
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each individual aircraft load and the largest thickness is selected as
the design thickness.

Examples of’ all of these procedures will be illustrated in the

following section. In the examples , it will be noted that deflection
criteria control in a].]. cases where the loads are applied through
multiple—wheel gears, but the stress criteria control for the singLe—

wheel gears.

EXANPLE PROBLEMS

Design examples follow for both civil and military facilities.
The traffic for the civil facility is t abulated in Table 14 and for the
military facility in Table 5.

The subgrade soil for the examples is assumed to have a resilient

modulus of 10,000 psi and a Poisson’s ratio of’ 0.14. For one foundation
condition , the PCC slab is placed. directly on the subgrade. The second
foundation condition is one in which a 12—in, base course having a

resilient modulus of 30 ,000 psi and a Poisson ’s ratio 0± ’ 0.3 is placed
S between the PCC slab and the subgrade. The properties of the base

course are similar to what might be contained with a granular material.
The third foundation condition is one in which an 8-in. base course

having a resilient modulus of 300,000 psi and a Poisson’s ratio of 0.2

is placed between the slab and the subgrade. The properties of this 
S

base course are similar to what might be obtained with a bound material.
- PCC slab thicknesses are selected for these three foundation conditions

based on the limiting stress criteria and checked , for purposes of
illustration, against the limiting deflection criteria. Assuming that

the materials used represent realistic ranges of available materials,

then additional designs for different foundation conditions would have

to be made for economic comparisons. However , the examples serve to
illustrate the procedures required to select acceptable pavements based
on structure]. considerations. The PCC is assumed to have a modulus of

io6 psi , a Poisson ’s ratio of’ 0.2 , and a design flexura]. strength
of 700 psi.

The step—by—step procedures followed for several of the loading
S 

and foundation conditions are outlined in detail. These will be typical
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Table 14 

5

Traffic for Example of Design for Civil Facil~~y

Traffic Volume Gross Aircraft 2Aircraft Annual Departures Weight, kips Contact Area, in. S

DC—9 7000 115 165

B-.727 7000 173 237

DC—8 2000 358 209

3—747 1000 713 245

Note: Designs assume 95 percent of gross aircraft weight on main gears.

Table 5

Traffic for Example of Design for Military Facility

Traffic Volume Gross Aircraft 
2S Aircraft Annual Departures Weight, kips Contact Area , in.

3— 52 1000 1480 267
-

~ KC—l35 2000 300 267

c—14i 2000 320 208

F—l].l 4ooo 110 241

Notes: 1. Designs assume 90 percent of gross aircraft weight on main
gears.

2. Load for 3—52 includes 15 percent overload factor .
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of’ the procedures followed for other conditions. The results for all

the loading and foundation conditions will then be tabulated and S

compared.

Design for Civil Facility--Granular Base. For a 20—year design

for a civil facility, a 12—in, granular base over the previously de—

S 
scribed subgrade and all traffic equated to equivalent DC—8—61 traffic ,
the first step is to convert the annual departures in Table 14 to total
departures by multiplying the annual departures by 20. next step

is to apply Equation 16 to convert the total c’3partures to equivalent

DC—8—6l departures. This results in the following:

Aircraft Total Departux~es Equivalent DC—8-61 Departures

DC—9 1140,ooo 8,800
B—727 1140,000 69,1400
Dc—8 14o,ooo 14o,ooo
3—747 20,000 20,000

138,200

The next step is to convert the total equivalent DC—8 departures to

coverages by dividing by the pass—to—coverage ratio of 3,35,36 This

results in traffic as expressed in coverages of 141,300. Applying

Equations 7 and 9, respectively, results in a required design factor
-
. of 2.23 (stress criteria) and a limiting deflection of 0.01407 in.

The next step is to run the BISAR computer program for several

trial slab thicknesses. The design factor is computed, and the results 
S

may be tabulated in the following manner:

PCC Slab
S Thickness, in. Design Factor~ Slab Deflection, in.

14 1.52 0.0594
i6 1.80 0.0516
i8 2.10 0.0453

- - 20 2. 144 0.0400
22 .2.79 0.0357

These results may be plotted as illustrated in Figure 31, and a required
slab thickness of i8.8 in. is selected. A check of deflection criteria

reveals that a PCC slab thickness of 19.7 in. would be required to meet

the deflection criteria. This completes the structural design for this

one load and foundation condition.

-
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The design for the wide—body jet aircraft in the traffic mix is

similar. The 20,000 total departures are converted to 5,750 coverages

with a pass—to—coverage ratio of 3.148,36 Applying Eq~uations 7 and. 9,
respectively, results in a required design factor of 1.92 and a limiting
deflection of 0.01459 in. The BISAR computer code was rim for several

trial slab thicknesses , and design factors computed with the maximum
stress. The results are tabulated as follows:

PCC Slab
- Thickness, in. De~~~n Factor Slab Deflection, in.

12 1.45 0.0650
14 1.73 0.0565
16 2.014 0.01494
18 2.38 0.01435
20 2.75 0.0387

These results may be plotted as illustrated in Figure 32, and a required
slab thickness of 15.2 in. is selected. A check of deflection criteria

reveals that a 17.l—in.—thick PCC slab is required for satisfying the

deflection criteria. Thus, the equivalent DC—8-61 traffic is critics.].,

and the design would be based on the slab thickness requirement of

18.8 in. for the DC—8—61.

S
. Design for Military Facility-—Bound Base. This example illus-

trates the procedure for selecting FCC slab thickness for the traffic

tabulated in Table 5 and a fourd.ation composed of the 8-in.-thick bound
base course (E = 300,000 psi and v = 0.2) over the previously described

subgrade (E = 10,000 psi and v = 0.4). For a 20-year design for a

military facility, the first step Is to convert the annual aircraft

passes in Table 5 to total passes by multiplying by 20. The next step

is to convert the total passes for each aircraft into coverages by the

appropriate pass—to—coverage ratios from Reference 36. Equation 7 is

then applied to determine the design factor, and Equation 9 is applied
to determine limiting deflection. The results of these steps on the

traffic in Table 5 are tabulated as follows:

Total Total Design Design
— Aircraft Passes Cover~ges Factor Deflection, in.

B—5~ 20,000 13,100 2.05 
- 

0.0 1435
KC—l35 140,000 12,800 2.05 0.0436
C—14]. 14o,ooo 11,700 2.03 0.0438
F—ill 80,000 114,200 2.06 0.01433
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The next step is to run the BIS.AR computer code for several trial
slab thicknesses to generate for each aircraft an array of data similar
to the following for the B—52 aircraft :

PCC Slab
Thickness , in. Design Factor Slab Deflection1 in.

20 1.56 0.0576
22 1.79 0.0520
214 2.02 0.01&72
26 2.27 0.01431

These results are plotted for each aircraft ( B—52 aircraft in Figure 33),
and a slab thickness is selected based on the limiting stress criteria.
Again, for illustrative purposes the thickness is checked against the
deflection criteria (Figure 33). The results for all four aircraft
are tabulated as follows:

Required Slab Thickness Required Slab Thickness
Aircraft (~tress Criteria), in. (Deflection ~riteria), in.

B—52 214.3 25.8
KC—l35 12.6 13.8

15.5
F—lll 13.3 <10

The design thickness of 214.3 for the PCC slab would then be selected
based on the B—52 traffic and the stress criteria.

Design for Civil Facility——Mixed Traffic——Bound Base. This
example will illustrate how the criteria can be used with cumulative
damage concepts to design the PCC slab thickness to account for the
effects of a mixture of traffic. The foundation is composed of the
8—in.—thick bound base layer over the subgrade, and the PCC has the
properties previously enumerated.

The first step is to convert the traffic in Table 4 to total
departures for a 20-year life and then to convert the total coverages
by application of appropriate pass—to—coverage ratios from Reference 36.
The next step is to apply Bquations 8 and 9 as appropriate to determine
the limiting deflections for each aircraft at the applied traffic level.
.Lae total coverages and limiting deflection for each aircraft in the mix
are tabulatei as follows:

9].
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Aircraft Applied Coverages Limiting Deflection,. in.

DC—9 38,000 0.0409
B—727 142 ,900 0.01406
Dc—8 11,900 0.01438
B-7147 5,750 0.01459

The BISAR computer code is run for a number of trial slab thick-
nesses for each aircraft . Design factors are then computed, and maximum
deflections are selected from the results of the computer runs. With the
computed design factor, the allowable coverage level for each aircraft
for the particular thickness in question may be computed. Finally, the

ratio of the applied to allowable coverage level for each aircraft, plus

the sum , is computed. The results of this procedure are contained in

Table 6. Figure 31~ presents a plot of the summation of the ratios of

applied to allowable coverages versus thickness. Application of Miner’s

hypothesis, i.e., failure will occur when the ratio of applied to
allowable coverages reaches one, yields a required thickness of 16.8 in.

A comparison of limiting deflections for each aircraft listed above with

the computed deflections in Table 6 reveals that the computed deflection

is less than the limiting deflection for a thickness of 17 in. for ail

aircraft except the DC—B. For the DC—8, the limiting value is 0.01438

as compared with the computed value of 0.01461. For the 18—in.-thiek

slab, the computed deflection for the DC—8 is 0.01433. By plotting the

deflection versus slab thickness, it is determined that a slab thickness

of 17.8 in. would be required to satisfy the deflection criteria. Again, .

the results indicate that for the twin—tandem gear the deflection cr1—
teria would dictate the design and help to confirm the conclusion that

design on the basi s of deflection would be overly conservative.
By comparing the ratios of applied to allowable coverages in

Table 6, it can be noted that the DC—B aircraft dominates the design.
Alt~iough the B-7147 has about the same gear load , the flotation of the
gear is more efficient; therefore, the damaging effect of the B—7147
traffic is negligible compared with the effect of the DC—B traffic.

Summii.,.y of Desij~ ~xanzples. The array of designs obtained for
the civil facility traffic is shown in Table 7 and for the military
facility traffic in Table 8. Presented also in the tables is the slab

L ~~~~~~~~~~~~~~~~~~~~~~
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Table 7

S]ab Thickness for Civil Facili~y~

Requi red Slab Thickness , in.
Present

Stress Deflection Design
Pavement Type Criteria Criteria Criteria

Equivalent DC—B Design

No base 19.2 20.2 18.1
12—in, granular base 18.8 19.7 15.7
8—in, bound base 17.8 19.1 —

Wide—Body (B—747) Desi,~~

No base 15.7 17.6 13.8
12—in. granular base 15.2 17.1 11.8
8—in, bound base 114.2 i6.14 —

Accumulative Damage—Mixed Traffic Design

No base 18.2 19.0
12—in, granular base 17.8 18.5
8—in, bound base 16.7 17.8
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Table 8

Slab Thickness for Military Facility

Required Slab Thickness , in.
Present

Stress Deflection Design
• Pavement Type Criteria Criteria Criteria

B—52 Aircraft

No base 25.6 27.0 23.2
12—in, granular base 25.3 26.5 20.8
8-in, bound base 2 14.3 25.8 ——

KC—].35 Aircraft

No base 114.2 15.2 13.0
• 12—in, granular base 13.7 114.6 10.9

8-in, bound base 12.6 13.8 —-
C—ll4l Aircraft

No base 16.3 16.8 14.7
12—in, granular base 15.8 16.2 12.7
8-in. bound base 14.7 15.5 ——

F—h i Aircraft

-; No base 14.2 <10 14.i
12—in. granular base 13.9 <10 13.4
8-in. bound base 13.3 <10 —

Accumulative Damage—Mixed Traffic Design

No base 25.6 27.0
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thickness as determined by present Corps of Engineers* design criteria.
The comparison between the different slab thicknesses should be noted.

Although the design examples provide some comparison between the different

criteria , these examples cover only a limited design condition . A more

comprehensive comparison is provided in the following section .

C0t.ff~ARIS0N OF CRITERIA

In working through the design examples , it was obvious ( Tables 7
and 8) that the slab thicknesses obtained by applying the stress criteria

(Equation 7) or the deflection criteria (Equation 9) were different from
the thicknesses obtained from the present Corps of Engineers design pro-
cedure. Although the difference due to the dependence of the criteria
on the gear was expected in the case of deflection criteria , for the
stress criteria the magnitude of the difference was unexpected and felt
to be unacceptable . To understand the nature of the differences in the
criteria, additional analyses were conducted.

First, the required slab thicknesses for different design situ-

ations were computed using each of the design criteria. Figures 35 and

36 present the comparisons of the required slab thicknesses over a range
of subgrade strengths for the DC— B and C—l141 aircraft. From these fig-
ures, it is seen that the slab thickness determined by the deflection
criteria is highly sensitive to changes in subgrade strength. This
would strongly indicate these deflection criteria to be dependent on

the subgrade strength. It would appear that for weak subgradea, the
deflection criteria would be overly conservative. From these studies,

the conclusion was reached that the surface deflection would not be a
good design parameter. The stress criteria also appeared, at least for

the higher levels of traffic , to give slab thicknesses that were sig— 
•

• nificantly greater than those determined from the present design

criteria.

For additional comparison between the stress criteria and

present design criteria, coverage predictions (Table 9) were made

* These criteria are also the same as FAA design criteria contained
in FAA Advisory Circular AC 150/5320—6C . Thereafter , the criteria
will be referred to as the present design criteria.
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7,81, 9

Dat. ri,r ComparIson of 4treoa sod Present Crl.t e r i ,

¶h tckne.. 
( ) Covers,..

7,.). 8cr ., ’ i~not ..,._ ._. (In.) ~~~~~~~~~ 
~~~~~~ 0.75 0~ psi II (percent ) ° .r (p.1) Actam.i Pr... nt F4s5tIo, 7

Lockbo..rn. N~. 1 A—i 5.72 150 71.0 627 92.7 1.05 390.0* 661.000 7, 888
A—2 5.72 150 180 91.1 71.3 599 65.0 0. 1.00 96
9—1 5.50 75 71.0 776 79~ l. sol. 187.0 (..000 286
B.2 5.50 7~ 790 111.5 60.6 759 35.0 0.010 17
C—I 5.50 70 71.0 788 78.6 558 3900 5.000 116
C—2 5.50 70 780 1165 59.8 ~~~ .6.0 0.018 8
0.1 5.50 75 71.0 776 79. ’~ 512 1.50.0 6.00.0 90
0—2 5 5 0  75 .780 1115 60.6 877 33.0 0.010 7
11—1 5.75 106 71.0 680 87.~ 5o~ 1.30.0* 85.000 286
0—2 5.75 10). 790 998 66.9 771 77.0 5.100 15
F—i 7.75 52 71.0 525 106.0 396 550.0+ 12 ,068.000 3,738
P.2 7.75 52 780 801. 80.6 625 11.1.0 9.000 71
(—3 9.).). • 90 735 730 81.1. 570 72.0 12.000 90
0—2 9.).). • 90 780 51.7 107.3 1.10 700.0 16 ,606.000 6.527

1.2 8.00 75 780 709 88.1 561. 150.0 103.000 161
11— 3 8.06 75 735 936 66.7 785 9.0 0.103 10
0—2 9. 1.6 75 780 569 006 .2 1.58 513.0 9, 265.000 1,253
0—3 9.1.6 75 735 766 78.9 61.7 72.0 5.000 3).
P.2 7.58 95 780 721 86.9 632 262 .0 69.000 61
P-3 7.58 95 735 937 66.0 881 6.0 0.1.00
9—2 9.).). 109 780 521. 110.7 1.65 1.390 0 21 .06)5 .000 1 .002
9.3 9.).). 109 735 696 86.). 659 57.0 31.000 30
0—2 5.83 201 780 818 77~ l. 527 88.0 3.000 305
0—3 5.83 207 735 995 60.0 651 1.5 0.100 32

A—R~ 9.81 007 725 .51 1.18.3 390 658.0 73. 862.000 3,502

Lo+kboor,e II,. 2 11—1 05.00 90 725 796 78.5 629 97.0 5.000 37
11—2 15.00 150 680 721 79.8 57). 962.0 7.000 .1.
11-3 15.00 99 710 782 78.2 663 17.0 6.000 22
11.-b 15.00 161. 680 707 80.7 61.2 203.0 9.000 20
6—5 18.75 9). 695 573 95.5 1.51. 1.3.Q 1,11.9.800 1.21
11-6 20.26 97 700 505 106 .1. 397 2 ,206 .0* 9,561.000 1.863
11—7 26 .00 88 760 397 029 .2 312 2 ,206 .0* 36.. ,000.000 11.5,115
‘4.1 12.00 03 725 119 81.1 600 1.36.0 13.000 ~h
9-2 15.00 55 725 51.3 102.1 1.1.6 2 .206 .0* 6.806 .000 800
9-3 20.00 55 725 366 136.0 295 2 ,201. 0* 1,003, 000 .000 165, 000

Lockbo..rn, No . 3 6.00 62 800 1339 57.3 976 18.0 0.006 Is

.
5 Shmronville 57 20.00 27 71.0 II.? 116.6 315 36 .650.0* 57, 233.000 81 .620

C}lnon.iI.ed 58 18.00 30 71.0 319 105.8 373 36 ,650.0* 11 ,718. 000 7 , 567
59 16.00 1.7 730 585 97.). 39). 7, 600.0 2.136.000 3 ,281.
60 12.00 335 730 651. 89.8 1.16 1.671 .0 1.79.000 1 .728
60 06 .00 300 730 ~~~ 103.1 31.9 3,867. 0 7,883.000 15 .335

- • 62 16 .00 360 730 1.28 120.9 27). 10 ,082.0 107 ,620.000 595,91.9

Sl*ro,v000. 71 32.00 100 900 359 11.5.1. 21.9 9, 680.0+ 3 ,900 ,000 .000 20,368 ,11.0
Hes.y 72 28.00 70 800 t~ 6 120.9 319 9, 680.0 107 ,620.000 227 ,165

73 26 .00 70 80c) 585 103.6 1.01 2 ,115.0 8 ,1.83.000 8 ,60).

5)401. i—CS 10.00 60 729 820 73.6 580 22 1.0 0.9 10 70
2—CS 12.00 70 800 632 91.8 1.13 6 ,230.0 2 ,1.33~~’)0 1,076
3-C5 16 .00 71. 700 510 008 .1 39). 1,1500.0 9, 13C.000 2 .095
LC5 8.00 7’. 775 1011. 61..3 735 180.0 0.01.0 19
2.01 12.00 70 700 719 75.5 566 95.0 1.700 65
3—01 11. 0 0  71. 660 637 85.2 1.61 205.0 1.0.000 221

4(1,12 1—CS 8.00 250 903 71.7 96 .7 656 56 .0 885.003 160
2—C 5 11.00 100 730 61.1 89.9 522 366 .0 185.000 182
3—C5 00.00 80 810 763 86 .8 580 22 .0 35.000 082• 6—CS 10.00 235 860 576 112 .1 522 6 , 386.0 29,557 .000 909
6—0) 10.00 235 860 709 96 .2 61.3 320.0 752.390 12).

• SOPS 3—200 15.00 120 900 621 108 .9 1.63 3, 215.0 i8 ,l.71. .Ooo 5 ,853
3.21.0 15.00 120 939 71.5 98 .0 561. 330.0 708 .000 659
6-200 15.00 150 870 588 110.5 1.63 6 ,660.0 23 , 368.000 3,982
6—2 1.0 15.00 150 870 706 96.0 555 10 .3 1 ,353.000 5)2.

• • For .1. .crlption of test nut.. , ref., to bppendt, 8.
‘~ Cola, heedjo C,:

K • the eoduI.sa of .nsbgrsd. re.ctio~8 • 18. .od..1 ,.. of rupt.r, For the e..nc rlte .1.8
• th e edge S4(1.,5 a. ,~~~ut.d by p1st. theory

• 
- 

II • the p.re.nt .t.ndmrd thick,.. . c~~~ot.d for Auvel90 eot of Isign crater ) .
• till int irtur St,.., SI c~~~IIt.d by 1~~.r theory

• Ac tS_S_mi • .ct... 1 •o,,r. Ie to P.81w. or it . + is .,s.d eO~ld aSI .ect lam did not fail nod the
00,1,5g. giVen Is ellen trsttic en. termlo.ted

Pre.ent — the predicted cevsrsge to I.11,rs a. determln.d tram pr1.eS_.t .11.1g. criterIa
Nqa.tlon 7 • the predicted ,over.g. to fail..-. a. deterei,e.1 from tO. design crit eri a

(88,50 1.11 9) developed I, th is .t..~~
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for the test sections using both criteria. Figure 37 shows the compari-

son of the two criteria. These data are the evidence that the two cr1—
teria are different even though much of the same test data were used
in the development of both criteria.

The difference is particularly noticeable at the lower coverages
(below 200 ) and the higher coverages (from 1,000 to 30,000). Figure 38
presents a comparison of both criteria with the actual covera.ges to

• failure. The comparison of Figure 38 clearly shows that the stress

criteria as developed in this study better predicts the actual perfor-
mance, at least for the lower and higher coverages, than the present
design criteria.

To better understand why the present design criteria are failing
to predict perf— ice in certain coverage ranges, the test data were
reanalyzed in the same manner, i.e., plate theory was used to compute
edge stresses, as was done to develop the original Corps of Engineers
design criteria. The data for the analysis are given in Table Al. Also ,

the present design criteria were used to develop interior stress cri-

teria of the form of Equation 7. This was accomplished by designing,

based on present design criteria, a nu.mt’er of pavements covering a range
of design conditions. The design factors for these hypothetical sections

were computed in the same manner as the design factors for the test

sections. The result was interior stress criteria, which best fit the

• present design criteria.

Figure 39 shows the comparison between the present design cri-
teria and the data developed from the test sections. It should be
repeated that these data shown were computed using edge stresses in
the ~-‘~e w~~ e~ was used to develop the present design criteria. The
specific reasons for the disparity between the criteria and the test
section data are not known . One contributing factor may have been that
a considerable amount of the data shown is from test sections constructed
arid tested after the development of the present design criteria. The

lack of data would not completely explain the disparity, but no other
explanations can be offered. Figure 1~o provides a comparison of stress
criteri a (Equation 7) with the present design criteria. From this

‘4a-
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comparison, it is clear that for low coverages the new stress criteri a
will require pavements of lesser thickness and for high coverages will
require pavements of greater thicknesses.

The conclusion from the comparisons of the two criteria is that

a basic difference does exist between the two criteria. The test section

data as analyzed in this study definitely support the new criteria, and

acceptance of the new criteria is justified.

JOfl~1T DESIGN

The subject of joints has been sorely neglected in this report.

This was done deliberately even though joints in rigid pavements are
necessary and are critical to the performance of the pavement . Joints

were neglected primarily because the elastic layered computational model

does not have the ability to simulate the discontinuities in the layers,

and no new data or analyses were developed during the study that would
improve joint design. As a result, the current joint types and joint

requirements as contained in References 1—3 should be used.

The criteria developed will indirectly reflect the influence of

joints since all the test pavements contained joints that were similar

to those currently used. The traffic, in many of the tests, was applied
in the critical location with respect to the joints. Therefore, the

criteria should be adequate, provided currently specified joint systems

are used.
Joints in PCC pavements are critical. In order to improve joint

— design (and therefore improve the design of the entire pavement system)8
a computational model is needed that will permit the computation of the

response of a layered system in which the layers contain discontinuities.

A model such as this would permit a reanalysis of the result s from the
test pavements and the development of criteria that are based on the
most critical stress and deflection in the pavement. Designs could then
be accomplished wherein the design of the joint s would be an integral
part of the procedure , just as selection of base and PCC thickness.
This would then permit consideration of the effectiveness of various

types of joints, i.e., doweled , keyed , keyed and. tied , thickened edge ,
etc.
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TRANSLATION FROM DESIGN
TO CONSTRUCTION

The production of plans and specifications for constructing pave-

ments with the design procedure contained herein will require some

modifications to presently used procedures. For subgrade soils and

borrow material, no changes will, be needed. The materials to be used

may be identified, and with specifications of thickness of compacted
layer, density, and moisture, there is a reasonable degree of certainty

that the material constructed will be as intended by the designer.

For bases (subbases) and PCC, changes will be required. For

bases, there are several alternatives. One alternative is to completely

specify- the material as to source , gradation , density , moisture , type
and amount of additive, and layer thickness. A second alternative is

to specify alternate types (granular, chemically stabilized, or bitu-
minous stabilized) .along with the required thicknesses and moduli of

elasticity of each type. A third alternative is to specify a relation-

ship between modulus of elasticity and layer thickness. This will

permit the contractor to select the type material to use. Certain
ranges of acceptable moduli and thicknesses would have to be established,
and different quality control measures would be required for the third
alternative.

-
• For PCC, the alternatives are similar to those for bases, i.e.,

a complete description of the material to be used, including source of

aggregates, mix design, etc., may be specified, or the desired prop-

erties (rlex-ur aa, strength and modulus of elasticity) may be specified,
allowing the contractor to select necessary materials and ingredient
proportions.

The selection of the procedure to use for translation from design

• to construction will depend on how and when the economic analy-els is to

be made . The use of a layered model permits a number of structurally
acceptable layered systems to be generated. If the designer performs
the economic analysis , then definite narrow specifications should be
provided to ensure that the pavement that is built conforms to that
which the designer intended. When end—product specifications (such as
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the third alternative for bases) are used , it is implicitly assumed that
the contractors will consider all possible alternatives in preparation
of their bids and thus perform the economic analysis. In this case, the —

specifications would be very broad.

The user agency should select the type procedure that best fits
within its management system. Any of the alternatives discussed above
should prove satisfactory.

A final note on translation from design to construction should be
made regarding rounding off of thicknesses. Thicknesses of base (sub—
base) courses should be considered in increments of 1 in. When fixed
side forms are used , the thickness of FCC should be rounded to the
nearest full inch. For fractions of an inch equal to or less than
0.25 in ., the thickness is rounded down; for fractions of an inch
greater than 0.25 in. , the thickness should be rounded up. When slip—
form payers are to be used, the thickness of PCC should be rounded to
the nearest 0.5 in. with the quarter points (0.25 and 0.75 in.) as the
limits for rounding up or down.

109

L  — — -——.-——---- •
~~~~~~ —--——- - - - - — - - - ---

~~
-
~——--—— 



r”~~ ’ ’ ’  ~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘~•“ 

- ‘~!n ’”~~ 
• 

I
CONCLUSIONS AND RECOM!€NDATIONS

The following conclusions and recommendations are offered re—

garding the design procedure developed herein:

a. There exists a basic difference in the design criteria— developed in this study and the present design criteria.
The data from test sections support the acceptance of the
stress criteria as developed herein.

b. The design criteria as developed in this report should be
implemented for the design of aircraft pavements. The Shell
BISAB computer code should be used for computation of
stresses and deflections. Materials should be characterized
with procedures reco~nended in this report.

c. Data point s are needed at traffic volumes greater than
10,000 coverages to verify extrapolation of the limiting
stress and limiting deflection performance relationships,
or to provide means for modification of the relationships
for higher traffic volumes.

d. Efforts should be continued toward the development of a more
generalized computational code, which will permit direct
inclusion 01’ the effects of discontinuities in the layers
and variable interface conditions between layers.

e. Efforts should be made to develop procedures for quantifying
the load deformation characteristics of deteriorated rigid
pavements and interface conditions between PCC layers.
Achievement of these goals will permit design of rigid
overlays of rigid pavements with same methodolo~ r used for
new rigid pavements.
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APPENDIX A: DEVELOPMENT OF MATERIAL
CHARACTERIZATION PROCEDURES

CONSIDERATION OF REPEATED LOADING

PORTLAND CEMENT CONCRETE
25Chou devotes a chapter to the characterization of PCC. One of

the many factors noted by Chou, which affects the modulus of elasticity
of concrete , is the repeated application of stresses. The consensus
from this review and two additional , rather extensive , reviews of the
fatigue of PCC6

~ ’6~ is that the stiffness as measured with any of a
variety of procedures ( flexural , compression , etc .)  and as computed
by several different methods (secant , tangent , etc . )  is decreased by
the application of load repetitions . However, as far as is known , it
has not been shown that traffic causes a significant reduction in the
modulus of in—place PCC. The extensive evaluation program conducted
on military airfields has not shown this to be a major factor. 62 This
presumes , of course , that the concrete is int act . Exposure to freezing—
thawing and deicing salts , aggregate reactivity , sulfate attack , etc . ,
will affect the modulus of elasticity, but this is usually manifest
in visible deterioration other than structural cracking .

The complexity of the relationship between modulus of elasticity
and repeated loads and the apparently small magnitude of change caused
by traffic has led to the omission of the effects of repeated load on

• PCC modulus of elasticity. There may be some decrease in modulus due
- • to repeated loads or exposure , but conversely there should be some

increase because of the effects of long—term hydration . The net result
is that the computation of the modulus of elasticity from the stress—
strain relationship obtained from the initial loading of a PCC specimen
is considered adequate for characterizing the material for the life of
a pavement . -

Poisson ’s ratio for PCC normally receives very- little attention .
This may be unjustified, but as pointed out by Chou ,25 the range of
statically determined Poisson ’s ratio is only from about 0.11 to 0.21 ,
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and the average of dynamically determined values was about O.2J4. Added

factors are the difficulty of measurement and the relatively small in-
fluence that varying Poisson’s ratio within a reasonable range has on

the computed response. Several studies referenced by- Chou show that

the value of Poisson’s ratio increases with load repetitions, but that

this occurs primarily for high stress levels. No evidence was found to

indicate that load repetitions should seriously be considered in de—

scribing Poisson’s ratio for FCC.

The effects of repeated loads on the strength of FCC is a well—

established and extensively researched phen omenon .60
~61 it is uni-

versally accepted that the magnitude of stress that can be sustained
by PCC before cracking is a function of the number of repetitions of
the stress and that the magnitude of this stress decreases as the number
of stress repetitions increases. The number of stress repetitions of a
given magnitude that a material can sustain is dependent on numerous
factors, i.e., age, mix proportions, type aggregate, rate of loading ,
range of loading , etc. The most important , however , is the static
strength of the material. Fatigue data are normally presented in the
form of a plot of the ratio of the static strength to the applied

stress versus the number of repetitions. This would appear to be the

characterization needed for PCC and is the approach taken indirectly
by several design agencies)’~ ’~ Safety factors are applied to keep

stress levels within tolerable limits, and the material is charac-

terized by the static strength.

The approach taken by other agencies2’3 is similar but the
c~ffects of load repetitions on the entire pavement system are con-

sidered, and the fatigue relationships used are for the entire pave-

ment system. The number of load repetitions the pavement can sustain

is related to the static strength of the PCC and the stress within the

pavement. The result is that the effects of load repetitions are

handled indirectly and a fatigue relationship for the concrete to be

used is not required for each design øituation. Rather, the perfor—

mance of the pavement system is related to the static strength and is

the one parameter needed to characterize the material. This is also the
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approach taken for the procedure developed herein .

BOUND BASES (SUBBASES)

When considering bound bases , chemically stabilized materials
(portland cement , lime, fly ash, etc.) and bituminous—stabilized
materials need to be discussed separately, even though the conclusions

regarding inclusion of effects of repeated loading are the same for both

types of bound bases. Due to the viscous and temperature—dependent

behavior of the bituminous binder , bituminous—stabilized materials are
affected by temperature and rate of loading to a much greater extent

than any other component in a pavement structure.

A great deal of the work done on the characterization of bitumi—

nous mixtures has been directed toward determining the rather complex
response of the material and the effects of t emperature and rate of
loading. Also, much of the work has been performed for the purpose of —

characterizing the material for flexible pavements.

Chou25 has a detailed review of characterization procedures for

bituminous mixtures. The various types of available tests are discussed

including repeated load flexural tests. The effects of rate of loading

and temperature are noted as dominating factors. Therefore, the inclu-

sion of the effects of repeated loading, while important, does not

account for other important factors. Complete characterization would

require that a different rate of loading be used for various features

( runways, taxiways, and aprons) and that a range of temperatures be
used for defining the modulus of’ elasticity and Poisson’s ratio. From

a practical point of view, the ranges of rates of loading and tempera-

tures encountered are limited, and the inclusion of the effects of
repeated flexura]. loads at approximate temperatures and rates of

loading adequately characterizes bituminous bases (subbases) for rigid

pavement design.

Chemically stabilized bound bases (subbases) are not as dependent

on the rate of loading and the temperature as bituminous bases. They do

have an effect, but this effect would be minor in comparison with other

factors. Chou25 cites numerous references of studies made of the load
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deformation properties of chemically stabilized material. Exphasis is
placed on the modulus of elasticity, and the effects of repeated loads
are noted. The effects on compressive, tensile, and flexural loadings
are noted and are essentially the same , i.e., the modulus increases with
the number of loadings . The magnitude and nature of the increase would
be dependent on the type loading, magnitude of applied stress , curing
time, etc. Modulus values computed from compressive tests generally

appear to be more sensitive to load applications than do modulus values

computed from flexural tests.
Static and resilient modulus values for several chenically

stabilized bound materials are compared in Table Al. The results
shown are averages from tests of several samples. The materials were

field—mixed , but the samples were compacted and cured in the laboratory.

The larger ratios are for the more flexible materials . Indications are
that the consideration of the effects of repeated loading on the modulus
of elasticity of chemically stabilized bases is a justifiable

requirement.

GRANUL AR BASES (SUBBASES)

Granular materials are extremely difficult to characterize. For
bituminous mixtures , the rate of loading and the temperature are the
dominating factors affecting the properties of the material. For

granular materials, the state of stress, particularly the confining
stress, is the dominating factor in determining load—deformation

properties. Repeated loading also affects the modulus of granular

materials. In summRvizing the results of numerous studies, Chou25

states: “The consensus from these studies has been that the response

of granular materials to repeated loading is different from their
response to static loading.” The general pattern noted was that

repeated loadings increased the stiffness provided shear failure was not

progressing. This implies that the modulus of elasticity is increasing.

The effect on Poisson’s ratio of repeated loading may be different
from the effect of repeated loading on modulus of elasticity. The
nature of any change in Poisson’s ratio that may occur with repeated
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applications will depend on the initial density of the material. If
the relative density is low, then densification may occur end there
would be an apparent decrease in Poisson’s ratio (possibly negative
values) as loads are applied. However, Poisson’s ratio ‘w ould reach a
relatively constant value where it would remain unless shear failure
began to occur . Then , there would be an apparent increase in Poisson ’s
ratio as the material underwent an increase in volume during shear
failure. To snm~iuiLvize, the use of repeated loadings to characterize

granular materials is a well—established, generally accepted procedure.

SUBGRADES

The thickness of the PCC surface layer and the properties of the
subgrade are the two most Important parameters in determining the
response of rigid pavements to loads. As noted previously, subgrades

are generally the components of rigid pavements where the assumptions
of linearity and elasticity are least valid. The subgrade is also the
pavement component that is most affected by repeated load applications .

Subgrades may be divided into the general classes of cohesive

and cohesionless soils. The majority of soils possess properties of

both, but in a saturated condition, where it is generally appropriate

to characterize subgrade soils, most natural subgrade soils behave

primarily as a cohesive material. Repeated loading affects both cohe—

sive and cohesionless soils. Cohesionless sands, gravels, or sand—

gravel combinations ‘will respond much like granular bases or subbases .
Cohesive soils are more sensitive to repeated loadings . The resilient
modulus of cohesive subgrades generally increases with load repetitions
provided the level of stress Is lower than that required to initiate
shear failure. However , the number of stress repetitions required
before a stable condition is reached may be greater than for bound
bases , granular bases , or cohesionless subgrades .

The effects of repeated loadings on the response of cohesive
subgrades may be examined by studying the response of several test pave—
mants. These pavements consisted of PCC slabs directly on a prepared

— 
clay (CR) subgrade as part of the Multiple—Wheel Heavy Gear Load (MWHGL )

A-6
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Pavement Tests. 35 The pavements consisted of 8—, 10— , 12— , and ) )i_j~~.~~

thick PCC slabs directly on the prepared clay subgrade. The prepared
clay subgrade (Figure Al) was composed of two processed materials (a
clay of high plasticity and one of low plasticity) and a natural mate-
rial of l~jf plasticity. The materials were placed with a moisture
content and a density that result in a degree of saturation near 100 per-

cent. This condition remained relatively constant as the pavements were

constructed and tested.
Table A2 present s the results from static plate bearing tests on

the subgrade . As noted , the values of modulus of soil reaction from the
- tests conducted after traffic are larger than those from tests conducted

prior to slab construction . This is due part ly to the compaction effect
of traffic and partly to the thixotropic effect as the clay ages. The

same type patterns are apparent from the results of plate bearing tests
conducted for later test pavements constructed on the same subgrade
(Table A2).

In Table A3, additional evidence of the effects of repeated
loading and the modulus of soil reaction values computed from both

- static and cyclic plate bearing tests are illustrated. Since both

tests were run after completion of traffic, such large differences were

unexpected. However, removal of the slab, causing a certain amount of

disturbance and allowing relaxation of stresses within the soil, may

account for at least part of the difference between the static and
cyclic response.

The difference In the response to moving wheel loads and a
cyclic load applied at one location on the pavement may account for
part of the difference, i.e., the conditioning or stiffening effects

of moving wheel loads distributed across a pavement are different from
j . t~e effects of a cyclic load applied at one location. Ledbetter

6
~

investigated the response of pavements to moving loads and showed that
the response is rather complex (especially for flexible pavements).

Cyclic load tests conducted in test pavements at the W’ES have shown

that the response of the pavement to the first load in a ‘~er1es of

loadings is different from the response to subsequent loads in that

A-7 
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PROCESSED HIGH PLASTICITY CLAY (CH)
U

PROCESSED LOW PLASTICITY CLAY (CL)

NATURAL LOW PLASTICITY CLAY (LOESS)
MATERIAL (CL)

CONSTRUCTED .196$.MULTIPLE WHEEL HEAVY GEAR LOAD TESTS

DEPTH OF PROCESSED HIGH PLASTICITY CLAY (CH) WILL VARY
WITH THICKNESS OF PAV EMEN T ABOVE. TOTAL DISTANCE FROM
TOP OF PAVEMENT TO NATURAL UNPROCESSED MATERIAL IS
144 IN.

FOR THE KEYED LONGITUDINAL JOINT STUDY AND THE SOIL
STABILIZATION PAV EMENT STU DY THE TOP 6 TO 12 IN. OF THE
CH MA TERIAL WAS REPROCESSED AND MATERIAL CUT OR
ADD ED AS REQUIRED TO MEET GRADE.

Figure Al. Clay subgrade for WES rigid test pavements
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Table A2

Results from Plate Bearing and Field Density
and Moisture Content Tests

Modulus of Soil Moisture Content
Reaction, pci Dry Density, pcf percent

Before 
- 

After Before After Before After
Item Traffi c Traffi c Traffi c Traffi c Traffic Traffic

Multiple—Wheel Heavy Gear Load St~~y (Reference 35)

1 62 1514 86 84 32 34
2 70 914 84 83 33 34
3 714 87 86 83 32 3514 714 125 86 87 32 32

Average 70 115 85 84 32 314

Keyed Longitudinal Joint Study (Reference 38)

1 70 -- 85 -- 31 --
2 110 100 92 ; 81 28 36
14 47 —— 86 —— 30 ——
5 140 — 8i —— 37 ——

Average 67 86 32

Soil Stabilization Pavement Study (Reference 39j

1 147 i80 & 86 89 32 30
200 -

2 85 118 89 —— 314 ——
3 84 164 87 —— 32 33
14 140 68 86 86 33 33
5 —— 120 & —— 87 —— 32

_______ 
1143 

_______ _______ _______ _______

Average 614 
- 

11e2 87 88 33 32

Overall
Average 67 129 86 85 32 33
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Table A3

Results from Cyclic - Plate Bearing Tests
)*.ilti~ple-Wheel Heavy Gear Load Study

Cyclic Modulus Static Modulus Moisture
Of Soi3. of 5011*5 Dry Content

Item Reaction. Dci Reaction , pci Density . pcf percent

1 370 169 814 33

2 270 111 8~ 33

3 300 115 81i 33

14 128 88

Average 318 131 85 33

* Modulus of soil reaction computed vith 10—pal plate pressure after
10 cycles at 5—psi and 10 cycles at 10—psi pressure .

•* These values are di fferent from those shown in Table A2 , since the
-values shown in T*ble P2 are the average of several tests and the
values shown here are for one test conducted at the same location
as the cyclic tests.

A-l0



series even though the pavement may have sustained considerable traffic
prior to the tests. This indicates that the conditioning effect of

traffic is di f ferent from a cyclic load at one point. There may also
be a time factor involved wherein a certain amount of relaxation occurs
when there is a rest period between load applications. Certainly the

phenomena of pavement response and material characterization are not
thoroughly understood.

Much of the discussion presented thus far appears to be tearing
down evidence accumulated to justify the use of repeated load tests for
characterizing paving materials . However , this is not the case because
the response of a pavement to vehicle loading (Figure 114 in main text )
relates well with the response computed with material properties ob-
tained from repeated load tests. The validity of the use of repeated
load testing for cohesive subgrades can be illustrated by comparing
vertical slab deflections and horizontal bending strains in the PCC
slabs In the MWHGL pavement tests with corresponding values computed
using modu.li of elasticity values computed from. various type tests.
Poisson ’s ratio of the clay subgrad.e was assumed as 0. 14, and as dis—
cussed previously, a stiff layer (E = 1 x ~o6 psi) was located at a
depth of 20 ft in the elastic layered simulation.

- 
A composite modulus of elasticity for the subgra.de was obtained

from the static and the cyclic modulus of soil reaction values. An

average value was used for all four pavements. The test results shown
in Tables A2 and A3 indicate some variability within the test section,

but this was probably due to test variability and natural variability
within the entire test section rather than a rca]. difference between
individual sections. The composite modulus of elasticity was computed
with the formula -

- 
E = 19 . 8 k  (Al )

where

E = modulus of elasticity, psi
k = modulus of soil reaction computed by dividing plate pressure

by plate deflection , pci

A—il
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Equation AX614 is derived from Boussinesq’s theory for Poisson’s ratio

of 0. 14 and rigid 30—in.—diam plate. Application of Equation Al yields

mod-oil o~r 6300 psi for the cyclic tests and 2300 psi for the static

tests (after—traffic plate bearing tests).

Static triaxial and unconfined compression tests conducted on
undisturbed samples from the subgrade yielded moduli of 1850 psi for the

high—plasticity clay (CH ) and 1600 psi for the low plasticity clay (CL).
Repeated load triaxial tests on companion samples yielded the plots of
resilient modulus versus deviator stress shown in Figures A2 and A3.
From a composite or average relationship designated by the heavy dashed

line in Figures A2 and A3 , modull of 7,500 psi and 13,500 psi were

selected for the high plasticity and low plasticity clays , respectively.
These were selected at a deviator stress of 5 psi. In a tria.xial test,
the deviator stress is defined as the difference between the applied
a.,d.a]. stress and the confining stress . These tests were run on material
sampled during the Soil Stabilization Pavement Study (ssps),39 which was
conducted several years after the MWHGL tests. However, it is noted

that the condition of the material was similar for both test tracks .
Table A2 shows the results of plate bearing tests conducted before and

after traffic for both the MWHGL and SSPS tests, as well as for the
Keyed Longitudinal Joint Study (Kws ) ,38 which was conducted between
the MWHGL and the SSPS. The average modu].i of soil reaction , dry
density, and moisture content s are comparable .

In the plots of measured versus computed slab deflections (Fig-
ures A4—A7), the computed values were obtained with the subgrade

characterized with the different moduli. In addition to the data

points, a line of equality and a least—square—regression relationship

constrained through the origin are shown. These comparisons indicate
that the use of repeated load test characterizations results in under—

prediction of the deflection and that the use of static load test

characterizations results in overprediction of the deflection . The
computed values with repeated load characterizations relate more

closely with the measured values (Figures A14 and A6). The correlation
with the results from the cyclic plate tests produced the relationship

A—12
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Figure P.2. Resilient modulus versus deviator stress
for high plasticity clay
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Figure A3. Resilient modulus versus deviator stress
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closest to the line of equality. The coefficient from the linear
regression was 0.950 for this case. —

In the plots of measured versus computed slab bending strains

(Figures A8—All ) ,  the comparisons indicate that the use of repeated
load test characterizations results in regression relationships closer

to the line of equality than the use of static load tests. The use of

static load tests results in overprediction of the strains. Once

again , the use of the characterization with a repeated plate bearing
test resulted in the correlation closest to the line of equality. The

coefficient from the linear regression was 1.023 for this case.

The position of the regression lines relative to the lines of

equality is interpreted to mean that the repeated load tests yield more

representative characterizations than the static tests. In addition ,
it appears that the cyclic plate load test is the most accurate for the
particular cases compared. Although accuracy of prediction of pavement

response was a major factor, other factors entered into the final selec-
tion of the repeated load triaxial tests for characterizing subgrade
soils.

CONSIDERATION OF STATE OF STRESS

EFFECTS OF STATE OF STRESS

The load deformat ion and strength characterist ics of paving
— materials az-id subgrade soils are dependent on the state of stress at

which they exist. For this discussion , consider that the materials are

linearly elastic and that the magnitude of the modulus of elasticity

and Poisson ’s ratio will depend on the state of stress.

Certain materials are more sensitive to the stat e of stress at
which they exist in the pavements than are others. The modulus of

granular materials has been related to confining pressure and overall
state of stress. Two such relationships are illustrated in Figures P.12

end P.13 for two granular base course materials . In terms of strength,
the effect of confinement may be explained by the influence of the
angle of internal friction , as defined in the Mohr—Coulomb failure
theory . The fact that granular materials have a relatively large angle

A-l9
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of internal friction also accounts for the large influence of confining
stress on the stiffness of granular materials.

Cohesive soils , in a saturated condition , are insensitive to
confining pressure. This ma~ be explained by the law angle of internal
friction. However, cohesive soils are highly sensitive to the magnitude
of the deviator stress applied (Figures P.2 and P.3) .

PCC is sensitive to the state of stress, but the magnitude of
the stresses at which the effects become significant is much larger
than exists in pavements. Except directly beneath a tire, no large
vertical or confining stress exists in PCC. The stress in the slabs

is due primarily to bending , and a flexural test is considered the
most appropriate for characterizing PCC.

The effects that the state of stress has on the properties of a
bound base (subbase) are similar in certain aspects to PCC and in other
aspects to the natural material without the stabilizing agent added.
The relationship that exists between the strength and load deformation
characteristics will depend on the type of natural material (cohesive
or granular) and the degree of stabilization attained (defined as the

development of bond between particles that results in the ability of the
material to sustain flexural loading). The stresses in a bound base

(subbase) are different from those in a PCC slab, which are essentially

simple bending , and different from those in a granular base, which
cannot sustain tensile stresses of any appreciable magnitude. The

predominate stress mode is bending , but a vertical compressive stress
component is also present. However, with the minimum strength require-
ment employed to ensure that the layer behaves as a layer of bound mate—
rial , characterization with flexural tests is considered most
appropriate.

Selection of States of Stress. Now that the influence of the
state of stress on the properties of paving materials and subgrade soils
has been established , a practical usable procedure for accounting for
this effect is needed. As so often happens , a number of approximations
of actual conditions are necessary.

The state of stress in a pavement layer or subgrade varies with
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depth end with horizontal location . The exact distribution of stresses
within a pavement structure will depend on the composition of the struc-
ture and the loading. Figures A1~e—Al9 show examples of the variability
that may be expected. Pavement structures are infinite in variety, and
loading conditions may vary widely; however, Figures A1l&-A19 represent

real pavement structures and loads . The general trends illustrated in
these examples are representative of pavements for aircraft operation.

Interpretation of Figures Alh—A19 and subsequent figures requires
a definition of terms and the establishment of a sign convention for
stresses. The sign convention used herein will be that compressive
stresses are positive and tensile stresses are negative. The following
terminolo~~ and. relationships are established.:

a1 = major principal stress
principal stress with the largest numerical value

a3 
= minor principal stress
= principal stress with the smallest numerical value

a2 = int ermediate principal øtress
= principal stress with a numerical value between the major
and minor principal stress

ad
_ a

l
_ a

3
= deviator stress

0
= first stress invariant

The definition of deviator stress is consistent with the definition
previously given for conditions in a triaxia]. test.

The stresses plotted in Figures Al4—Al9 were computed with the
elastic layered model . The material properties used were obtained from
a rather extensive testing program. However , the material characteriza-
tion would not reflect precisely the influence of the state of stress.
Only two constants are used for each material, but the stresses very
throughout each material . The validity of the computed stresses then
is questionable and should be considered only as an approximation. One

quickly gets into a “vicious cycle ,” and the futility of precise mate—

rial characterization becomes apparent . To be precise, the material
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properties -would have to be a continuous function of location within the
pavement structure.

For the following discussion , assume that the stresses are
reasonable approximations of the stresses that would, actually exist in
a real pavement loaded with a real aircraft . The following genera].
observations can be made :

a.. The stresses within a rigi d pavement structure vary with
depth , and. the nature of the variation is dependent on the
composition of the structure.

b. Stresses in ~he vicinity of the loads are fairly constant .
c. Stresses within a pavement structure vary with horizont al

location as well as with depth.
The implications of these general observations on the selection of the

state of stress at which to characterize paving materials and subgrade

soils will be discussed in detail in the following paragraphs.

Figures Al1~—Al9 show stress distributions with depth for three

rigid pavements (Pcc slab directly on a clay subgrade , PCC slab on a
granular base , and PCC slab on a bound base) loaded with a dual—tandem
aircraft gear . The stresses are the major principal stress (essentially
the vertical component of stress ) and the minor principal stress
(essentially one of the horizontal components of’ stress). The minor

principal stress is the stress that will result in the maximum difference
when subtracted from the major principal stress. Signs of the stress

are considered when computing the deviator stress and first stress in-
variant. As an example, if the principal stresses at a point were

—12.0, —9.82, and 5.55 psi , the major principal stress would be 5.55 psi
and the minor principal stress of —12.0 psi would be used to compute a
deviator stress of 17.5 psi. However, if the principal stresses were

2.66 , 2.79 , and 5.58 psi, the major principal stress would be 5.58 psi
and the minor principal stress of 2.66 psi would be used to compute a
deviator stress. of’ 2.92 psi. The general trends illustrated In Fig—

urea Al4—A19 are that the major principal (vertical) stress decreases
at a rs-~her slow rate with depth and that the variation in the minor
principal (horizontal) stress will depend on the composition of the

pavement structure.
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Figures Alli and A15 show distributions for a pavement composed of
a FCC slab directly on a clay subgrad.e. The stress parameter of primary
interest for characterizing cohesive soils is the deviator stress. Com-
bining the distributions in Figures Alle and A15 results in the distribu- —

tion of deviator stress in Figure A20. Since the modulus of cohesive
materials varies with deviator stress , the modulus of the clay subgrade
should also vary with depth. However , from a practical point of view,
the variability is not really that great and the change is rather
gradual . This implies that characterization at a given deviator stress
will be applicable for appreciable depths (i.e., 5 psi for at least

5 ft for the example under consideration). The same type patterns -were
observed in the subgrade beneath the granular and bound bases .

Figures Al6 and Al? show distributions for PCC slabs on a 2~4—in.—
thick granular base over the clay subgrade. Of interest in Figure A16
is the fact that the nature of the distribution and magnitude of the
stresses are about the same as in Figure AlIl. for the FCC slabs directly
on the clay subgrade. However, the minor principal stresses in the

granular base (Figure AlT) are quite different from the stresses in the
subgrade (Figure A15) .  There is some small compressive (confining)
stress at the top of the granular base layer, but at the bottom, the

bending action has resulted in tensile stresses . Although the tensile
stresses are small, granular bases are normally considered incapable of
sustaining tensile stresses. Part of this effect may be caused by the
assumption of complete continuity at the interface between the PCC slab
and the granular base . If some slip were permitted at the interface
(which is probably what actually occurs), the compressive stress at the

top of the layer would be larger and the tensile stress at the bottom
of the layer would be smaller. This is illustrated in Figure A21, which

— shows distributions of horizontal stresses for the case where the PCC

layer Is free to slip horizontally relative to the granular base layer

and the case where- there is complete continuity at this interface.
These horizontal stresses are principal stresses since they are located

along a line through the center of a circular loaded area where the

shear stresses are zero. For comparative purposes, these may be con-

sidered equivalent to the minor principal stresses previously discussed.
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However, for the case of a free interface condition, the horizontal
(compressive) stress in the top of the base layer may be greater than
the vertical (compressive) stress and, thus, will be the major principal
stress.

The distributions were generated with the CRANLPIY computer code
described in Reference 22. ContInuity Is maintained in the vertical

direction at all interfaces at all, times and in the horizontal direction
at all. interfaces other than the one case prewiously described . Since
granular materials are highly dependent on the state of stress, particu-

larly the confinement, the important fact is that there is a variation
with depth for both interface conditions .

One of the primary stress parameters affecting the properties of
granular materials is the first stress invariant. The general trend is
that the resilient modulus of granular materials increases as the first
stress invariant Increases. In Figure A22, the first stress invariant,
and thus the resilient modulus , decreases with depth through the granular
base course.

Figures Al8 and AJ.9 show stress distributions for a 10—in. PCC
slab on a 6—in. bound base over a clay subgrade. In these figures,
note that the distribution of major principal stress is about the same
as that in Figures AlIt and Al6 and. that the minor principal stress is
tensile throughout the entire depth of the bound base.

The magnitude of the stresses shown was influenced by the assump—
tion of full continuity at the PCC slab—bound base interface and the
ratio of the moduli of’ the PCC slab and the bound base material . Fig-
ure A23 illustrates the effect of interface condition in the horizontal
stress. The effect of horizontal s1ip at the interface between the PCC
slab and the bound base layer is to reduce the tensile stresses in the
bound base layer. When horizontal slip Is permitted at this interface,
the two layers respond as separate slabs. The stresses in the top of
the bound base layer are compressive and may be larger than the vertical
component. When full continuity is assumed at the interface , the PCC
and bound base layers tend to function as a composite beam and the
stresses in the top of the bound base layer ate tensile.
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Figure A214 shows the effect of the modulus ratio between the PCC
slab and the base material. The smaller the ratio the more pronounced
the bending. For full continuity, this means larger tensile stresses

in the top of the base course.
From the standpoint of material characterization, the important

fact is that the deformation pattern in the bound base course is
basically the same for free or fully continuous interface conditions
and for a range of modulus ratios. This basic pattern of deformation,

bending, Is Illustrated in Figure A25, which shows the variation of the
first stress invariant. Implications are that a flexural test is
appropriate for testing bound base material.

The effects of gear configuration on stresses within a rigid
pavement may be studied by comparing Figures A26-A29 with Figures Al6
and Al7. These six figures are for the pavement containing the granular
base , but Figures A26 and A27 are for a dual—wheel load and Figures A28
and A29 are for one of the four C—5A gears, which contain six wheels.

The dual—wheel load is the same as two of the tires of the dual—tandem.

The basic patterns and even the actual magnitudes of the stresses are
similar. The implication of these comparisons is that for practical
purposes , the gear configuration is not a major factor in determining
the distribution of stress with depth in a rigi d pavement.

The second general observation made was that the stresses In the

vicinity of the loads on any horizontal plane are fairly constant. This

is illustrated by the proximity of the curves , even for the C—5A gear
(Figures A28 and A29) that is composed of six widely spaced wheels. The
relatively large stiffness of the PCC slab is primarily responsible for
this. Compared with a flexible pavement , the load is distributed uni-
formly to the underlying material over a large area. The implication
of this Is that selection of the state of stress at which to test mate—
rial for rigid pavement design is not as critical as one might determine
from a study of the overall sensitivity of the material, properties to
the state of stress.

The third general observation is related to the second . Although
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the stresses in a pavement at a particular depth may be relatively con—
stant in the vicinity of the loads , they will decrease as the distance
from the load increases. Examples of this are shown as plots of major

and minor principal, stress versus horizontal location for the pavement

‘with the granular base loaded with the C-5A gear in Figures A30 and A31.
The rate at which the stresses decrease will be largely dependent on the
thickness of the PCC slab, but implications are that the properties of

a material, that are sensitive to the state of stress will vary- as a

moving load, passes a given point on the pavement.

The effects of the assumptions of full continuity at layer inter-
faces and the modulus ratio of FCC and base course materials on the

stresses within the pavement have be~n mentioned previously. The

major principal stress (vertical stress) is not affected to any great

extent by a base course. The shape and. the magnitude of the stress
distributions in Figures A114, A16, and P.18 are similar. 

-

Figure A32 illustrates the effect of the interface condition
between the PCC slab and the adjacent material . In this particular

— illustration, the base course has properties of a bound material, and.

the stresses in the upper part of the base course are different for the
fixed and free conditions. Within the subgrade, the stresses are

similar. This is the general pattern for all types of pavements. Due
to the magnitude of the stresses relative to the compressive strength

and deformation characteristics of paving materials, the difference is

not considered significant. The minor principal stress (horizontal.
stress) is significantly affected. by the modulus ratio between the PCC

slab and the adjacent material, as shown by comparing the stresses
beneath the PCC slab in Figures P.15, AlT , and P.19. Also , Figures P.21
and P.23 illustrate the effects of the interface condition on the minor
principal, stress (horizontal, stress).

The ratio of the thicknesses of the PCC slab and the base course
will also affect the stresses in the base course. In general , the
smaller the thickness ratio , the more pronounced the bending . With
full continuity between the FCC slabs and the second layer , the second
layer will function in conjunction with the PCC slab as a composite beam
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to distribute the load over a wider area and to reduce the curvature ,
thereby increasing the possibility of tensile stress in the top of the

second layer. This may be illustrated by comparing the stresses in
Figures Al? and P.19. However, the difference in moduli of the base

course materials also contributed to the differences in the distributions.
If the interface were completely frictionless, the two layers would
respond as separate layers and compression would exist in the top of
the second layer (Figure P.23).

From a practical standpoint, there is not much that can be done

to improve the representation of layer interface conditions. Although

more complicated computational models are available that permit any

degree of continuity at the interfaces, no definitive data exist to
accurately quantify interface conditions. The conditions will probably
be int ermediate between full continuity and fully frictionless. In
terms of material characterization , the difference may not be as impor-
tant as it appears. For instance , if a completely frictionless inter-
face were used between the PCC layer and the bound base, the stress in
the top of the bound base would be compressive rather than tensile
(Figure P.19). However , the stresses in the bottom of the layer would
be tensile , and the basic loading mode would still be bending.

To sinmn~rize this section on selection of states of stress , it
can be stated that the stresses for a pavement vary with vertical

location, or for a fixed location the state of stress will vary as a
moving load passes. Results from the elastic layered model are only

approximations, but the general response patterns are correct and. the
approximations are reasonable. Based on these observations, the proce—

dures employed to select a state of stress for characterizing paving
materials and subgrades will be to select a value of the critical
response parameter that will be representative for a practical range
of conditions.

Portland Cement Concrete. In rigid pavements, FCC and bound
bases experience flex-ural loading. Certainly , this is two—dimensional
loading and is more complex than that experienced by a simply supported
beam that has been selected to characterize these materials. However ,
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of the types of tests available , the flexura]. tests were considered the
most practical. and usable.

There are several discrepancies between the stat e of stress in a
PCC slab or a bound base layer and a simply supported beam that is
tested to characterize the materi al.. In a beam , a plane stress condition
exists , whereas in a pavement slab, the stresses are three—dimensional
(if the vertical stresses are considered). Certainly, the horizontal.

components of stress due to the bending are the largest components of
stress , but the vertical support provided by the underlying material
ai’fects the response of the slabs . Forrest , Katona, and Griff in,6~’ 

—

recognizing that the conditions in a slab are different from those in
a beam, have suggested a series of tests to better define these dif-

ferences. Because of differences in the deformed shape of slabs, they

suggest that strain in the slab rather than stress may be the critical
parameter . Nevertheless , the use of a flexural test on a simply sup-
ported unconfined beam loaded with essentially point loads was con-
sidered adequate for determining the modulus of elasticity and strength
of FCC.

Bound Bases (Subbases). The same type test is used to charac—
- 

- 
terize bound bases , although the conditions may be less representative
than for PCC slabs . The vertical stresses will be distributed over the
top and bottom of the layer , rather than just on the bottom as it is
for the PCC surface layer. Certainly , stresses in the bound layer will
be different from those in a simply supported beam loaded with essen—
tially point loads . The shape the bound base layer takes may also be
much different . In a simply supported beam , there will be compressive
bending stresses in the top of the beam , but in the bound base layer ,
there may be tensile stresses throughout the layer . This result s from
the composite action of the PCC slab and base (Figures P.19 and. P.25).
The magnitude of the stresses will depend on the bond between the PCC
and bound base layers and the modulus ratios between the two layers.
However , the general trend is that the loaded and support conditions
result in stress conditions different from those for a simply supported
beam.
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For the teat pavements (described in Appendix B) that have con-

tained bound base layers, there is no apparent relationship between the
state of stress and the traffic that the pavement will sustain. Fig-

ure A33 shows a plot of minor principal stress directly below the FCC
slabs versus the traffic level at failure , and Figure A31~ shows the
minimum first stress invariant plotted versus the traffic level at
failure in the layer directly beneath the PCC slab for the test pave—
ments described in Appendix B. In the pavements with no base, the
stress would be in the top of the subgrade , and in the pavements with
bases (bound or granular), the stress would be in the top of the base
layer. The open circles are for pavements with bound bases , and no
relationship with traffic is apparent in either figure.

Another interesting aspect of Figures A33 and. A3~ is the dif—
ference between the pavements with bound bases and those with granular
or no bases. The stresses were computed with layered elastic theory

that assumes full continuity between layers. The moduli for the bound

base materials were larger than those for the granular base materials ,
which were in turn larger than the subgrade . The three distinct
groupings of data are thought to be a result of the effects of the
assumption of full continuity and modulus ratio between the FCC and
the second material. Nevertheless, the general trend, indicating that
the basic loading mode in the bound base layer was flexural , is valid.
This is indicated by the fact that the minor principal stresses (hori-
zontal stress essentially) and the first stress invariants are both
tensile , whereas for the pavements with no base or granular bases , the
values are compressive. This condition is representative for a large
area in the base layer since the average values for the several compu-
tational, points (as illustrated on the sketches in Figures Al~—A29)
are approximately equal. to the minimum, or maximum, as the case may
be, value. As an example, consider the six pavement s with bound
bases . If the minimum first stress invariant is selected from the
stresses computed at the locations shown in Figures A1I~—A29, then
the average of these values is —17.71 psi ; whereas, if values from all.
computational points are used, the average is —16.12 psi. For the minor
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principal stress , the average of the minimum values is —15.81 psi, and
the average of a].]. values is —13.32 psi.

The references to minimum values of minor principal, stress and

first stress invariant are not actually correct. These stresses should

‘be referred to as the minimum values within the area bounded by the wheel
loads of a gear. Stresses were comput ed at the locations shown in
Figures All~—A29. The minimum values referred to herein are the minimum
of the stresses computed at the horizontal locations indicated in Fig—
urea Al1~—A29. At points some distance from the gear, stresses may be

smaller than indicated; however , maximum values of principal stress,
deviator stress, and first stress invariant computed at the indicated

locations will be the maximum (or very close to the maximum) that will
occur at the particular depth within the pavement .

The vertical stress, which is essentially equal to the major

principal stress, appears to be only slightly larger for bound bases
than for pavements with no bases or granular bases . There also appears
to be no definite relationship between this stress component and traf-
fic. Figure P.35 shows the maximum major principal stress directly
beneath the PCC slab plotted versus traffic for the test pavements
described in Appendix B. The open circles are for pavements with bound
base layers. The average of the maximum values of the major principal
stress for the bound bases is lO.1~O psi, for the granular base 6.87 psi,
and for the subgrade 6.15 psi. This is fairly representative of the

area beneath the gears since the corresponding average of all values
computed for bound bases was 7.51k psi as compared with lO. i~O psi for
the average of the maximum values.

The absolute magnitudes of the compressive stresses in the bound
base layers are less than the tensile stresses. Implications are that

the flexural. tests are more appropriate for bound bases than a compres—
sion test .

A simply supported unconfined beam loaded at the third point with
essentially point loads is recommended for PCC and bound bases (sub—
bases). For PCC , the beam is loaded to failure to determine the
f],exura]. strength , and the modulus of elasticity is computed from the
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slope of the straight—line portion of the load—deflection curve • For
chemically stabilized bound bases , the ultimate load is determined,
loads of Q• )4 , 0.6, and 0.8 times the ultimate load are applied repeti—
tively, and the modulus is computed from the load—deflection curves.
The modulus used should be the average of that obtained for the three
loadings. For bituminous— stabilized materials, the definition of an
ultimate load will be dependent on the rate of application of load and
the temperature. Several loads should be selected that will result in
stresses in the outer fibers of the beam , which are less than the values
shown in Table A14. One test should be conducted at about 50 psi.

Table Al&
Recommended Maximum Stress Levels at Which to Test

Bituminous—Stabilized Materials

Temperature Maximum Stress Level in
Range , °F Extreme Fibers 1 psi —

l~o~6o - b~o
60—80 300
80—100 200

Granular Bases ( Subbases). Load—deformation properties of

granular base material are highly sensitive to the state of stress.

Unfortunately, the state of stress within a granular base layer is also
highly variable , which makes selection of representative conditions
difficult . Figures A16, All, ,A22, and A26-.,A29 illustrate the distribu—
tion of stress within a granular layer .

Triaxial compression tests will be used to characterize granular
materials. The two parameters that significantly affect the load—
deformation properties of’ granular materials are the confining pressure
and the first stress invariant . A measure of the minimum confinement is
the minor principal stress plotted in Figures P.1.7, P.22, P.27, and A29.
The compressive values at the top of the layer are low, and the tensile
values are at the bottom of the layer . The magnitudes of these stresses
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are affected by the assumption of full continuity at the interface be—
tween the PCC slab and the granular layer. For real conditions where
some slip is permitted , the confinement would probably be somewhat
greater than indicated. The inability of the material to sustain
tensile stresses should also contribute to a buildup of confinement
by a redistribution of stresses.

Additional factors not accounted for in the stress computations
are overburden stresses and residual horizontal stresses , induced. during
compaction , which remain in the material. The effect of’ these stresses
would be to increase the confinement on the material . There are also
equipment limitations and lack of precision when testing at low stress
levels. As a result , the states of’ stress selected for characterizing
granular materials ‘will be somewhat different from those indicated by
the computed values of load—induced stresses .

The open triangles in Figure A33 are for pavements with granular
bases and thus represent the stress at the top of the granular layer.
There is no apparent relationship with traffic, but only a limited range

of’ traffic is available. The values are low, indicating low confinement.
For the pavements with granular bases , the average of the minimum values
was only 0.38 psi (the average of all computed values was 0.50 psi,
indicating relatively uniform conditions in the vicinity of the load).
The effects of the modulus ratio between the PCC slab and the material
directly beneath the slab is illustrated by the three groupings of the
point s in Figure P.33, i.e., groups for pavements with bound bases , with
granular bases, and with no bases. The larger the modulus ratio, the
larger the confinement.

The open triangles in Figure A31~ are data points for pavements
with granular bases. The trends are the same as previously discussed
for the minor principal stress , i.e. ,  no relationship with traffic ,
three distinct groups of data , effects of modulus ratio, and uniformity
beneath loads. The average of the computed minimum values is 5.96 psi ,
and the average of all computed values is 7.33 psi.

Figure A35 shows a plot of maximum major principal (essentially
vertical) stress versus traffic. For the pavements with granular bases,
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there is no apparent relationship with traffic. In addition , there is
not much difference between the three types of sections , although the
point s for bound bases , denoted by the open circles , are higher than for
the other two conditions. The average of the maximum values of major
principal stress for the pavements with no base was 6.15 psi, for pave-
ments with granular base 6.87 psi, and for pavements with bound bases
l0.~e0 psi.

For characterizing granular bases, triaxial. compression tests
should be conducted at confining pressures of 2, 4~~ 6, and 10 psi.

Axial stresses should be applied that result in ratios with confining
stresses (01/03) of 2 , 3, 1i , and 5. Plots of resilient modulus versus
first stress invariant , similar to the plot shown in Figure P.28, should
be prepared and an average relationship established. From this rela-
tionship, a value of resilient modulus at a first stress invariant of
10 psi should be selected.

No we].l—defined relationships exist for Poisson’s ratio. How-

ever, plots of Poisson’s ratio versus ratio of axial to confining stress

(01/03
) should be made, and representative values selected.

SUBGRADE SOILS

Subgrade soils beneath rigid pavements are subjected primarily to
compressive stresses. Figures Al~—A].9 illustrate the distribution of
major and minor principal stresses in the sub~rade of rigid pavements
with no base , with a granular base layer , and with a bound base layer .
The stresses within the subgrade are always compressive .

Cohesive soils , which will be the predominate type encountered,
are sensitive to the devi ator stress , i.e., the difference between the
major and minor principal stress . Figure A20 contains distributions of
deviator stress with depth for a PCC slab directly on a aubgrade loaded
with a duel-tandem gear. Differences between the major (Figures P.16 and
A18) and the minor principal stresses (Figures P.17 and P.19) in the sub—
grade for pavements with granular and bound bases are similar to those
shown in Figure P.20.

Cohesionless subgrade soils are similar to granular base material
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in that they ‘will be sensitive to the confining stress and the total
state of stress as represented by the first stress invariant. Fig—

ures P.15, AlT , P.19, P.27, and P.29 show distributions of the minor princi—
pal stress in the subgrade for the three types of pavements considered.
Considering that the loads are applied vertically and that the major

principal stresses act essentially in the vertical direction , the minor
principal stresses that act essentially in the horizontal direction are
confining stresses. Within the subgrade , the values are always com-
pressive but are small in magnitude. Distribution of the first stress

invariant is shown in Figures P.22 and A25 , respectively, for the pave—
ments with granular and bound bases. Within the subgrade , the values

of’ the first stress invariant indicate that the loading is essentially
compressive.

The distributions shown were computed with material properties of
the subgrade obtained from tests on the cohesive subgrade soils. The

modulus of elasticity would probably be higher for cohesionless soils
than for cohesive soils, and the Poisson ’s ratio would be lower. How-

ever, the general trends illustrated ‘by the computations, i.e., low

H compressive confining stresses and compressive first stress invariants,

should be applicable to cohesionless subgrade soils.

Tri axia]. compression tests will be used to characterize subgrade
soils . The deviator stress in the triaxial tests will be the difference
between axial stress applied to the specimen and the confining pressure
in the triaxial chamber. For cohesive soils, this should approximate
as closely as possible conditions in the subgrade. The maximum dc—
‘viator stress is considered appropriate for characterizing cohesive

materials, since the genera]. trends indicated in Figures P.2 and P.3 have
been fotuid to hold for a wide range of materials , i . e . ,  the resilient
modulus decreases as deviator stress increases .

The maximum deviator stress at the top of the subgrade versus the
traffic to failure in Figure P.36 applies to the test pavements described
in Appendix B. There are no apparent relationships with traffic and no
easily discernible differences between pavement s without bases, with
granular bases , or with bound bases. The average value for pavements
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without bases is 36 9  psi, with granular bases, 3.79 psi, and with bound
bases , 3. 1~6 psi ; the overall average is 3.70 psi. Stresses due to the
overburden and residual stresses remaining after compaction were not
considered in the computation of these stresses .

?or characterizing cohesive materials , the triaxial tests should
be conducted at a range of stress conditions and a composite curve

established in Figures P.2 and P.3. Tests should be conducted at confining

stresses of 2 , ~4 , and 6 psi, and at axis]. stresses applied that will
result in a range of deviator stress from about 2 to 16 psi . From the
composite curve, the resilient modulus used to represent the material

should be selected at a deviator stress of 5 psi. No well—defined

relationships exist for Poisson’s ratio, but similar plots should b~
made and a representative value selected.

For cohesionless soils, the confining stress in the triaxial

tests should approximate conditions in the subgrade. The minor princ~— 
-

pa]. stress in the subgrade is a measure of the confinement. For cohe—

sionless subgrade soils, it is considered appropriate to select
properties at minimum values of the first stress invariant and confining
stress , since the general trends Illustrated in Figures P.12 and P.13
are applicable for cohesionless subgrade soils , i.e. , as the confining
stress and the first stress invariant decreases , the resilient modulus
decreases.

The minor principal stress and minimum first stress invariant at
the top of the subgrade versus the traffic to failure in Figures A3T and
P.38, respectively, apply to the test pavements described in Appendix B.
As previously noted , these are the minimum values in the  vicinity of the
load or loads, and smaller values (in fact , zero ) will exist at b oa—
tions far removed fr om the loads . There are no obvious relationships
with traffic for either of the parameters . There are some apparent
differences in the stresses for the different type pavements. The
average of the minor principal stress at the top of the subgrade is
1.99 psi for pavements with no base, 1.25 psi for pavements with
granular bases , and 2.54 psi for pavements with bound bases . The over—
all average is 1.82 psi. The average of the minimum first stress
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invariant at the top of the subgrade is 9.27 psi for no base , 6.59 psi 
—

for granular bases, and 11.15 psi for bound base. The overall average

is 8.63 psi. Stresses due to the overburden and residual stresses that

may exist in the subgrade due to the compaction process were not con—
sidered in the computation of these stresses. The effect of these

stresses on material characterization would be to increase the con-
finement and the first stress invariant.

Basically , the same stresses should be used in the triaxial
tests for characterizing cohesionless material as are used for granular

bases. Confining pressures of 2, 14, 6, and 10 psi and axial stresses

that result in principal stress ratios (cT1/ci3
) of 2, 3, 14, and 5 should

be applied. From the average relationship of resilient modulus versus

first stress invariant, a representative modulus value should be se—

lected at a first stress invariant of 10 psi. A representative value

of Poisson’s ratio should be selected from a composite plot of Poisson’s

ratio versus principal stress ratio.

SUMMARY FOR CHARACTERIZING MATERIALS

It is recommended that modulus of elasticity and flexural strength
of PCC ‘be determined from static flexural tests of beams having a cross—

sectional area of 6 by 6 in. The recommended procedures are widely

accepted and extensively used for determining the properties of PCC.

The test procedure for determining flexural strength is .ASTM Standard

Method of Test C 78—75.~~ This test is also designated CR13—C 16—66 in

the CE Handbook for Concrete and Cement.~
6 There is no ASTM standard

test for determining the modulus of elasticity of PCC from flexuraJ.
tests. The recommended procedure is contained in the CE Handbook for

Concrete and ~ement~
6 and is designated CRD—C 21—58. No procedures

are provided for determining Poisson’s ratio of PCC. It is recommended

that a value of 0.2 be assigned for all PCC.

It is reconunended that the modulus of elasticity of bound base

material be determined from cyclic flexura.l tests of beams. The recom—

mended test procedures have not been standardized but are described in

detail in Appendix C. There are differences in the procedures for
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cheinica].].y stabilized materials and those stabilized with bituminous
binders. These differences are necessary because of the sensitivity

of bituminous—stabilized bases to rates of loading and temperature.

No procedures are provided for determining Poisson ’s ratio of bound
base material . It is recommended. that the following values extranted
from Reference 10 be used.

Material Poisson’s Ratio

Bituminous—stabilized 0.5 for E < 500 ,000 psi
0.3 for E > 500,000 psi

Chemically stabilized 0.2

It is recommended that properties of granular bases (subbases)

be determined from cyclic triaxial tests on prepared samples. The

recommended test procedure is outlined in Appendix D. The outputs
from the test procedure are measures of modulus of elasticity and
Poisson ’s ratio.

There is concern among some engineers as to the accuracy with
which the results from laboratory tests on granular materials represent
field conditions. This is the result of such factors as the sensitivity

to the state of stress, sensitivity to the degree of compaction,

-

‘ Inability to take undisturbed samples, which necessitates laboratory

preparation of specimens, difficulty in measuring parameters needed to

compute material properties , and the apparent existence of tensile
stresses in granular layers, which would result in redistributions of

stress within the pavement system. In addition, there is also the

feeling that the properties of granular materials meeting requirements
for base or subbase material will not vary over a wide range. These fac—

tors have led to the use of various methods for selecting representative
properties of granular bases and subbases . Barker and Brabston recom-
mend a Poisson’s ratio of 0.3 for granular base or subbase materials

and provide a procedure (Appendix &.0) for determining representa-
tive values of modu].i baeed on layer thickness and the modulus of the
foundation upon which the layer was compacted. This procedure appears
to produce reasonable results. However , it is recommended that it be
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used in conjunction with test results to determine a representative
modulus rather than as the sole method. The use of a value for Poisson’s

ratio of 0.3 is acceptable unless there is reason to believe that it is

significantly different for the material in question .
It is recommended that the modulus of elasticity and Poisson’s

ratio of subgrade soils be determined from cyclic triaxial tests on

undisturbed samples when possible or on samples prepared as close as
possible to field conditions when fill is involved. The recommended

test procedures are outlined in Appendix E. The procedures are similar
to those used for granular base (subbase) materials. There are dif-

ferences in details of the test procedures and presentation of results

for cohesive and cohesionless materials. These differences are neces—

sary because of the sensitivity of cohesive soils to moisture and the
differences in the behavior as a function of the state of stress. As

with other materials, determination of a representative Poisson’s ratio

is difficult, and the values of 0.14 for cohesive and 0.3 for cohesion—
less materials suggested by Barker and Brabston1° may be used if test

results prove unreliable. 
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APPENDIX B: DESCRIPTION OF T~~T PAVE)~ NTS

The pavements described herein were part of eight test tracks.
These test tracks will be referred to as Lockbourue No. 1, Lockbourne
No. 2 , Lockbourne No. 3, Sharonville- Channeli zed Traffic , Sharonville
Heavy Load, Multiple-Wheel Heavy Gear Load (MWHGL) , Keyed Longitudinal
Joint Study (IcLJS), and Soil Stabilization Pavement Study (ssPs). The
pavements were constructed and tested by the U. S. Army Corps of EngL— —

neers during the period from 1943 to 1973. The pavements were con-
structed under controlled condJ.tioris, and simulated aircraft traffic was

applied in an accelerated manner.

LOCKBOURNE NO. 1

The Lockbourne No. 1 Test Track was constructed between August
and November 1943 at the Lockbourne Army Air Base near Coltuabus , Ohio.
The construction , testing , and analyses of the data from this test
track are discussed in References 40—42. This test track had two con-
tinuous traffic lanes 20 ft wide, composed of adjacent 20— by 20—ft
slabs . The concrete test slabs varied in thicknesses from 5 to 10 in.
and were placed with and without base courses. The type base material
varied and the thickness ranged from 6 to 12 in. Transition slabs

between the traffic slabs and turnaround sections at each end combined
to form a continuous track, which was subjected to single—wheel loadings
of 20, 37, and 60 kips . Between 5 June and 10 July 1944 some sections
of the test track were reconstructed due to early failure caused by the
traffic loading tests .

Table Bl s~n,im~.rizes the flexura3. strength of the PCC concrete
and the traffic applied to each pavement . Figure Bi illustrates the
properties of the pavements used in this study; Figure B2, the loads
used to traffic the test pavements. The two tires in Figure B2 were
on one axle of the load cart but were far enough apart so that the
overlap in zones of influence was small.

B—l
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Table Bi

SmnmA~ry of Load PCC Flexura]. Strength, and
TrafTic—Lockbourne No. 1 Test Track

Flexural Strength Traffic
Item Load, kip~ psi Coverages Remarks

A 20 7140 390+ First crack
A 37 780 145 First crack
B 20 740 187 First crack
B 37 780 35 First crack
C 20 7140 200 First crack
C 37 780 144 First crack
D 20 7140 1450 First crack
D 37 780 33 First crack
E 20 7140 430+ First crack
E 37 780 77 First crack
F 20 7140 550+ No failures
F 37 780 111 First crack —

K 37 780 700 First crack
K 60 735 72 First crack
N 37 780 150 First crack
I’I 60 735 9 First crack
0 37 780 573 First crack
0 60 735 72 First crack
P 37 780 262 First crack
P 60 735 6 First crack
Q 37 780 1390 First crack
Q 60 735 57 First crack
U 37 780 88 First crack

— U 60 735 1.5 First crack

A
(Reconstr ) 37 725 658 First crack
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@ 0
74 11

WHEEL LOAO = 20 KIPS
TIRE CONTACT AREA = 387 IN.2
TIRE CONTACT PRESSURE = 52 PSI

o 0 
—

84
1

WHEEL LOAD=31 KIPS
TIRE CONTACT AREA 638 IN.2
TIRE CONTACT PRESSURE 58 PSI

84

WHEEL LOAD=60 KIPS
-

- - 
TIRE CONTACT AREA 1051 IN.2
TIRE CONTACT PRESSURE z 57 PSI

Figure B2. Schematic representation of loads used in
Lockbourne No. 1 Test Track

• LOCKBOURNE NO. 2

The Experimental Mat test section designated as Lockbourne No. 2
was rectangular in shape and constructed a&jacent to the Lockbourne
No. 1 Test Track between September 191414 and April 1945. A discussion

of the construction, testing, and analyses of data from this test sec-
tion can be found in References 143 and 44. The concrete test pavements

varied from 15 to 214 in. in thickness and consisted of both 25— by 25—
and 25— by 50— ft slabs . Perimeter slabs varying in thickness completely
surrounded the test pavements. Their purpose was to provide a maneuver
area for the outrigger wheels of the 150—kip single—wheel load rig.
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The Lockboti,rne No. 2 Modification test section was an extension of

the Experimental Mat and was constructed between August and October 1946.

A discussion of construction, testing, and analyses of data can be found
in References 145 and 146. This test section consisted of 12— , 15— , and
20-in, plain concret e pavement placed directly on the subgrade. The

test slabs were arranged to form three 25—ft lanes with transition slabs

separating the three design thicknesses. Traffi c was applied with a

special loading device that produced a 150—kip load on four wheels .

Table B2 swmnarizes the flexural strengths of the concrete test

pavements and the t raf f ic  applied to each item . The pavement properties

used in thi s study are for the Experimental Mat section (Figure B3) and

for the Multiple—Wheel Modification section (Figure B14). The load

assembly in Figure B5 is for both the Experimental Mat and the Modi fica-

tion sections .

Table B2

Sunnnary of Load 3 PCC Flexural Strength, and
Traffic——Lockbourne No. 2 Test Track

Flexural Strength Traffic
Item Load , kips psi Covera~es Remarks

El 150 725 97 First crack
E2 150 68o 9142 First crack
E3 150 710 17 First crack
E14 i~ 0 680 203 First crack
E5 150 695 143 First crack
E6 150 700 220 14+ No failure
E7 150 760 22014+ No failure

Ml 150 725 134 First crack
M2 150 725 220 14+ No failure
M3 150 725 220 14+ No failure

flote: Items El—E7 ( Experimental Mat ) loaded with single wheel.
Items M1—M3 (Modification) loaded with dual—tandem gear .
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72 ~~ pf~~ 
‘
~~~ E~~4 12 x 106 PSI PC.p 4 E~~4 12 x 106 PSI

~ 
¶~~v~~O 2

b V
- 

~~~~~~~~~~~~~~~~~~~~~~~~ E = 4400 PSI E = 4400 PSI
SILTY CLAY = 0.4 SILTY CLAY 0.4

k = 55 PCI k = 55 PC 1

ITEM Ml IT EMM2

• . .~~~~~~~~~~~~~~ .:: ~~~~

NOTE: SILTY CLAY AVERAGES 
~
. E = 4.12 x 106 PSI 29.5% CLAY , 51% SILT ,

20 • •
.~~.

•
. .1 02 18.2% SAND, AND 1.3% GRAVEL

:4: 
. : P1 ~ .2% (CL-CH, CH PREDOMINANT)

p
• E = 4400 PSI

SILTY CLAY ~.i=O.4
k = 55 PCI

ITEM M3

Figure B~. Description of test pavements in Lockbourne
N~. 2 Multiple—Wheel Modification test section
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EXPERIMENTAL MAT
GEAR LOAD 150 KIPS

+ TIRE CONTACT AREA = 1459 IN,.2
TIRE CONTACT PRESSURE z 103 PSI

~~~~~~~~~~~~~~ t’3~ MODIFICATION

GEAR LOAD 150 KIPS

~ I TIRE CONTACT AREA = 270 IN.2 —

~ I 
TIRE CONTACT PRESSURE = 139 PSI

~~ 1.25~~ —

Figure B5. Schematic representation of loads used.
in Lockbourne No. 2 Test Track

LOCKBOURNE NO. 3

The Lockbourne No. 3 Overlay Mat test section was constructed in

the area encompassed by the inner boundaries of the Lockbourne No. 1

Test Track . Construction of the test section was begun 1 August 1946
arid was completed 26 October 1946 . The construction , testing , and
analyses of the data from this overlay mat test section are discussed
in References 45 and 46. The concrete pavement comprising part of the
Lockbourne No. 3 Test Track was divided into nine test items. With

the exception of item 1, each was overlain with a flexible overlay .
The overlay thickness varied as well as the type of overlay material
and ranged between 3 to 9 in. Item 1 consisted of 6—in , plain concrete
and was divided into four lanes ; three of these lanes were 25 ft wide
and one was 10 ft wide .

Traffi c was applied to the test items with a rig producing a
60—kip load on a dual—wheel assembly. Figure B6 lists the properties of
the pavem~r~t used in this study including the applied load. The PCC
flexura], strength was 800 psi, arid the first crack failure occurred at
18 coverages.
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.
~ E = 4.0 x 106 PSI

Is 4 u = 0 2

SI LIV CLAY E 5100 PSI
AVERAGE 30% CLAY , 55% SILT, ii 0.4
AND 15% SAND k = 62 PCI
P1=20% (CL CH -ML)

GEAR LOAD =60 KIPS
TIRE CONTACT AR EA = 332 IN.2

,,~ TIRE CONTACT PRESSURE = 90 PSI

Figure B6. Suimnary of data from Lockbourne No. 3
Test Track

SH~ARONVILLE CHAI~NELIZED TRAFFIC

Two channelized traffic test sections , one on a high beari ng—
capacity foundation and the other on a low bearing—capacity foundation ,

were constructed at Sharonville , Ohio , between November 1955 and.
February 1956 . The construction , testing , and analyses of data from
thi s test track are discussed in References 34 and 47. The two

— channelized traffi c test sections , designated as Parts 1 and 2 , were

25 ft wide arid about 600 ft long , and. contained no longitudinal joints .
The test items in each section varied from 50 to 65 ft in length. Each
item was separated by a heavily reinforced concrete transition slab
10 ft long. Traffic was applied to both sections by using a load rig

which produced a 100—kip load on a dual gear.
Table B3 auimnarizes the flexural strength of the test items and

the amount of traffic applied to each . Figure B7 shows the pavement

properties used in this study ; Figure B8, the load used to traffic the

Sharonville Channelized test pavement .
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Table B3

Sunnnary of Load PCC Flexural Strength, and
Traffic—Sharonvi lie Channeli zed Test Track

Flexura]. Strength Traffic
Item Load, kips psi Coverages Remarks

57 100 740 34,650+ No failure
58 100 740 34 ,650+ No failure
59 100 730 7,600 First crack
60 100 730 1,674 First crack
61 100 730 3,867 First crack
62 100 730 10,082 First crack

p D ~
4 uI 4

~cc E 43 ID’ PSI p~ PCC E 4 3  ID’ PSi i~ 
E 43 ID’ PSI

/ CLAYf .

~ 
PLAj ITY

/ : ~ 96 

/
4E

2000 PSI

,~ SILTY SANDY • E 40 000 PSi 0 SILTY SANDY • E 40 ~~ PSI ‘
~, SILTY SANDY E 40 000 PSI

•‘ • GRAVEL 03  ° GRAVEL ~ ° 03 GRAVEL 03
e fGM~)~ • ~~ PCI ~ (GMd) o k ~~ PCI ‘ (GMd~ k 300 PCI

IT~~~~

~ 
E ~~ 

~~ 

~ ~~CC ~~~~~~~~ 
- 

~ ~°‘ 

~~ 

~~PCC ~~ E 4 3  10’ PSI

• .fS 1LTY SANDY .: E.45 ,00O PS1 0 SILTY SANDY,~ 
Er40 ,000 PSI ~ : SILTY SANDY f E .5~~ Q P5I

GRAVEL ~~~~ .0 .3 GRAVEL; H. o~~.0.3 S GRAVEL - . • ~0.3
• (GM~) • K 335 PCI • ~ (GM,), • K 300 PCI • 

(GN,) • k 360 PCI

Figure B7. Description of test pavements in Sharonvilie
Channelized Traffic Test Track
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1 GEAR LOAD = 100 KIPS
+ + TIRE CONTACT AREA 267 IN.2

TIRE CONTACT PRESSURE — 187 PSI

Figure ES. Schematic representation of loads used in
Sharonville Channelized Traffic Test Track

SHARONVILLE HEAVY LOAD

The Heavy Load Test Track was constructed between July and

November 1957 at the Sharonville teøt site ,~ust north of Cincinnati ,
Ohio. The construction of the test track is discussed in Reference 48.
Testing and analysis of the data have not been published. Test Tr ack A ,
used in this study , was 50 ft wide and 525 ft long . An extra 25—ft
length of pavement was provided at each end of the track to provide a
maneuver area for the traffi c rig. Track A was referred to as the
“plain concrete” test track . Traffi c tests on all pavements were
accomplished with a 325—kip load on a dual—tandem aircraft gear.

Table B4 summarizes the FCC flexur al strength and the traffic
-

‘ 

applied to the various test items that were used in this study. Fig-

ure B9 shows the pavement properties of the test items used in this

study; Figure BlO, the load used to traffic the pavements.

Table B4

Stumnary of Load, PCC Flexural Strength, and
Traffic— Sharonville Heavy Load Test Tr ack

Flexural Strength Traffi c
Item Load , kip~ ~psi Coverages Remarks

71 325 800 9680+ No failure
72 325 800 9680 First crack
73 325 800 2115 Fir st crack
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GEAR LOAD 325 KIPS
TIRE CONTACT AREA = 267 IN.2
TIRE CONTACT PRESSURE = 304 PSI

31.25”

Figure BlO . Schematic representation of loads
used in Sharonville Heavy Load Test Track

MTJLTIPLE—WHEEL HEAVY GEAR
LOAD (MWHGL )

The MWHGL pavement tests were conducted at the test site located

at the U. S. Army Engineer Waterways Experiment Station in \Ticksburg ,

Miss. The construction of this test track was initiated in July 1968,

and the rigid pavement portion was completed in December 1968. The

construction , testing , and analyses of’ the data from this test track

are discussed in Reference 35. The rigid pavement test items were each

50 ft square and composed of four 25—ft—square slabs separated. by a

longitudinal construction joint and a tran sverse contraction joint .

The items were separated by 25—ft—long by 50—ft—wide transition slabs ,

which were heavily reinforced to prevent the migration of cracks from

one test item to another . The simulated traffic portion of the tests

was run in two parts: the first part consisted of’ trafficking the south

paving lane with a 12—wheel assembly (C— 5A) loaded to 30 ,000 lb per

wheel ; the second part of the test program consisted of trafficking

the north paving lane with a dual—tandem assembly (B— 74 7) loaded to

41,500 lb per wheel.
Figure Bli shows the properties of the test pavements used in this

study ; Figure B12, the load assemblies used to traffic the test items .

Table B5 summarizes the wheel loads , PCC flexural strengths , arid the

traffic applied to the test pavements.I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure B].).. Description of test pavements in Multiple—
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Figure B12. Schematic representation of loads used
in Multiple—Wheel Heavy Gear Load Test Track
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Table B5

Siamn~~ .y of Load, PCC Flexura]. Strength, and. Traffic-—
Multiple—Wheel Heavy Gear Load Test Track

Flexura). Strength Traffic
Item Load, kips psi Coverages Remarks

1 360’ 725 221 First crack
2 360’ 800 14230 FIrst crack
2 166” 700 95 First crack
3 166” 660 205 First crack
3 360’ 700 11400 First crack
14 360’ 775 180 First crack

* C—5A gear .
** Dual—tandem gear .

I~~YKD LONGITUDINAL
~oiwr STUDY (KIJS )

The excavation, construction of the foundation materials, and
final, concrete paving phases of the ICrJJS test section occurred during
the period April—May 1971. The construction, testing, and. analysis of
the data from the KLJS test pavements are discussed in Reference 38.
The pavement thicknesses, foundation materials, and types of longi-

tudinal construction joints varied in the four test items. The rigid
pavement thicknesses of items 1 and~ 2 were 8 and 11 in., respectively;
Items 3 and 14 were both 10 in. thick. Each test item contained four
25—ft—square concrete slabs at uniformed thickness, two in the north

lane and two in the south lane. The transition slabs that had been
constructed for the MWRGL were left in place and. used in this study.
The gear configurations used for trafficking the Ia:~1TS test items were
the same that were used in the !~VHGL study (Figure B12).

Figure B].3 shove the pavement properties used in this study.
Table B6 summarizes the wheel loads, concrete flexural strengths, and
traffic coverages applied to the test items.
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Figure B].3. Description of test pavements in Keyed
Longitudinal Joint Study
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Table B6

Simun~~y of Load, PCC Flexural Strengths, and Traffic-—
Keyed. Longitudinal Joint Study

Flexural Strength Traffic
Item Load , kips psi Coverages Remarks

1 360’ 905 51~ First crack
2 360’ 730 31414 First crack
3 360* 8io 22 First crack
14 360’ 86o 6336 First crack
14 166** 86o 320 First crack

* C—5A gear.
** Dual-tandem gear .

SOIL STABILIZATION
PAVEMENT s~~m~ ( sSPs)

This final test section, designated the SSPS , was constructed
during the period March—August 1972. This area had been used previously
for the MWHGL and KLJS tests. The construction, testing, and analyses
of the data from this test section are discussed in Reference 39. The
test section was 290 ft long and 50 ft ‘wide and consisted of five test
items, each 50 ft square and separated by 10—ft—wide transition slabs .
The concrete in each item was first placed in the north paving lane
(25— by 50— ft sections ) between the transition slabs. Only two items
from this test track were used in this study . These were 15—in. —thick
slabs on 6—in.—thick bound base course layers . Simulated aircraft traf-
fic was applied to the test items using a dual-tandem assembly. A net
weight of 200 kips (50 kips/wheel) was used for trafficking lane 1 and
2}eO kips (60 kips/wheel) for trafficking lane 2. The contact area for

both loads was maintained at 267 sq in. by using inflation pressures of
190 and 250 psi for the 200— and 240—kip loads , respectively.

Figure B114 shows the pavement properties used in this study;
Figure B15, the loads used to traffic the test pavements. Table B7
summarizes the concrete flexural strengths and the traffic applied
to each test item.
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Figure B114 . Description of test pavements in Soil
Stabilization Pavement Study
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Figure B15. Schematic representation of loads
used in Soil Stabilization Pavement Study
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Table B7 
-

Su~un~ar~r of Load. PCq Flexura.l Strengt~i , and Traffic--
Soil Stabilization Pavement Stu~~

Flexural Strength Traffic
Item Load~ kips psi Coverage~ Remarks

3 200 900 3215 First crack
3 240 900 350 First crack —

4 200 870 4660 First crack
4 2140 870 70 First crack
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APPENDIX C: LABOR.ATORY PROCEDURE FOR DETERMINING
THE FLEXURAL ~43DULUS OF BOUND BASES

The procedure contained herein involves application of a repeti—

tive loading to a beam specimen under controlled stress conditions.

Applied load and deflection along the neutral axis and at the lower
surface are monitored , and the results are used to determine the
flexur a.]. modulus. Because of the sensitivity of bituminous—stabilized

materials to temperature , rate of loading , and repeated loading, some
differences are noted with the procedure for chemically stabilized
materials.

SPECI?~ N PREPARATION

CHEMICALLY STABILIZED MATERIAL

Beam specimens should be prepared following the general proce—
dures outlined in ASTM Standard Procedure Designation: D 1632_63.65

This method describes procedures for moldIng 3— by 3— by 11—1/4—in.
specimens ; however, any size mold may be used for the test. For soils

containing aggregate particles larger than 3/14 in., it is recommended
that molds on the order of 4 by 4 to 6 by 6 in. be used. In general,

specimens should have an approximately square cross—sectional

configuration and a length adequate to accommodate an effective test

span equal to three times the height or width. Specimens should be

molded to the stabilizer treatment level, moisture content, and density
expected in the field structures. Specimens should be moist—cured

— for 28 days.

BITUMINOUS—STABILIZED MATERIAL

Beam specimens should be prepared following the general proce-
dures outlined in AETM Standard Procedure Designation: D 3202_T3.66

If there is undue movement of the mixture under the compactor foot
during bean compaction, the temperature, foot pressure, and number of’
tamping blows should be i-educed. Similar modifications to compaction

procedures should be made if specimens with less density are desired.

C—i



- —~-----‘ .~~~~~~= _~~~~~___=.._,~~~~ v—--.--” -- __-,-_-_ - -
~~ -——- 

-

A diamond—blade masonry saw is used to cut 3—in.— (or slightly less) deep
by 3—in.— (or slightly less) wide test specimens from the 15—ft—long
beams . Specimens with suitable dimensions can also be cut from pavement
samples. The widths and depths of the specimens are measured to the
nearest 0.01 in. at the center and at 2 in. from both sides of the

center. Mean values are determined and used for subsequent calculations.

EQUIPMENT

The following equipment is required:

a. Loading frame capable of receiving specimen for third—point
loading test.

b. A 3000—lb capacity electrohydraulic testing machine capable
of applying static and repeated tension—compression loads in
the form of haversine waves .

c. Load cell (approximately 3000—lb capacity).
F d. Two linear variable differential transformers (LVDT’s).

e. Recording equipment for monitoring deflection, strain, and
load.

f. Mis cellaneous pins and yokes , as described in the equipment
- - setup below, for mounting the LVDT’s.

.&~ 
Controlled—temperature cabinet capable of controlling
temperature within +1°F.

EQUIPMENT SETUP

— CHRMICALLY STABILIZED
MATERIALS

Figures C].— C3 present the details of the equipment . The beam
should be positioned so that the molding laminations are hori zontal.
The three yokes are positioned over the top of the beam and held in
place by threaded pins positioned along the neutral axis. The end pins,

= A and C , are positioned directly over the end reaction points, and the
middle pin B is positioned at the center of the beam . A metal bar rests
on top of the pins. At the A position, the bar is equipped with a lower
vertical tab having a hold that slips loosely over the pin. A nut is

placed on the end of the pin to prevent the bar from slipping. At the

center or B position , the bar is equipped with a vertical tab onto which

C—2
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un LVDT is cemented in a vertical position. At this position on the

bar, there is a hole through which the LVDT core pin falls to rest on

the B pin. This pin must be fabricated with flat sides on the shaft
to provide a horizont al surface on which the LVDT core pin rests. At

the C position, the end of the bar simply rests on the unthreaded por-
tion of the C pin. A nut is placed on the end of’ the C pin to prevent

excessive side movement of the bar end. This type of bar, pin, and

LVDT arrangement is provided on both sides of the beam . Although no
dimensions are provided in Figures C1—C3, this type of equipment can
easily be dimensioned and fabricated to fit any size beam. Either

steel or aluminum may be used. The beam should be positioned and
arranged to accommodate third—point loading as indicated in Figure 02.
As the beam bends under loading, deflection at the center is measured

by determining the movement of the LVDT stems from their original
positions. The LVDT’s are connected to the monitoring system to give

an average deflection reading.

BITUMINOUS-STABILIZED
MATERIALS

Bituminous—stabilized materials are affected by temperature ,
rate of loading, and repeated load applications. The tests should be

— conducted in a controlled—temperature cabinet capable of controlling

temperature within +1°F. The beam will tend to deform permanently
under repeated load applications or its own weight due to the viscous
nature of the binder. Therefore, a loading device capable of trans-

mitting both upward and downward to the specimen is required. The

arrangement in Figures Cl—C3 is capable of applying only a downward
force. A loading device similar to that in Figure c14 is needed. This

device permits both upward and downward forces to be applied to the
specimen. A sufficient load, approximately 10 percent of the load

deflecting the beam upward, is applied in the opposite direction

forcing the beam to return to its original hori zontal position and

j  holding it at that position during the rest period. Adjustable stop

nuts installed on the flexure apparatus loading rod prevent the beam

t 
_ _ _ _ _  
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from bending below the initial horizontal position during the rest

period. With the device presented in Figure C4, the LVDT cores are

normally attached to a nut bonded to the center of the specimen. How-

ever, a mechanical clamp, as in Figure C3, may be used. The specimen -:
is clamped in the fixture using a jig to position the centers of the

two loading clamps. Double layers of Teflon sheets are placed between

the specimen and the loading clamps to reduce friction and. longitudinal

restraint caused by the clamps.

TEST PROCEDURE

CHEMICALLY STABILIZED
MATERIALS

The flexural beam test is a stress—controlled test . Therefore ,

an initial specimen should be statically loaded to failure . The repeti-

tive load test should be conducted using a haversine wave form, a

loading duration of 0.5 sec, and a frequency of about 1 Hz. It is

recommended that tests be conducted at 40, 60, and 80 percent of

the maximum rupture value; however, stress levels can be varied to

higher or lower levels. About 1400 load repetitions should be applied

to condition the specimen, and all gages reset. The load and deflec—

tion along the neutral axis should be monitored at 100, 1,000, and

10,000 load repetitions.

BITUMINOUS—STABILIZED
MATERIALS

The beam is positioned in the loading device, placed in the

controlled—temperature cabinet, and brought to the desired temperature.

Specimens should be tested at 40, 70, and 100°F. A dummy specimen,

with a thermocouple in the center, may be used to determine when the

specimen has reached the desired temperature . The repetitive load

tests should be conducted using a haversine wave form, a loading dura—

tion of 0.2 sec, and a frequency of about 2 Hz. The test is stress—

controlled . Thus, loads that will result in reasonable stresses in the

specimen should be used. One test should be run with a load that will

c-8
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— result in stresses in the outer fibers of the beam of about 50 psi ,
and subsequent loads should be applied that will result in stress less
than the following:

Temperature Range, °F Maximum Stress, psi
140-6o 1450
60-So 300
80—100 200

Should excessive deflections occur the load should be reduced. About
500 conditioning load repetitions should be applied, and all gages reset.
The load and deflections should be monitored at 100, 1,000 , and 10,000
load repetitions.

R~~0RTING OF TEST RESULTS

The flexural modulus should be determined at 100 , 1,000 , and
• 10,000 load repetitions or at failure . This value may be determined

from load and deflection data monitored at these repetition levels using
the expression —

E = ~~~~~~ + 2.11 (
~

) 2] (ci )

where

E = flexural modulus , psi
P = maximum load amplitude, lb
L = specimen length , in.
d = deflection at the neutral axi s , in.

14I = moment of inertia, in.
h = specimen height, in.

For chemically stabilized materi als , the value to be used for E is the
arithmetic mean of all values obtained during the test . For bituminous —
stabilized materials , the average should be determined for each tempera—
ture at which tests were conducted and a relationship between modulus
of elasticity and temperature was established.
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APPENDIX D: LABORATORY PROCEDURE FOR DETERMINING
THE RESILIENT MODULUS OF GRANULAR BASE MATERIALS

This procedure is designed to determine resilient properties of

granular base ( subbase ) materi als . The test is similar to a standard
tri axial compression test , the primary exception being that the devi ator
stress is applied repetitively at several stress levels . The procedure
allows testing under a repetitive stress state similar to that encoun-
tered in a base (subbase) course layer in a pavement under a. moving
wheel load.

DEFINITIONS

The following symbols and terms are used in the description of
this procedure:

a. = total axial stress.
b. ci

3 
= total radial stress , i.e., conf ining pressure in the
triaxial test.

£- °d = deviator stress (0
1 

— 0 ) ,  i.e., the repeated axial
stress in this procedur~ .

~~ 
= total a.xia.1 strain due to

e. = resilient axial strain due to -

f. = resilient lateral strain due to °d -

~~
. M~ = the resilient modulus = (id/CR

h. = the resilient Poisson ’s ratio =
1. 8 = sum of the principal stresses in the triaxial state of

stress 
~~l 

+ 2~3 = 0d + 303 ) .

~~~
. ~~~/a~ = principal stress ratio.

k. Load duration = time interval during which the sample is
subjected to a stress deviator.

1. Cycle duration = time interval between successive applica-
tions of the deviator stress.

SPECTh~ NS

For base course materials , 6—in .—di am speci mens are generally
required with the maximum particle size being limited to 1 in. The

specimen height should be at least twice the di ameter. Methods for

D-l
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preparation of specimens are set forth in Engineer Manual EM
lllO_2_1906.67

EQUIPMENt’

TRIAXIAL TEST CELL

The triaxial cell shown schematically in Figure Dl is suitable
for use in resilient testing of soils . The equipment is similar to most
standard cells. However, there are a few specialized criteria that must
be met to provide acceptable test results. Generally, the equipment is

slightly larger than most standard cells to acconunodate the 6—in. —diem

specimens and the internally mounted load and deformation measuring
equipment. Additional outlets for the electrical leads from these mea-

suring devices are required.
Cell pressures of 80 psi are generally sufficient to duplicate

the maximum confining pressures under a:i rcraft loadings . Compressed
air is generally used as the confining fluid to avoid detrimental ef-
fects of water on the internally mounted electronic measuring equipment.

END PLATENS
- 

•
- End platens should be “frictionless ,” as “barrelling” caused by

end restraint jeopardizes resilient Poisson ’s ratio values by causing

lateral deformations to be concentrated in the middle of the specimen.
Furthermore , nonuniform displacement s can create problems with axial
strain measurements due to realignment of the LVDT clamps. Whereas
“frictionless” platens (Figure D2) may not be entirely frictionless
under short—term repetitive loadings , they constitute an improvement over

conventional end platens. The essential features of “frictionless”
• end platens are (a)  hard polished end plates, (b) coated by high—vacuum

silicone grease , (c) covered by a thin rubber sheet. If externally
mounted axial deformation measuring devices , such as an LVDT or potenti-
ometer mounted on the loading piston , or devices measuring the total
specimen displacements are used, the use of frictionless caps and bases
with grease invalidates any measurements. In this case, the deformation

due to the grease and rubber sheet or Teflon probably exceeds the actual

D-2 
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Figure Dl. Triaxial cell used in resilience testing
of granular base material
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MEMBRANE

T EFLON OR RUBBER SHEET

DRAIN 

SILICONE GREASE

Figure D2. Schematic of frictionless
cap and base

deformation of the specimen . Hence, frictionless caps and bases are
restricted to use with internally mounted deformation sensors.

REPETITIVE LOADING EQUIPMENT

• 
• The external loading source may be any device capable of pro-

viding a variable load of fixed cycle and b a -  duration , ranging from
simple switch control of static weights or air pistons to a closed—loop

electrohydraulic system. A load duration of 0.1 to 0.2 sec and. a cycle

durati on of 3 sec have been found satisfactory for most applications .
A haversine wave form is recommended; however, a rectangular wave form
can be used.

DEFORMATION AND LOAD
MEASURING EQUIPMENT

The deformation measuring equipment consists of four LVDT’s

attached to the soil specimen with a pair of clamps, as shown in Fig-

ure Dl. Two LVDT ’ s are used to measure axial deformations , and. two

are used to meas ure lateral deformations . Figures D3 and D14 show
the details of the clamps for attaching the LVDT ’s to the soil speci-
mens. Only a—c transducers that have a minimum sensitivity of

I;. 
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0.2 mv/O.OOj. in./v should be used. Load is measured with an in-
ternally mounted load cell that is sufficiently lightweight so as not
to provide any significant inertia forces . It should have a capacity —

no greater than 2 to 3 times that of the maximum applied load and a
minimum sensitivity of 2 mv/v.

ADDITIONAL EQUIPMENT

In addition to the equipment described above, the following items
are also used :

a. Calipers, a micrometer gage, and a steel rule (calibrated
to 0.01 in . ) .

b. Rubber membranes (0.012 to 0.025 in. thick) and a membrane
stretcher.

c. Rubber 0—rings .
d. Guide rods for positioning LVDT clamps .
e. Epoxy for cementing clamps to membrane.
f. A vacuum source with a bubble chamber (optional) and

regulator.

£.~ 
Specimen forming jacket.

It is also necessary to have a fast recording system for accurater testing. It is recommended, for analog recording equipment, that the
resolution of the parameter being controlled be better than 1.5 percent
of the maximum value of the parameter being measured and that any
variable amplitude signals be changed from high to low resolution as
required during the test. If multichannel recorders are not available,
by introducing switching and balancing units, a single—channel recorder
can be used.

PREPARATION OF SPECIMENS AND
PLACEMENT IN TRIAXIAL CELL

Specimen preparation procedures are governed by the criteria set
forth in Appendix X of Engineer Manual EM 11l0_2_1906 .67 The following
procedures describe a step—by-—step account for preparing remolded
specimens. Generally, for base course materi als , 6—i n .—diam specimens
are required with the maximum particle size being limited to 1 in. in
diameter.

D—7
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MATERIAL PREPARATION

The material should be air—dried and subsequently sufficient
water added to bring the material to the desired compaction water con-

tent (usually field condition). Sealing the material in a container

for 214 hr prior to compaction will allow the moisture to equilibrate.

For well—graded materials , it may be necessary to break the material
down into several sieve sizes and recombine for each layer to prevent
serious segregation of material in the specimen. If the compaction
effort required to duplicate the desired testing water content and
densi ty is known , sufficient material for several specimens may have to
be prepared. The compaction effort required will then be established
on a trial—and—error basis.

SPECIMEN CO~~ACTION

Generally , base course materials are compacted on the triaxial

cell baseplate using a split mold. If the particles are angular , two
membranes may be required: one used during compaction and the second
placed af ter compaction to seal any holes punctured in the membrane.
A successful procedure has been to use a Teflon—lined mold and a thin

- sheet of wrapping paper instead of a membrane. Often the density is
-~ sufficiently high and the water content such that effective cohesion

— will permit a tree—standing specimen to be prepared. In this case , the
wrapping paper is carefully removed and a membrane substituted. In

most cases , impact or kneading compaction is used. Although EM 1110—
2_190667 ment ions vibratory compaction , vibratory compaction is only
permitted on uniform materials where segregation is not a problem. The
.~pecimens should be compacted in layers, the height of which exceeds

the maximum particle size.

It may be necessary to place a thin layer of fine sand in the
bottom layer to provide a smooth bearing surface. Likewise, after com-

pacting and trimming the topmost layer (it may be necessary to remove

• 
large particles from this layer), fine sand can be sieved on the surface
to fill in the voids end provide a smooth bearing surface for the top

cap .
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Center the top cap and lightly tap the cap to level and. ensure a
good smooth contact of the cap on the specimen. A level placed on top

of the cap is used to check leveling. The forming mold is then removed ,
the membrane placed using a membrane stretcher and sealed with 0—rings
or a hose clamp , and a vacuum applied. Check for leakage by using a

bubble chamber or closing the vacuum line and observing if a vacuum is
maintained in the specimen . Specimen dimensions should be measured to
determine density conditions. A it—tape has been found most useful for
diametrical measurements.

PLACEMENT OF LVDT
MEASUREMENT CLA~~S

Measure the diameter as accurately as possible at the location of
the LVDT clamps for calculation of radial strains . Place the lower LVDT
clamp in the specimen at approximately the lower third point of the
specimen . A “ jig” or gage rods have been used successfully to assist in
placing the clamps . The lower LVDT clamp generally holds the LVDT body .
Repeat the procedure for the upper clamp, being careful to align the
clamps so the LVDT core matches the LVDT body . It is essential that the

- 
• 

clamps lie in a horizontal plane and their spacing be precisely known

- 

- for calculating the axial strain. Again , gage rods or a “jig ” in con—
junction with a small level have been used successfully for this opera-

tion. With the clamps in position and secured by the springs , a small
amount of epoxy (a “5—mm ” epoxy has been used ; rubber cement was found
unacceptable) is placed on top of the four contact points and allowed

to dry.

Install the LVDT’s and connect the recording unit . Generally ,
+O.0140—in . LVDT’ s are used for radial deformations , while +0.100—i n.
LVDT’s are used for axial deformations. Balance the vertical spacing
between LVDT clamps or check gage rods for secure contact , arid record
LVDT readings and spacing . Remove gage rods and assemble triaxial
chamber. Any shifting of LVDT clamps during chamber assembly will be
noted by LVDT reading changes and can be accounted for .

D—9 
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RESILIENT TESTING

The resilient properties of granular materials are dependent

primarily upon confining pressure and to a lesser extent upon cyclic
deviator stress. Therefore, it is necessary to conduct the tests for a

range of confining pressures and devi ator stress values. Generally ,
chamber pressure values of 2, 14 , 6 , and 10 psi are suitable. Ratios of

of 2, 3, 14 , and 5 are typically used for the cyclic deviator
stress. Tests should be conducted in an undrained condition with
excess pressures relieved after application of each stress state. The
testing procedure is as follows :

a. Balance the recorders and recording bridges and record cali-
bration steps.

b. Apply about 2—psi axial load °d as a seating load simulating
the weight of the pavement and ensuring contact is maintained
between the loading piston and top cap during testing.

.2.~ 
Condition the specimen by applying 500 to 1000 load repeti—
tions with drainage lines open. This conditioning stress
should be the maximum stress expected to be applied to the
specimen in the field by traffic. If this is unknown, a
chamber pressure of 5 or 10 psi and a devi ator stress (ci —

0
3
) twice the chamber pressure can be used.

ci. Decrease the chamber pressure to the lowest value to be used.
Apply 200 load repetitions of the smallest deviator stress
under undrained conditions , recording the resilient deforma-
tions and load at or near the 200th repetition . Aft er
200 load repetitions , relieve any pore pressures , increase
the deviator stress to the next highest value , and repeat
procedure over the range of deviator stresses to be used.

e. After completing the stress states for the initial confining
pressure, repeat for each succeedingly higher chamber
pressure.

f. After completion of the loading , remove the axial load,
apply a vacuum to the specimen , release the confining pres—
sure , and disassemble the tria.xial chamber.

&~ 
Check the calibration of the LVDT’s and load cell.

h. Dry the entire specimen for determination of the water
content.

D—1O
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CO~~UTATI0NS AND
PRESENTATION OF RESULTS

C0?~UTATIONS

The computations consist c.f the following :
a. From the measured dimensions and weights, compute and record

the initial dry density, degree of saturation , and water con—
tent using the equations in Appendix II, EM lll0_2_l906.67

b. The resilient modulus is computed and recorded for each
st ress state using the following formulas:
(i) Resilient axial strain C

R 
= 

~~r~~i
(2) Resilient lateral strain c = t~D I D .  .r i

(3) Deviator stress = AP/A0 .

( 14 )  Resilient modulus M
R 

= G
d

/C
R

(5)  Resilient Poisson ’s ratio V
R 

= .

where
— AHr = resilient change in gage height (distance between

LVDT clamps) after specified number of load
repet it ions

H1 = instantaneous gage height after specified number of
load repetitions. Can be calculated from H0 —

If t~H is small, H can be used.
0

H0 
= initial gage height or distance between LVDT’s less
adjustments occurring during triaxial chamber
as sembly

= permanent change in gage height
= change in axial load, maximum axial load minus
surcharge load

A0 = original cross—sectional area of specimen
t
~
Dr = resilient change in di ameter after specified number

of load repetitions

= instantai’eous diameter after specified number of
load repetitions. Can be calculated from D0 + AD

D
0 

= initial specimen diameter

AD = permanent change in specimen di ameter

PRESENTATION OF RESULTS

Test results should be presented in the form of plots of log MR
versus log of the sum of the principal stresses and versus the

D-l].
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principal stress ratio (Figure D5) . The equation of the line for

resilient modulus is MR = K
1

(9)~~~~ where is the intercept when
= ]. psi and 

~2 is the slope of the line .

~~~

Iog 9~ log (O~~+2Q 3)

-

~~~ Figure D5. Representation of results of
resilience test on cohesionless soils

D—12

~ 

-

~~~~~~~ -—~~~~~~~~ .-~~~~~ -- - - -~~--~~~~ --.-~~ ~~~~~~~~~~ -~~~~~~~~~
-- --



~. - - -~ - - - — _ —_•_—-,~ ---; .-
~~~

- - - - - - --  
~~~~~~~~~~~~~~~~~ 

-

APPENDIX E: LABORATORY PROCEDURE FOR DETERIVflNING
THE RESILIENT MODULUS OF SUBGRADE SOILS

The objective of this test procedure is to determine a modulus

value for subgrade soils by means of resilient triaxial techniques. The

test is similar to a standard triaxial compression test, the primary
exception being that the deviator stress is applied repetitively and at
several stress levels. This procedure allows testing of soil specimens

in a repetitive stress state similar to that encountered by a soil in
a pavement under a moving wheel load.

DEFINITIONS

The following symbols and terms are used in the description of
this procedure:

a. a1 = total axial stress.

b. 0
3 = total radial stress; i.e., confinir~g pressure in the

triaxial test chamber.

~ = 0~ — G~ = deviator stress; i.e., the repeated axial
stress in this procedure.

~~~~ ~ 
= total axial strain due to

a. CR = resilient or recoverable axial strain due to

f .  = resilient or recoverable axial strain due to

£• MR = Od/E R = resilient modulus.
h. VR = C

R
/ C t 

resilient Poisson’s ratio.

j. e = + 20
3 

= °d + 303 = sum of the principal stresses in
the tri axial state of stress.

~~~. a~/a~ = principal stress ratio.
k. Load duration = time interval over which the specimen is

subjected to a deviator stress.

1. Cycle duration = time interval between successive applica-
tions of a deviator stress.

SPECIMENS

Various diameter soil specimens may be used in this test , but the

recommended specimen diameter Is 2.5 to 3.0 in., or at least four times
maximum particle size for granular materials. The specimen height should

E—l
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be at least twice the diameter. Undisturbed or laboratory molded speci-

mens can be used. Procedures for obtaining undisturbed soil specimens

are given in Engineer Manual EM 1110—2—1907 , “Soil Sampling .”68 Methods
for laboratory preparation of molded specimens and for back—pressure
saturation of specimens, if required, are presented in EM 1110—2—1906,
“Laboratory Soils Testing. ”6

~
EQUIPMENT —

TRIAXIAL TEST CELL

The tria.xial cell in Figure El is suitable for use in resil-
ience testing of soils . This equipment is similar to most standard
cells , with the exceptions of being somewhat larger to facilitate the
internally mounted load and deformation measuring equipment and having
additional outlets for the electrical leads from the measuring devices.
For the type of equipment shown, air or nitrogen is used as the cell
fluid.

REPETITIVE LOADING EQUIPMENT

The external loading source may be any device capable of providing
-

• a variable load of fixed cycle and load duration , ranging from simple
cain—and—switch control of static weights of air pistons to a closed—loop

electrohydrauJ.ic system. A load duration of 0.2 sec and a cycle dura—
tion of 3 sec have been found to be satisfactory for most applications.

A haversine wave form is recommended; however, a rectangular wave form
can be used.

DEFORMATION AND LOAD
MEASURING EQUIPMENT

The deformation measuring equipment consists of linear variable
differential transducers (LVDT’S) attached to the soil specimen by a

• pair of clamps. The transducers should have a high resolution and a
small range to measure the extremely small resilient deformations. Two
LVIYT ’s are used for the measurement of axial deformation, and. two for

3 the measurement of lateral deformation. The clamps and LVDT’s are shown

j In position on a soil specimen in Figure El, and the details of the

~~~~~~~~~~~~~~~~~~~ --~~~~~~~~ —-—~~~~~~~~~~~~~~~~~~~
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clamps in Figure E2. Load is measured by placing a load cell between
the specimen cap and the loa&ing piston (Figure El). The load cell must

be small enough so that no significant inertial forces are developed ,

and the capac ity should be no greater than 2 to 3 t imes the maximum
applied load .

Use of the type of measuring equipment described above offers
several advantages :

a. It is not necessary to reference deformations to the equip—
merit , which deforms during loading .

b. The effect of end—cap restraint on soil response is virtually
eliminated.

c. Any effects of piston friction are eliminated by measuring
loads inside the triaxial cell.

ADDITIONAL EQUIPMENT

In addition to the equipment described above, the following items
are also used:

a. A 10— to 30—ton—capacity loading machine .
b. Calipers, a micrometer gage, and a steel rule (calibrated

to 0.01 in.).

c. Rubber membranes, 0.01 to 0.025 in. thick.

ci. Rubber 0-rings.

a. A vacuum source with a bubble chamber and regulator.
1’. A back—pressure chamber with pressure transducers.

£• A membrane stretcher .
Ii. Porous stones.

It is also necessary to maintain suitable recording equipment .
It is desirable to have simultaneous recordi ng of load and deformation.
The number of recording channels can be reduced by wiring the leads from
the LVDT’s so that only the average signal from each pair is recorded.
The introduction of switching and balancing units permits use of a

— single—chamber recorder. However , this will not permi t simultaneous
recording.

E- 14
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PREPARATION OF SPECIMENS AND
PLACEMENT IN TRIAX IAL CELL

The following procedures should be followed in preparing and

placing specimens:

a. In accordance with procedures specified in EM lllO_2_19O6,67
prepare the specimen and place it on the baseplate complete
with porous stones, cap, and base and equipped with a rubber
membrane secured with 0—rings . Check for leakage. If
back—pressure saturation is anticipated for cohesive soils,
procedures indicated in Appendix X to EM 1110—2—1906 for the
Q—type triaxial tests should be followed. For purely
noncohesive soils, it will be necessary to maintain the
vacuum during placement of the LVDT’s. The specimen is
now ready to receive the LVDT’s.

b, Extend the lower LVDT clamp and slide it carefully down over
the specimen to approximately the lower third point of the
specimen.

c. Repeat this step for the upper clamp , placing it at the upper
third point . Ensure that both clamps lie in horizontal
planes.

d. Connect the LVDT’s to the recording unit , and balance the
recording bridges . This step will require recorder adjust-
ment s and adjustment of the LVDT stems. When a recording
bridge balance has been obtained , determine (to the nearest
0.01 in.) the vertical spacing between the LVDT clamps and
record this value.

a. Place the triaxial chamber in position. Set the load cell
in place on the specimen.

f. Place the cover plate on the chamber. Insert the loading
piston , and obtain a firm connection with the load cell.

~~
. Tighten the tie rods firmly.

h. Slide the assembled apparatus into position under the axis].
loading device. Bring the loading device to a position in
which it nearly contacts the loading piston .

1. If the specimen is to be back—pressure saturated, proceed
in accordance with EM 1110—2—1906.

~~. After saturation has been completed, rebalance the recorder
bridge to the load cell and LVDT’s.

RESILIENCE TESTING OF C~~~SIVE SOILS

The resilient properties of cohesive soils are only slightly

affected by the magnitude of the confining pressure 0
3 

. For most
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applications , this effect ~can be disregarded. When back—pressure
saturation is not used , the confining pressures-used should approximate
the expected in situ horizontal stresses. Chamber pressures of 2, 14,
and 6 psi should be used. If back—pressure saturation is used , the

chamber pressure will depend on the required saturation pressure.

Resilient properties are highly dependent on the magnitude of
the deviator stress . It is therefore necessary to conduct the

tests for a range in deviator stress values. Deviator stresses ranging

from 2 to 16 psi are recommended. The following procedure should be

followed:

a. If back—pressure saturation is not used , connect the chamber
pressure supply line and apply the confining pressure (equal
to the chamber pressure). If back—pressure saturation Is -

used, the chamber pressure will already have been established.
b. Reba.lance the recording bridges for the LVDT’s, and balance

the load cell recording bridge.
c. Begin the test by applying 500 to 1000 repetitions of a

- - 
deviator stress of not more than one—half the unconfined
compressive strength.

d. Decrease the deviator load to the lowest value to be used.
- - • - Apply 200 repet itions of load, recording the recovered

vertical deformation at or near the last repetition.

e. Increase the deviator load, recording deformations as in
Step d. Repeat over the range of deviator stresses to be
used.

f. At the completion of the loading , reduce the chamber pressure
to zero. Remove the chamber LVDT’s and load cell. Use the
entire specimen for the purpose of determining the moisture
content.

C0~~ 1JTATIONS AND PRESENTATION
OF RESULTS FOR COHESIVE SOILS

Computations consist of the following:

a. From the measured dimensions and weights , compute and record
the initial dry density, degree of saturation, and water~con—tent using the equations in Appendix II, EM lll0—2—l906.°~

b. The resilient modulus is computed and recorded for each stress
state using the following formulas :
(1) Resilient axial strain CR t~Hr /Hj
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(2) Resilient lateral strain c = L~D I D.  .9. r i
(3) Deviator stress = ~P/A .

( 14 )  Resilient modulus M,~ = O
d

/C .

where

~~~ 
= resilient change in gage height (distance between
LVDT clamps) after specified number of load
repetitions.

Hi = instantaneous gage height after specified number of
load repetitions . Can be calculated from H —

If t~H is small, H0 can be used.

H0 = initial gage height or distance between LVDT’s less
adjustments occurring during tri axial chamber
assembly

= permanent change in gage height

~P = change in axial load, maximum axial load minus
surcharge load

A0 original cross—sectional area of specimen

~
Dr resilient change in diameter after specified number

of load repetitions
D
1 

instantaneous diameter after specified number of
load repetitions. Can be calculated from D0 + ~D

D initial specimen diameter
t~D permanent change in specimen di ameter

The results of the resilience tests can be presented in the form
of a sunmiary table, such as Table El, and graphically as s~’own in Fig-
ure E3 for the resilient modulus.

RESILIENCE TESTING OF
COHESIONLESS SOILS

The resilient modulus of cohesionless soils MB is dependent

upor. the magnitude of the confining pressure ci~ and is nearly inde-
pendent of the magnitude of the repeated axial stress. Therefore, it

is necessary to test cohesionless materials over a range of confining

and axial stresses. (The confining pressure is -~qua3. to the chamber

pressure less the back pressure for saturated specimens.) The following
procedures should be used for this type of test :

a. Use confining pressures of 2, 14 , 6 , and 10 psi . At each
confining pressure, test at four values of the principal

E—8
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stress difference corresponding to multiples (2, 3, 14 , 15)
of the cell pressure.

b. Before beginning to record deformations, apply a seri es of -

conditioning stresses to the material to eliminate initial
loading effects. The greatest amount of volume change occurs
during the application of the conditioning stresses. Simula— -

tion of field conditions suggests that drainage of saturated
specimens should be permitted. during the application of these
loads but that the test loading (beginning in Step f below )
should be conducted in an undrained state.

c. Set the axial load generator to apply a deviator stress of —

10 psi (i .e . ,  a stress ratio equal to 3). Activate the load
generator and apply 200 repetitions of this load . Stop the
loading.

d. Set the axis.]. load generator to apply a deviator stress of
200 psi ( i . e . ,  a stress ratio equal to 5). Activate the
load generator and apply 200 repetitions of this load . Stop
the loading.

e. Repeat as in Step d above maintaining a stress ratio equal
to 6 and using the following order and magnitude of con-
fining pressures: 10, 20, 10, 5, 3, and 1 psi.

t. Begin the record test using a confining pressure of 2 psi and
an equal value of deviator stress. Record the resilient

— deformation after 200 repetitions. Increas e the devi ator
stress to twice the confining pressure and record the
resilient deformation after 200 repetitions. Repeat until
a deviator stress of 14 times the confining pressure is
reached (stress ratio of 5) .

~~
. Repeat as in Step f above for each value of confining

pressure.

h. When the test is completed , decrease the back pressure to
zero, reduce the chamber pressure to zero, and di smantle
the cell. Remove the LVDT clamps , etc. Remove the soil
specimen, and use the entire amount of soil to determine
the moisture content .

COMPUTATIONS MD PRESENTATION
OF RESULTS FOR COHESIONLESS SOILS

Computations are similar to those for cohesive soils. The ratio
of axial and confining stress and the first stress invariant are added .
Tests results can be presented in the form of a summary table, such as
Table E2 , or a plot of log MR versus log of the sum of the principal
stresses (Figure E4).
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APPENDIX F: USER INFORMATION FOR THE
BISAR COMPUTER PROGRAM

INTRODUCTION

The copyright of much of the information provided herein is

vested in Shell Research N .y .  The information is published with the

expressed permission of the Shell Oil Company and Koninklijke/Shell

Laboratorium, Amsterdam (KSLA). Use of the BISAR computer program in
any design procedure other than the procedure contained in this document

is prohibited without written permission from KSLA. It may not be

included in a library of programs maintained for coxmnercial purposes by -
~

sellers of computer services nor used in any other way which results

in pa~j-ment of fees to the possessor of the program solely for the
usage of the program. When reference is made to the results obtained

with the program, acknowledgement should be given to KSLA.

The information provided herein is as follows:

a. Program listing.

b. Input guide.

c. Example problem with coded data and program output.

The listing provided is identical, except for a few minor modifi—

catlons , to that for the program received by the WES from Shell in 1974.

The modifications made at the WES are primarily changes in input format

and changes necessary for the program to run on a Honeywell 6000 series

computer. The information provided with the input guide was extracted
• 23from the User ’s Manual for the BISAR computer program . The dat a for

the example problem were developed at the WES , and the output given is

from a Honeywell 6000 computer located there.

PROGRAM LISTING

• A complete listing of the computer program is presented on the

following pages.
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C (~OW P i J I A~~1(IN Of STk ~ SSt~S . s T R A ) N s  A ND p
~A 1kO0 SU

C OL Sf’L &C~~~~N TS IN L A V L W~~I) E L A S T I C SY ST I~M S M A I~.OQ~~U
C IPiIS PkOGW*M L A L C U L * T ~~S TP I L f OL LUs1Pl (~ WA INOO 3 U
C STNI:SS~~S .STRA I NS A ND O I S PLA C L H LN T S I’iAjNOO ~SU
C I ) R A D IA L  UISW) .ACk $LN T W A I N O O S U
C Z) TA N C i C R I Z A L  D1 SPL aC IM EN T M A I N O O b U
C 3) V I N T I C A L  OI SPL *CLM ENTS MA INO O 1U
C là) R A O I A L  STW ~ S5 14A !IWU OMU
C S) TAN U ~ P .T1A L S1RE SS N AIP ’IUO9U
C V E R T I C A L  STRESS M A I N O l O U
C 7 ) RAO I A I .  A PID T AN GE N T I A L  STRLS$ HA~~h Q 1 1U
C 8) RA D IA L  AND V E R T i CA L  STRE SS MA IP I O I2U  -

C ~ )TA NI.~ P .TIAL AN D V E R T I C A L  STRESS MA II40130
C 10) RA D I A L  STRA IN NAINOTII U
C II) T A N G E N T I A L  S T R A IN  $A 1N O ~~SU
C U ) V IM T I C A L  STRAIN NA I N O I 8 U
C 13 )  R A D I A l .  A N D T A I b E N T I A L  S T R A I N  M A I N O I 7 U
C I l à )  R A D I A l .  AND V E R t I C A l .  S T R A I N  W A I N O I I U
C I ’3 ) T A P I G E N T I A L  A N D V E R T I C A L  S T R A I N  M A I N O I Q U
C M A I N O 2 O V
C M A ST LIIPROGRAM
C
C PUNPOSE MAINO2I U
C M A INQ~~làUC T W I S  NA ST (R PRO GW AM READS DATA  MM ICW NAINO2SU
C D E T E R M I N E  TP4 E P MY SI C AL.  BEPI A v If lU W UI
C tH~ S Y S T E M  (iF L A Y E R S  APID PIIIIC$ P~A INU27 U
C DESCRIIIE TP’E CO Nf IG uRA Ti ON OF THE L0AO$, W A .1NU~ 8U
C F O R  EAC H S Y S T E M  T I E  WEGUIIIED ST ’ ESS ES MA INO1QU
C S T R A I N S  AND DISPLAC EME NTS A WL READ IN . PA IPIO300
C tHE N THE CUON OI P.ATES OF EAC H PO SITION M A I N O 3 I U 

—

C A~~
— C F U N  A C O M P L E T E  I N P U T . O E S C W I P T I O N  SEE M A I N O 3 ) U
- 

-• C GROUP e X T E R N A L  REPO RT AW S R I ,Tj Ml !N O SlàU
C S~~S~~~” DATA  ARC OU T PUT T tu 5~ M A I NU 3SU
C I ) SYSTEM M A IN U S b U
C AFTE R SUSSIUU&NT CALLI N G IN UFC- MA I N O S 7 U
C i) MACON ) HA INO3IU
C 3) CUN SYS M AI N O 5QU
C ~ ) M AU O N

C 5) CUNPNT M A I N O A I U
C A ) ASY MP T M A INOA 1U
C 7) GENOA T
C I) I NGRA L M A I N O A A U
C THE STRE SSE S .STNAINS AND DISRLA CE M LPIT S HAIN O ià 5V
C AW L C A L C U L A T E D  ANT) A F T E R  SU b SIDUENT M A I N O A A U
C CAL LI NG IN OF MA IN O I 7U
C Q) CALC MA INIJhlSU

C ) O ) O UT P UT MA INO N9U
C ITIJ A C O b I
C I i ) ESUWT MA IN O S I U
C M A I N  OUTPUTS UN W AS A L R E A D Y  OUTP UT TCD M A I N U S ~~U

C — A LL $TRESSES ,STRA INS A N D V ISPLALEMIN TS . W A IN O S S U
C IND u CED bY EAC H LOAD S E P A W A 1 E L Y  A ND MA IP IOS A U

C E XPRE SSED IPI C Y L I N t J N I CA L  CUMPUNENIS. M A 1 N U~~~U

C — A L L  Tfl TA L STRESSE S STR A INS AND DI SPLACI . MA j N O S A U

C M I N T S  CI R ES S ED J N (A R T E S I A N  COM PONENT S . N A IP* 0 57 U
C •A LL PR IN C I PA L  TO TA L STRESSES AN D STRA IN S .MA IN O SS U

C .ITH TW EI N PRINCi PL E OI Wt ~. IIUhS.
C — A L L  NAK INUM TOTAL SM EAR STRE SSE S A N D  NAZ NO. O U

— C STWA IN $ .M ITH THEiR PRI N CiPLE DIR E CTIONS M A I N O A IU
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C .T HE M I DP O INTS OF T HE THREE ACCOMPANY I NG P cA INO b2U

C MQ MI4 ’ S  C I RC L E S . • M A I N O A 3U
C .T HE T Q T A L  S T R A I N  E NER GY AND S T R A I N  MAI NO bRO
C E N E R GY  OF D I S T O R T I O N . HA I Pd O A SU —

C M A !  Pd 0
LOGIC AL STR(S5.EPS, W L OW .A ID (27),N .L,N2.Ll ,NZEP ,NZL G KL INOb 7U -

I N T E G E R  WEOEST (2?),IU (3) .DA TE (3) .ISTRS S (21 ) .INTV (lO ), IVER I ( 7 ) ,  P A I P I O o 8 U
•IVEN1(ZO) M A I NO 6 RU
RE A L  NU, uI5, MU.L D S T W S ( L 0 ) , HUS T R ( t O ) , L O A D .  INT ( 1 7 )  . V( 1 ’ ~). K ( t O ) . Y ( t O , MA IN O7OU
•A(3.3).Hi~~3,3).N (3).C (39) .t~(3,3) ,TExT (2Q), AC C (JR (3 ). PSI (IQ), AN(q ) , M A IN O 7 IU
•ALM (9) M A IN O 7 I I
DO UBLE PRECISIO N CZ,ELLE,ELL’( NA IN OT 2U

• COMM ON / A S~~T/LA Y ER .PILAYS ,M ,R ,Z , ktJ( 1O) , A CCU R ,LOA D ,HOST RS, N 1LKU S ,H(9)M A IN 073U
• ,K S ( 1 O ) , E ( t O ) , A L ( 9) , T P 4 I C X ( 9 ) . W A D I U $ ( $ O )  M A I P d O 7 I à U

CO MM ON/S T ~~D T A / S t W L S S U 7 ) . E P S ( 1 7 ) , Rt. OW ,ST ,CT ,l.,A CC MAIN OT ’,U
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .€LLI~.ALM 8DA M A IN O 700
Co~~~oN /CN r I N G / F 1OM 1 , cIO o .f 1 o l . F 1 1 H2.F 11 N i.F11o ,f l I l  M A I N O 7 7 U
COMM ON /TA PE /NUUT - M A INO7SU
D A T A  N8LA~~~,ISTR5S ,IREFl,IREFZ/ P u A I P I O79 U
• ‘,.Uód ..‘UT •,‘UZ ‘,‘SRW’ ,’STT ’ ,’SZZ’,U SRT’ ,’SRZ’,’STZ’.’LPR’M A I N O B O U
•. ‘IT T .’EZL’,’IRI’.’EWZ ’.’ETi ’ .’Uz ‘.‘UY 0 ,’SXX 0 ,~~SXY ,’S*2 ,~~SYY ~~M A I hOB 1U

• , ‘SY Z ’ .’Egt ’ . ’EX Y ’ , ’EzZ ’ ,’IY Y ’ ,’IY ’ ,’LOAD ’ , ’STR S’ /  MA INOO2 U
DA TA REUE5T /’UN ‘.‘UT 0.001 •,‘SRR’ ,’STt’ ,’$ZL-~~.’SHT’,’SRZ’.’STZ’.

i’EW R’. -

~‘5T T’, ‘EZI’.’ENT’,’E R L’.’C TZ ’ ,’UX ‘.‘U Y ‘.‘S*X ,’SXY .’SXZ’.’SYY ’,
3.$Y1’. ‘EK~~~~. ‘LXY’ .’EXZ’, ‘IVY’ . 

S
~~Y /

DAT A IVIRI ,IVER2/t.2.$ ,b.7,I3,1R ,a ,S.8,’~,t0 ,11 .i2,lS.i b .I?/ M A IN OS3U
DA TA IDENT/’LOAD ’!

C e.... S... S MA I N O A R U

C TH E SE AR E T H R E E  ACCU RAC IE S M A IN O A SU
C ACCU R (I) IS USED FUR TEST ING SEVERA L $A INOB A U
C VAR IA TI L ES AGAINST EAC H OTHER . MA I PI O~ 7U
C ACC UW (2) 15 USED FOR AbSOLUTE A C C U R A C Y  M A I N O A B U  -~
C OP TH E IN I EG RAT IO N PROCEDURE MA IN OA9 U

• C ACCU R ($ ) IS USED FOR R E L A T I V E  ACCURACY M A I N O Q O U
• C OF THE IN TEG RA TION PROCEDURE M A I N O ~~1U

C NIN • MA IN O9IU -

C NOUT ARE SYMBOLIC NAMES POW INPUT AND MA IP .0 9 3 U
C OU T PUT MED IA ME SP , MA IN O QII U
C . M A IN O9SU

ACCUW() )al .OE.0A M A IN O QA U
ACCuR(l)0l .0I.l MA INO9 7U
LCCUR( i)s1 .0I.3 MA IN O Q SU
ACC IACCU AC) )
NIPI.5 M A IN I O Q U
NOUTOA HA I N I O L U
VZ.I.U IIJ Ilà M A I N I O 1 U
IiR 1T((NOUT 0~~O00 ) MA I N IO 3 U

C ..e..... M A IN IO R U

C READ TE X T  AND D A T E  CA RD NA IN ROS U
C—— _ a eee.. M A I N~ OÔU

RE AD (NIN ,9O j0) TEX T

C. .e SS eSS e a e e S S  ~~~~~~~~~~~~~~~~~~~ a..—.. MA IN )  OQU

C READ NUMbER Of SYSTEMS AND SET LOUP M A J M I I O U
C.... ee...... .. S aS ee S S S~~~eSSeee~~~••eeSS a ..MA I 1  j

RIA D(N IN ,Q~~3O )N SYS
$00 FO NM A T ( V ) .

DO 1180 ISY S$%.N$Y S M A I P I L I l U
C.e•eee.ee......e• a ....... e MA IN* I li ii

C READ NUMbER OP LAYERS AND T HEiR PA RA ME TE RS M A IPI * ISU

F.3
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C .MA IN 1  IOU
READ(NTN, 9030 )N) 4YS , ISMO .IREO

II (N LAY S .ETJ .1 ) 61) TO 10 M A I N I I O U
M ZNLAYS .l Pu A I N I I Q U

DO 3 15  I~~1. M
3)) R(A O(N IN. Q050 )E(I),NU(I). TNI CK (I), A ic (1 )
10 N (AD (NIN ,Q05O3E (WLAY S), N U(N LAY 5)

C M A I N  I 220
C R EA D NUMbE R OF LOADS AN D THE IR PA R AM ETERS M A IN I 2 3U
C M A 1NI2IT U

RIA D(P4 IN ,’~O 3O ) NLO A D
NZEP z .FALS L . N A IN I 2 00

~ .FALS E . MA I P . ) 27 U
09 30 Is I, NLOAD MA I N I2SU

RE AQ(N IN , 9050 )LDSTWS( I )  • lIA D I U S T I )  ,X (I).Y (I) ,HOSTR ( I) .PSI ( 1)
PSI (I)s ,0171s533 .P $I (I) M A IN I 3 1 U
LP (LDSTRS(I) . GT .ACC UW (1) ) tIlER $ •TRUE . MA I Ih RII U
1 F ( H O S T R ( i). LT .A CCU W U) )  NZ IQ $ • TRUE . N A R P l I S S U
IF ID (rd? ,Eu.IW E F 1i GO TO 20 M A I N ISI4 U
IF C ID ENT INE. IN E P2 )  W R I T E  (NOUT ,9000) L DS T RS( I  I .HQS T$ ( I) MA I N I  350
RiO TO 30 MA I N I300

20 L D S T R S ( I )  • L U S T RS ( I ) / ( 3 . I R I S Q I R A D I U S ( I ) . R A D I U S ( I ) )  MA I N 137 U
MO S T R ( I) • M O S T R ( l  ) / ( 3 . * R I S R e RA D I U S ( I ) e R A O I U S ( Z ) )  MA I N I3OU

30 CON TINUE MA I N ISQU
C MA IN RII IU
C T E S T  ON ONV IO US MISTA NES IN SYSTEM’S OA TA .M A Z N I R 1 I
C CARDS . MA 1 N IU I~
C MP4L I4 - I R ED 5 0 IME REDUCED SPRINGCOMP L IA N. M A I N I I I I ,3
C CE MAS READ , M A 1 P4~Iw t M
C A NON — V ANISHING SL IPRE S ISTANCE IS SUbSIT . M A ZN I 4 2 U
C TOTED TO PR EVENT RIGID—BODY MOTION OF THE M A I N I 1 1 l U
C TOP LAY E R S M A IN 1 11M U
C M A IN  TaSU

DO SO .1 • I, NL A Y S  MA IN I1180
If ( ( 1 . 0 . N U (J ) ) , L T .A C C U R ( I ) )  GO TO 410 MA IN1 I IOI
I F ( I C J ) . L T .A C C U R ( I ) )  GO TO a20 MA IN108 ~

• Ic (J .tQ .NLA Y S ) GO TO SO M AINI IIOA
I F C I W E O . E U .0) GD TO 80 MA IN IOA II
ALII (J) AX (J) M A I N 1 a b ~
IF(A LN( J ) .L T .I000.0.OR ..NO T ,NZEO) GO TO 50
Al.PI (J) 1 1000,0 M A !N I11AT
A~~(J )  s *000,0 MA I N IIIOb
GO TO SO MA IN III 7U

40 AL X( J) • AX(J)II (J)/ (I ,O .NU (J)) MA INII I71
iF (AL ~~(J),Lt .t O O 0 .O.OiT..NOT .NlIQ) GO TO 50
A L R (J) • 1000 ,0 MA IN I I I7A
A k ( J )  • A L X ( J ) * ( l , 0+ P I L J ( J f l / E (J )  M A IM I O 7 N

SO CONTINUE M A I N I U S U
C ~~~.••• ~~~ .•• a ..MA IN I LIQU
C OUT PUT OF ALL PHYSICAL DATA OF SYSTEM M àIP.1S0U
C AND LOADS bY CALLING IN SYSTEM M A I N I S R U
C a  .MA INIS2U

CAL l. SY ST IM C ISY S.( ,NU. TM1 C u ~,Ak ,NLAYS, M ,NLOAD,LO5TRS, MUStR ,ALk , MA INI S l U

• RA DIU$, X .Y , P$ I . ISML I , IRE D) MAINIS I I U
IF( . NOT .NZ EP .AN O. , NUT .P.u Z EQ) GO TO 030 M A I N I~~5U 

.MA 1NISOU
C CALC U L A T I O N  OF CONSTANTS 0511) IN SU$ROU. MA I NIS7 U
C TIN E M A T R I X  TO bUILT UP V A R I O U S  M A T R I C E S  MA INISB U
C BY CALLI NG IN MACD Ill , MA IN IS QU
C . .... ..MAINI800

CA L L M A C O N * ( I S M T J . A L k ,Nt ,SYS )  M A I N R A L U

-
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bO Ic (NEIà SY S .tU.0) GO Tu 70 • MA IPIIOl U
CA LL SYSTE M (ISYS ,€.NU ,TM ICX .Aii .NLA YS .M .NL QAO.LOSTRS, HOSTR .AL .i , HAI N IO11U

• RAI)IUS , X ,Y ,PSI .IS M O .IRED ) - M A IN I O S U  -

P C P .A IP.150U
C READ ST W E SSES .STRAINS AN D DISPLACE M ENTS M A IN I O 7 U
C TO BE CALCULATED , MA I N I O B U
C~~~ .MA IN)890
70 CONTINUE

• 00 90 111.27 M A IN I T I U
IF (WEUEST(I) , IQ, NB LAN X) GO TO 80 MA IN I72U
IF (RIuJLST (I) , N 1,ISTNSS (I)) MTT ITI(NOU T .9070) ISTIIS$(!) M A IN I 7 3 U
AID(I).,TWUE , MA IN I 7 IIU
GD TO 90 M A I N 1TSU

$0 A ID( I)a ,FAL SE . MA IN I 7A U
90 CO I T I N U E  M A I N I7TU

k C MA IN I 780
C CO N SYS DETERMINES FOR EACH SYSTEM MHIC s MA IN ) 7 9U
C SIHLSSE S .STWA INS AND D I S P LA C EM EN T S  MILL M A IN I A O U
C BE CALCULATED . MA IP *181 U
C M A IN 1 B 2U

CA LL CONSY S (AID . NZEP .PdZE~~.N .L) MA 1N )$3 0
C .MA INI B O U
C READ NUMBER OF PQSITIOt .S AND SET LOOP MA IN IB SU
C~.e see..... MA I Pd I 8~~0
100 RIAO (N IN ,9030)NPO $

DO 1100 IPOSSI.NPOS MA IN I B BU
P12 S Pd MA IN I$90
L2 $ L M A IN I Q O U
DO *10 111,3 M A I t~IQ IU
DO 1*0 J.l.3 MA1 N 1 92U

110 A (I,J).O ,Q
C......e a 

C READ PO INT COORDINATES AND LAY ER NUMN ER NA IPI 1Q SU
C .ee a .e MA I NI 980

- •
• RLA D(NI N .9060 )LAY ER ,A 11.A Y .DEPTK .ETA

• IT AZ .0170533 .IT A M A IN IQ$U
IF(N LA Y S .1U .I3 L AYL R II M A IN IQ9U
.RITC (NUUT .9090 ) IPOS .LAYER .A * .AY .DEPT H NA IN 200 0
TM INS * , OE.*O
IF(NLA Y S .I1J .1) GO TO 130
JSLAY EN ,I
J SM IN Q (J.M)
DO *20 IsI.J MAIN IO SO

I F (T M ICX ( I ) . L T .TNIN) TM INITMICS( I) MA IN2O8 U
120 CON TINUE NA IN 1O7U

ISO UX $0 ,0 MA IN2OB U
UYSO ,0
01.0,0 M A IN210 0
MU INUC LAY IR ) M A IN 2IIU
FTSCI ,O .MU )/ECL AYEN)

C •eee . .ea.. . .e.0a.5  .NA 1 2 1 0
C SET LOOP FOR NUM B ER 1W LOADS MA IN 2II U
C....e..... .....  .MA I N2 * 50

00 330 1.l.NLOAD MA IN I*8U
DO ISO J’l.17 MA IN2 I7U

*80 INTCJ)l0 .0
ou ISO J.I.27 MA IN? 1QU

ISO STWI SS (J) .AID(J) MA IN1200
• 

- IF(NLAYS ,ER ,*) GO TO *80 MA IN 12&U 
a ..... ..MA IP.222U

C CALCU LATI ON OF CONST ANTS NIEDI D FOR THE MAI N 22SU

F—5 
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C E V A L U A T I O N  OF TH E C $ A R A C T L R I S T I C  FUNCT I .  MA IN2200 -

C OHS IN M A T R I X  BY CAL L IN( I.N MA 2CON . NA INI 2SU
C M A 2C U N . HA Ih ~ 2bU
C MA tI,127U

CALL MA I ( ON (TM IN , I , ISM U, A L k )  MA INI280
C MA IN229U
C O L T I R M IHA T IU N Of PO I NT COU R D IN AT ES IN TH E HA INZ 30 0
C CY L I NDR ICA L  COO R Di NAT E SY ST E M *11K LOAD — MA I N23R U
C AX IS A S A X I S  OF S Y M M E T R Y , PAIN232U
C MA IN2$30

100 IF (X (II,Eu .AN .AND .Y (I),EU,A Y )  61) TO 170 M A I M~~5IIU -

T H E I A : A T A N 2 ( ( A v — v ( I ) ) , ( A x . z ( I ) ) ) . P 5 t ( i )  MA IN2SS U —

GO TO 180 MA IN I300
170 T M I T A I E T A . P 5 I ( i )  MA 1 N2 37 0
180 R&DOIS$SQRT( (AX .X(I))..2.(AY .YCI )).*l) M AIN 2$O U

.RITE (NOu t .Q IOO ) I.R AO O IS .T I4ETA MA 1N2 390
RZRA DUIS /R AUIU $ (!) M A I N ~ aOU
Z I D E P T H / R A D I U S ( I )  HA IN2 a 1 U
IF (HLAYS .Eu .1 GO TO 230 HA I N2 O 2 U

190 IF ( LAV E R ,GT .1) GO tO 210 MA 1NIII3U
I F C Z . GT , . A C C U R C I ) . AND ,Z ,LT , ( H ( 1 ) , A C C O R ( 1 ) ) )  GO TO 250 H A Z P I 2 R M U

200 AR I F E (NO UT ,Q IIO ) MA IN 2IIS U
GO TO £100 MA IN2II bU

2* 0  I F ( L A Y E P .l.T ,P. LAY S )  GO T O 220 MA IPI e 1i70
IFC I , GT . ( H ( M ) . A C C U R ( I ) ) )  GO TO 230 MA IN2IIOU
GO TO 100 HA ZPd 2 aUU

220 IF(1 ,GT . I H ( L A V E W — 1 ) . A C C U R ( * ) ) , A N D , Z , L t , C H ( L A Y E R ) , A C C U R ( I ) H A L ’ 2 S O U
• 1 ) 60 TO 230 MA I PI 2SIU

GD tO 200 MA IN2SIU
230 NAD I I W A D I U S ( 1 )  MA IN 2S3U

L OA D : L D S T W S ( I )  PIA IN2S I&U
$QSTRS$$CJS R(I) MA IN2SS U
RLO I $R , L T .A CCU R( j) HA IN 2SOU
S T Z S I N C T HIIA) MA !P4257U
CT zCOS (T$ETA ) HA IRISBU

C MA 1112590
C CONPNT t*TERM INES FOR LACK POINT— LOAD MA IPII800
C CO NF IGU RAT IO N MHICH INTEG RA LS N A V E  TO SE M A IN 2 b IU
C C A L C U L A T E D ,  M A IN 2O2 U
C MA ! N2A 3U

-
- CALL CONP NT(R .HUSTRS .LOAD. Z ,P42,L2) NA IPI 2AO U

I F I L A V E IT.NE .I) GO TO 2S0 MA IN2OSU
Cl $ DBLL (Z) MA IN 2OA U
1P (l,t.1,A C C U W ( I ) •A N D .ABSCR. i ,O) .LT .ACCU K (1)) GO TO 200 MA IN 2OY O

C a MA I N2OBU
C ASY PIPT DETER M IN E S lul L l.IPSCHITI .PIANNE I. MA IN 2OQU
C IN TE GRALS NEEDE D FUR THE ASY M P T O T I C  PART MA IN2700
C DI TML INT LGRA L S ,POR PO INTS IN THE TOP. MA IN Z 7 I U
C L A Y E R  ONLY. • MA IN27 1U
C a a MA I* IuTSU

CAL L A S Y M P T ( R , A CC U R( I) )  MAZ N27II U
GO TO 250

C  MA I N2700
-

- C FOR POI NTS AT TRE RIM OF TIlE LOAD THE MA IN2 77U
C L I PS C MI T Z . M AN ~ EL I NT EGRALS CA N BE GIVEN MA I N27 B U
C D I R E C T L Y , M* IN27QU
C a MA IN 2BOU

250 F I OM I  * 0,83882 $A 1N2$*0

~ 1O0 I U.S MA 1N252 U
F I I M I s 0,5 M A IN 2 $SU

F * 1 M 2 i 0,4120013 MAI N 2SIU 

-- - --
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P 101 * 0.0 MA IN1OSU
P110 0.0 MA IN 2MOU
F Ill * 0.0 MA IN1B 7 U

C ... .MA I N208 U
C COM P U T A T I O N  OF THE NEUU I N E D  IN TEGR A LS BY M AIN IAOV
C C A L L I N G  IN (iENDAT AND INGR AL MA IN 2 IIOU
C MA IN2Q * U

2S0 INT l I 0 MA IN2 92U
DO 2o0 J * 1 .17 MA IN19SU

INT (J) $ 0,0 MA INIQII U
280 CONTINUE MA I PI2QSU

- 00 270 J s 1,10 MA IN2900
INTV (J ) 0 MAINI9 7U
N I 1wER 2 (J) MA ZN2 QSU
IF( . NOT ,E P S C K ) )  GO TO 270 MA IN ZQQU
IN T V (J) $ N MA IN 3000
IN IT $ INTT ,1 M A IN 3 O 1 U

270 CONTINUE MA IP.3020
I F( I NTT .EO ,0)  61) 10 280 M A I NA O S U
I P ( N L A Y S ,NE, i) CALL GEN OA T (1.NZEROS . R ,AC C ) MA INI000
CALL I NGRAL (2, INTV , PuTT , 1NT) M A IN3 O 54J

280 P ITT  * 0 MA IN 3000
00 290 J • ~,7 MA 1N 3071J

IN TV(J) • 0 MA !P1308U
N S IV ER L (J ) MA IN 3 O QU -

!F (,NOT .EPSCM )) GO TO 290 MA IN 3 IO U
IN TV (J) * N I IA INSIRt )

INTT • INT T , 1  MA !N$12 U
290 CONTINUE MA IN3ISU

IP (IN TT .EO .0 ) GO TO 300
IF (NLAYS . NL ,L ) CALL GENOAT CO .NLERO S, R ,&CC)
CAL L INGII AL (1 ,I N T W ,IN T T . IN T) M A I N S I A U

300 PSIO • P51(I) NA IN SI7 U
C—  M A I N  5180
C CA LC COMP UTES AND OUTPUTS TIlE STRESSES, M A IN S I QU
C STRA I N S  AN D D ISPLAC EM ENT S .IN D U CLD BY E A C H  MA IP I3 20 0
C LOAD SE PARAT ELY MA IP.3210
C a MA ! P.322 U

CALL CA L C C I N T .V, R .MU .NA D I ,F T  .LOAD .HOSTRS ,PSIO .Z ) MA IN3 2SU
IF(,NU T .W2 ) GO tO 350 MA IN)2 11uI

C .....ea MA I P.3250
C COMPUTAT ION AND SUMMAT ION UP CA R T E S IA N  MA IN3ZAU
C CUOWO IP’ATES .THE USED COORD INATE SYSTEM IS MA INSZ 7U
C THE ONE .HERE IN POINI COO PD INAT E S MERE MAI PIIZBU
C STATED , MA IN 32 9U
C e0eS a  MA I N3 IOU

UZ *uZ.v (3) MA !N331U
IP(A B SCRADDI S) .LT ,ACCU RCI)) GO TO 310 MA IN SY1 U
CT a (AX .X (I))/RADDI S MA !N3330
ST I (AY .YCI) )/RADO IS MA IW33 II U
liD TO 320 MA IN 3 ISU

310 CT ICO $ (EIA) MA I N 3 S A U
ST $SIN (EIA ) MA IN 33 7U

320 C12 •CT.tT MA IN$ 38U
572 •STeST MA 1N33 9U
STCT ISTICT MA INS000
A (l.I)*A(I,I).V (lI)*CT2 ,VCS) *ST2 .2 ,0*VC7)*STCT M AINSOI U
A (i,2)IA(%,j)+V( 7) .(CTI.ST2)4(V10) .V(S))*$TCT MA INIS2U
A(I ,5)SA (i ,3) .V(8).CT .VC9) *$T M A JN3 SIU
A (2,t)$A (I,2) MAINSIINU
A (2.2).A(Z,?).V (lI)*$12.VCS)SCT2.2,O*VC7 )*$TCT IIA IN SSSU
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A ( J ,3 ) a A ( 2 , 3 ) • V C A ) * 5 1 , Rs ( 9 ) . C T  MA 1P4300 0
A ( 3 , I ) $ A ( I ,3 )  MA IN3OTU -

MA INSO 8U
M A IN IOQU

U X  SUX+VCI).CT.V( 2) .ST MA IP41500
U Y *UY.V(*).57.y (2),CT MA INSSIU -

330 CON TINUE MA IN 3SZU
T NA C E I A ( % , i  ) .A ( l ,2 ) ,A (3 , 5)  MAIN3S S U
A N S C 1 ,•.MU ) , I (L A Y E R)  IIA I$3S8U
AC .MU. I W A C E # E  ( L A Y E R )  MA1NS5SU
DO 350 1*1.5 MA 1NSSOU -

DO 340 J **.3 MA IN3STU
8(T,J)ZAB.A(I,J) MA IN ISBU
IF (I.NE .J ) GO TO 540 NA !N3SQU
B(I.J)*b (I,J).AC MA IN3 8OU - 

-

3aØ CONTINUE PIA IN3OIU
350 CONTINUE NA INSO1U

C  a a MA IN Sb 3U
C OUTPUT FOR TOTA L  SIRESSES ,STNA IN I AND MA IN3000
C DI.SPLACEMENIS lIT THREE TI MES CALLING IN MA IPISOSU
C OUTPUT $A 1h3 8o0 

-
C SWe.•..e. ~~CS•~~~SS•.a.ea MA I N3b7 0

M R I I E (PIUUT.9I20 ) NA IN3080
EPS II)aST RCSS(1$) MA IN SOQ U -
EP S( 2 ) IS T R E S S (2 1 )  IIA-1N5700
E P S (3 )* S T R I SSC 0) MA1N3710
t.PS ( a ) IS T N ES S C 2 ? )  MA IP.3720
EP SC S ) * S T R I S S ( 2 0 )  MA INJ7 3 U
LP S I b )* S 1 R I S S C I Q )  MA I NS 7 O U

CCI) a A CI.I) MA IN S7SU
CCI) *A(2.2) MAIN STa y
C (3)*A(1.3) I’A1N3770
CCM )1A( 1.3) MA IN3780
C ( ’s it & ( t , 3 )
C ( b ) * A ( I,2) MA IN3 B0U

C AL). OUTPUT(EPS,C ,o,1) M A INSBI U
EPSCI)*STRESS(23) MA ItI$820
EPS C 2 I . SV W E SS ( 2 0 )  NA INSBS U
£ P S (3 ) .S T I T E S S C I J )
EPS ( 0 ) Z S t R E S S ( 2 7 )  MA INS8SU
EPS( S ) I S T W C S S ( 2 S )  NA 1NS$o0
E PS (aIzSTRESS(Zo) MA IN 3BT U

— C (1)a$C1.l)
C C 2) $ N C 2 , 2 )
C (3)s)~(S•3) MA IP IS Q OU
C (II)*b(?,3) MA INS Q IU
C (S)SI4(1.3) MA IN)QZU
C(b)*N (1.2)

CALL OU TPU T (IPS,C .b,2) MA IN 3QOU
EPS (%)ISTWISS (1b)
E PS(2) SSTW E SSC I7 ) MA IN3Q OU
E PSI) )a SIRE SSC 3) MA IN SQ 7U

— 
C C I I * U X
CCZ )SUY M A JN 3 QQU
C ( S)* UZ NA IPI II000

C A L L  (Iu IPUTUPS .C ,3,3) NA IN a O I U
lao IF (,NU T .L2 ) 60 10 000 MA IN SO2U

C  a .Oae a ... NA I
C JACO bI COM PUTES PRINCIPAL VA LUE S AND MA !N8000

C DIRECTIONS OF TOTAL STRESSES AND STRAINS , MA IN ODSU
C THE PRIN CI PAL VA LU E S ARE SORTED ACCO W DINO NA IN8000
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C TO MAG NITUDE BY CALLIN G IN E SORT , NA IN OO TU
C. 0 aaa•See~S• a ...a....e.MA I N IIU8U

CALL JACUNI (A ,IlM .3,3,I, M ,1Q) MA IPIU 040 -

CALL ESUR T (A ,I4H ,3,3.I,M ,IO) M A I N I I I O U
C . .a...a MA INO 110
C D E T IR M IN A T IO , .  UP M *$ ,SN(A II STRESSES AN D M *INOI1U —

C STRA I NS W ITH THEIR DIRECTIONS AND D (T (RMI .MA INO IIU -
C NA T I ON  UP MIDPOINTS OF THE MONk’S CIRCLE , MA IN IIIOU
C a. ..  .....MA ~~NII 150

DO 370 J*I.3
CCJ )SAIISA(J,J).AC MA INSI7 U
C(J . S)$ (IIH(J,l)aI.H (J,J))/V2 MA IuIO IB U
CCJ . 9)*CNM (J .1),NH(J.3))/V2 NA LN III9U
C(J .10)I(MM (J,i ).HPsIJ ,2))/V2 MA INO200
C(J , Ib ) $ ( M I s (J .1 ) , I I HCJ . 2 ) ) /V 2  MA INI I2 IU
C CJ .2 3) . ( u I M (J . 1)a H M(J , 3 ) ) /V 2  PIA INO22 U
CCJ ,2P)*(HH (J .2PMH (J.$))/V2

370 CO NTI N U E  MA INII200
CC a )I0.5.(A(1,i).A(S.5)) MALN II2SU
C C 9).0,S’(ACI,I ).ACJ•$)) NAIPI028U
C (13 )*0 ,Sa (A (I,I).A(2.2)) MA IN OI 7U
C (18)aO ,S.(ACI.l) .A 12,2) .) MA IN II2IU
CC22 )*0.5~~(A (2.2)aA(3,3)) MA INO2QU -
C (27)I0 ,S.(AC2 .2),A(3,3)) NAIN4I 3OU —

CC S)sO ,S.CCCI )—CC3))

• C(I0)I0,5*(C (I).C(J)) MA INOSZU
CC23 )I0,S*(C(2).CCI)) MA IPI0 33U
IF (C(I1),GT .C (22)) GO 10 390 MA jNO30 0 -

DO 380 1*1.9 MA jNO3SU
C (I.30)IC(I,I2) MA INO 38U
C(I,12)ICU421i $A1NSS 7U
C(I.2t )*C(I.S0) MA INOS8U

380 CON TINUE NA I NS3QU
C.—— .— . a . MA  1 NOS 00
C OUTPUT FUR PR INC IPAL STRISSES ,ETC, M A X IM U M  M A IN O O I U
C SMEAR STW( SSES .LTC AND S T R A i N  ENERGIE S, NA INOU2 U

• 
• 

C a ea..a a a MA INIIS3U
390 aRI TE (NOUT. qiIO )A (1.I),C (*) ,MH (1.l).MPI(2.I).P~M C3 ,I), MAjNIIOII U

• A (2,2).C(2) .MM(1 .2),PuH(2 .2),M PI (S.2), M A I NIIIISU

• A ( 5 , 5 ) . C13 ) . MPI ( i , 5 ) .HH(2, 5 ) , HN(S, 1). MAINIII8U

• (C (I).I$0 ,30) M A IN.07U
NI $ (A (1,1).C (I).A12,2).C (2),A(3 ,3)*C(3))a0 ,S
BY I 0,~~~abi.ø7*Ab*(Ct0)aCl1e)•C(l3)*C (I 3).CC22)eC (22)) M A RN O O 9 U
SRITE (NUUT, 9200) $1.8, MAI N SSOU

1100 CONT INUE MA INIS1U
60 TO 080 MA IN.520

010 .R ITE(P .uuT ,9140)  J MA INSS3 U
GO TO 400 MA IN ISSU

$20 l ,NI1I(NOUT .9$$O) J MA IN SSSU
GO TO 1110 MA INOSSU

1130 W R ITE (NOUT ,9190) MA INO S 7U
C ~~~~~~~~~~~~~~~~~ Se a a. .NA I NS3SU
C FOR S Y S T E M S  PUN W H ICH IT  IS CLEAR T H A T  MA I NOSQ U
C M IS TA NES OCCUR IN TH E INP U TCA RDS ,TME MA IN O 80 0
C RE QU E ST AND POiN T INPUT CARD S A RE $N IPPID ,HAINI. IU

C PROGRAM PROCEEDS bY T AM I N G  N E X T  SYSTEM , MA I NS42U
C .aaaS.e ..... . .......... a..ea. . ..... ...MAINI,SU

000 READ (NIN, Ql5O) PAINIB SU
P(AD (HIP4 .QQ3O) IIPOS NA IPIU SSU
DO ISO Ia1.NPOS

aSO R E A D  CHIN •9150) NA INSSYU
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080 CONTINUE HA INII 8SU
W R I T E (NOU V ,9I81) MA IN 4IOQI4

— STOP MA INII700
9000 F O IIMAT (1N1 .I7 * .IIC’t4’),5X .’III$ ,SX ,II ( 5’l,bX ,Q (’A’),S*,lI C’R’)/ NA INI 71U

• t8 X.II(’l1’).4X, ’ I I I ’ ,as ,IZC’S’),S* ,1l (‘A’).4x,I2 (’R’)# MA IN O 72U
•l~~X ,’bN’,bX ,’I4Ilb III S55’,$4~~,’AA A ~~,7X ,’AAA kR’,BX ,’RRN’/ MA IPI473U
•I$ X ,’bb’ .QK, ’Bb III SS’.ISX, ’AA ’,qX, ’AA RN. .qX . .RNa, MA IN $7 11 U
• l8I , ’8B , 71 , ’B$d III SSS ’ , j I uX , ’A A ’ ,Q* , ’AA RR’ .B% ,’IIR’I I4AINII7SU
• I BA . I l ( ’ O ’ ) ,SZ .’1li’ .l 4* . I I( ’ S ’ ) . SX , I S C ’ A ’ ) , 3 X ,12C’ l I ’ ) /  MAINIITaU
•L8* ,t11’$’ ),SN ,’III’,SA .II(’S’).ueX ,tS(’A’ ),SX ,ii (’R’)/
•I8* ,’bH .7* ,’bb8 III’ ,IaX . ’SSS AA ’,QX ,’AA kN’,SX ,’RN’/ MA INI1BU
•I BX ,’Bb’,SX ,’BB III’ ,iS X .’SS AA ’,QX, ’AA NR ’,bX, ’RR’/ MA IN Iu 7 9U
• I 8 X , ’IIN’ .7* , ’BHB III’ , l M X . ’SSS AA ’ ,QX , ’AA Rk ’ ,7* , ’RK’/ MA INOBOU
418X ,1 2C 8’), 4IX , 1!I’ .3* , I 3( ’ S ’ ) , 0* , ’ A A ’ ,9X, ’AA RR’ ,841 , ’ RR’/ MA IN4IBIU
• ) 8 X , 1 i ( ’ 8 ’ ) . SX ,’III’ .31 , I 2C ’ S ’ ) , S X , ’ A A ’ ,9X . ’A A kk• ,9X , ’Rk ’/ ///  PIAI NI IB 2 U
•7 5k , ’ T H IS  OIS IW ’ P RO G R AM  bIA S BEE N O BT A I NED FRO M’ / BQX , ’SH LLL Il€SMAINII8IU
•EARCH B .V ,’/BO X, ’FON T HE SOLE USE UF’/17a*, MA INO8II U
•‘SMELL OIL COMP ANY’/ lbX ,’HUUSTOP., TEX AS MAIP.lI e5U
• /17b1.’AU_ NIG NYS AR E RLSEWvED .MA 1N U 88U
• USE OF THIS PROGRAM’~~7bX , IIY U NAUTHO R IZED PERSONS IS PROH IN ITEO .)NA INIA 7U

9010 F U R M A T C 2 O A u u )
9020 F O R M A T  d M 2  .2S (/).ISX ,20A11 )
903 0 P O W M A T ( 1 2 . 1 3 . I ) )  MA INIIQ OU
90110 F O R M A T ( ’  NOTE THAT ‘ ,E12 ,a ,’ AN D ‘,E12 ,b.’ W ILL BC CON SIDERED TO SM A I NIIQ IO

•E LOA DS II. ST RESS UNITS’ )  MAINIIQZU
9050 F O Q M A T C b F I O .0)
9080 F O R M A T  CI2 .8X ,O F I O ,0)
9070 FO W M A T ( ’  NOT E THAT INCORRE CT SPELLING HAS NOT STOPPED THE E V A L U A T IN A 1N 0 Q ~~U

•ON OF STRESS’ ,aX.A I) MA IN IIUBU
9080 P O R M A T (12,aE12, b3 $A INIIR 7V
9090 FOk M A T ( J M t , ~~#/S2X ,’PO $IT~~ON NU MBER ‘,I2//S 4X ,’LAYER NUMBER ‘,I2,,MA IN M I I B U

•SSI ,’CUUROINA TE S ’//ao* .1’.1%z ,’Y’.1)*, 1’/00X.3E12 ,$) MAI N IOQU
9100 FO RMAT C/21 X ,’D ISTAN CE TO LOAD .AXIS( ’,12,’)’.344 X ,’TMITA’F2SX ,E12.a ,NA IN S 000

M A IN SO IU
9110 FORM *TC / I ,30X .’TP’IS POSIT ION HAS BEEN . OM ITTE D SINCE THE LAYER NUMNHA !N 5020

•ER IS IN CORRECT ’ ) MA IN SO3U
9120 FoRM *T (,3og .’xx ’ ,lo,.~~Yy ’, IU X .’ZZ’. 10X .’YZ’, t0 1.’ KZ’ . LO & ,’XY’,IOX .Pb& IN SOOU

•‘UX’ .lOX .’UY ’,IO X ,”Lil’) MAINS O SU

- • 9130 F O R M A T C I~ P 11 I N C I P A I. V A L U 1. 5 A N 0 0 I R C C t I U PIMA IN SO8U
• S 0 P 7 U T A I. S T H C S S £ S A P4 0 5 T R A I N S ’ / I S X , ’ NOMA INSOTU

.9%, NORMA L ’ ,QX . ‘Sil k Al.’, 10% , ‘SHE AR ’, 13*, ‘A ’ , 144*. ‘Y’, laX , ‘Z’,I MA IN SOIO
• S X , ’ S T R E S S ’ .Q,. ’$ T W A J N U ,Q* , ’ ST R ES S ’ ,QZ , ’S T R A I N ’ .Q X . ’C OM PONENT’ . bX . MA IN SOQU
• ‘CONPDNE IT ’ .a* ,’CO MPONL NT ’/ ’  MA A I MUM ’ ,2 Ej 5 ,3 ,SU * .3F1 5 .3/ ’  M I N I M A X ’NA INSIO U
•,2El5,3, i0.,JF*S .I/’ M INIPUM’ ,PE IS, $ , $ O X , I F  1 5, 3~ ’ NA X I$UM’ ,30X ,2 E I MA IN S I I U
•S,3.SFIS.3/8* ,Ei,,3 ,uS*.3PI5 .5,’ M I N I M A X ’,3OX .2EIS ,3,3F15 .3/8 X , PuA IN SI2U
•E IS , 5, U~~* ,3F IS ,3/ ’  MIN 1MUM U ,3 0 X .2 E 1 5 ,3 ,3 F lb . 5/ bX ,E i5 ,3, OSX .  £ F1S ,5 ) M A I N S IIU

91110 FC)R MA T( ’ IM P PROBLEM CANNOT BE SOLVED ,PU C ’ .Il,’) EQUA LS ONE’) HAIN S100
9250 FONM A T (/) MA IN SIS I)
9260 FO R M A T ( I H~~) MA INS I8U
9170 PUIIM A T C A I L ,8K.8F 10,0)
9100 ~ O R M A T ( ’  THE PROBLE M C AN N O T  81 SOLvtU .I ’.I2,’) EQUA LS ZERO’) MA !N5180
9190 C CIR M A T (’ S Y S I p M  SNIPPED NO LOA DS ’ )  M A IN S I Q U

9200 FU N M A T C 1M O , I 3 * . ’ ST R A I N  EN (NGY ’,EII . ll#’ S T R A I N ENERG Y UP D ISTORT IOMA INS200
•N’,tIl ,lI) M A INS2 2U
END MA IP.S2IU
Su tR OU T INE SYST (M( ISYS,E . PIU, TM!CII ,AN ,N LAYS , M ,NLOAD .LD STR S ,MO STR ,

1A L * ,IIAD IUS . X .Y,PSI ,ISM O ,I kLD) SY SIOU2 U
C..... a SYSTOD3 U
C THIS SUBROUTINE OuTPuTS ALL PHYSICAL DATA SYSI0000
C OF Ill , M U LT I .LA YER II) SYSTEM AND ALL D A T A  SYST0OSU
C ON CU N F I G U R A I 1 D PI AN )) MA GNITUDE OF THE SYS TOO 8U
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C LOADS , $YSIUO7V
C ~ .sa. .. .... . a aaS YS TOO l S ))

INTEG ER NI)U (;H (2).SMUOTH (2),ISMTs4(2) $Y5TOU 9U
REA L E C I O I . Pe UC IO ) , TM IC N (9),AN(9 ),ALK (U) ,LD STR SC IQ ).MUSTR(15) ) . SY ST0 IOU

1RA D IUS CI O) . X CIO) .v (IO) ,PSI(lU ) SYS TOII U -

CO MM ON /TAP E /N OUT SYST 012U
D A T A  R OUGH .S MOOT$/ ’ KOU ’ , ’GM ‘ , ‘SMO’ , ’OTH’ / SY S T O I I U
WN IT E ( N O I J T . I 0 0 1 )  ISY S S Y S T O I I U
IP(IRED.Eu ,O ) v.W~ T € ( h uL j T ,1UO2 )  SYSTOIS U
IFC IK E D . NE ,0) wN!T1(’iUUT,100 7 ) SYSTO IS I
IFC N L AYS,E U,1 ) GO TO 440 SYSTOI.0
DO 30 I*l, M 5YS TO1 TU

IF (ISMO ,EQ . l)  GO TO 10 SY S T O I B U
ISM IUCI) $ ROUGH (1) SYSTO19U
ISM TH(2) $ W OU GH C2 ) SYSTO200
IF I A L K ( I ) , L T ,IUO .0 ) GO tO 20 SYS TO2 IU

1 0 !SM!H(t) * S M O U T M ( 1 )  SvSTO2l U
ISM T H (2) • SNOOT ,4(i) SYSTU2 $U

20 W R I T E ( N O U T , 1 0 0 3 )  I , I S M T H C I  ) , I S M T M C 2 ) , E C I ) . Pd U( 1 ) . T M IC N( I ) , AN ( !) SY ST O2II U
10 CONTINUE - 

SY ST O 2 SU

00 MR I T E C P I O U T .  b oa) N (AY S,E (N LA YS ), NU CN LA Y S ) 8YSTOZS U
iuR IT E C N O u T , 1 0 0 S )  SY STO2 7 U
DO SO I * I,NLOA D SYSTO28 U

50 M RI TE(NOUT .lOOb) I.L.DSTWS (I).HO STRC I ) ,RA D JU SCI) , *C1) .Y(I).PSI (I) SYSTQ?9U
1001 F OIIMAT( IMI ,L0(/ ) .SIX, ’SY$TCM PIUM$EK’ ,3%,I2) 5Y5T0300
1002 PORM AT CS C /) ,8 * ,’L*YE R’,UX .’CA LCU LAT ION • ,21,’Y OUNG”S’,44*,’POISSON ’SY$IO3IU

TPiIC.iNESS’, IX , ‘ INTER F A CE ‘/0* , ‘NUMBER’ . 3*, ‘NE TMOD’, TX , ‘NODUS Y$TOS2U
2L US’,ulX, ’RAT IU ’ .*$a,’SPRINGCOMPL’/) SY STO3SU

1 003 FORMA T (I0* ,I2 ,SA ,2a S,31 ,11EIZ .41) SYSTOIOU
1004 FURM A T ( l O X ,Il,11i *,2E12.U ) $YSTOSSU
1005 FO RM AT C // lS * ,’L IJAD’ ,SA .’i.ORNA L ’ ,lX .’SME AR’ ,S&,’NA DI US C)F ’.7X,’LD ADSYSTO3.U

* • PO SITION ’,OX ,’SNI AR’/IX ,’NUM$I E II’,3* ,ST NESS’,7X ,’STNLIS’,SX . SY$T0370
J’LOADE I) AR €A’ ,oX ,’X ’,1 1%.’!’ ,TI. ’Dt W ECI 1014’l)  5Y$T0360

1006 FOR MAT (20% . I2.21 .bEl2, 4) SYSTO3QV
10 07 FORMAT (SC ,),0z ,’L AY(R’ ,4 4 g ,’CALCUL A T ICM’ .2*,’!OUNG”$’,IX.’POl$5QN ’SVST0000

1’S’. )1,’TMICNNESS ’ • 3*~ ’ RED UCED’ I8* ,’NUMB LR’ .3X .’MET HOD’ ,7* ,’MU DIJ SYS T OIIU
2L US’,l4*.’W AT IO ’,1 8* ,’SPRINGCOMP L ’/) 5Y510412U
RE TURN SY STO SSU

-
- 

END SY STOII 11U
SUBROUTINE MA C O N I (I S MO, A LM ,N SYS) MAC 000IU

C •5•• ‘a a .MAC0002U
C THIS SUBROUTINE CALCU LATES CONSTANTS USED MA C000S U
C IN SUBROUT INE MAT R IA TO BUILD UP VA RIOUS MAC 00000
C M ATR ICIS . MAC000SU
C THE CON STANTS ARE STORED IN MAC000$0
C C CuMN O N/ INO ATA /, MA C0007U
C NUM ERIC A L STABILITY OF SOLUTION PROCEDUW I MAC 000BU

C FO R tHE SYSTEM IS TESTED BY CALLIN G IN MAC 0000U
C MA 2C QN , MA COO IOU
C MA T R I X  MAC OOII U
C W H E N  INSTABILITY HA S TO 81 EXPECTED TuE M A CIJO I2U
C SMOOTH C ALCULATI O N PROCEDURE iS CHOSEN MY M ACO OISU
C l A M I N G  iS~’U * 1 AN I) N SYS IS SET E QUAL * • MAC D O l l))
C. a a .......MACOO 13~

REAL NI ,NI,MS( 10).N44( 10J.~~S, Ab, NU ,IZ.L OAD ,A C CUW C 5 ) ,A LR C 9 ) M A COO ISU
C OMM ON /ASDT /LAY IH ,NL A ,S .M .k .l.14U (10),ACCU H.LUAO ,HOST NS ,NZE NOS ,HC 9)MA C OU I7V

* .IIS (lU) ,E (20),A l. (U) ,TM ICN (9), KA O IU S( 10) MAC OU tS ))
CUMM O II/INO A I A # X M A * ,  A l CQ),8i (9),CI (U),D(9),EECQ),P (9),G(9),MI (,).M ACUO IIU
1II (9).’I1C 9),NlC 9).Me(I O),S ECV) ,bU CQ), MUU (q) ,bMU( 9),B~ U(9).b2UUC9),MA CU 02OU
2J 2( ,) ,J l . T 2 C IO) ,SS( 2 ,10 ) , 6012 C9 ) ,6021 C9 ) ,6022 (9 ) . 1 i 121 (9 ) ,  ISAC UO 2IU
3N012( 9).HO22(9),MI22C9).0012(9),0022C9).C 011 (Q),CO11(9) ,IObjC9) , NA COOZZU
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44F0l2(9),FIl2(9 ) ,FOg2(9) ,CCCq ,2,q),OU (2 ,~~,9),FF (2,2.9).Gli(2,~~,b0) MACU O2S )) -

SM M (2 ,~~,l0 ),RR (4 ,2.bQ ),DD2(9),G2o(q ,,li23(Q),H2o(q),HojI (9),li62Cbn), MA CU O24U
bHM~~C b O ) ,QOb1(0 ) .Ulbb (9) ,gO* ~~C Q) , Q I12(9) ,Q2)2 (9) ,woU(9) ,y l22(q) ,  MA (.0025U
1 (JFO(9 ) ,IJF I (9),j0*1.Zt%) ,Zll * ,Z0*2,i11i ,ZII2 ,ZJl2 ,1021,Z12b ,Z022, M ACOO2OU 

—

MAC 0027))
CUMM O N /TAP E /NOUT MACU O 28V
N SY 5 * 0 MAC00290
IF CNL AY S ,E0 .*)  GO TO 10 

- 
MA CUOIOU

66(2.2,2) 1 .1,0 MA COO SI ))
66(2.1,1) ~ 1,0 MAC OO32))
46(1,2.1) I t,0.2.OaNu (t) MAC D O ll ))
66(2,2,2) * 2.O .$u (l) MAC CO lA ))
M H C I .I.I) a 1.0 MA LOOISU
NH(1,2,I ) * GGCI ,l,1) MA C OO3AU
N14(2,).1) * 1.0 MAC OOI?))
$ W ( 1 p 2 , 1)  * — 6 6 (2 ,2 . 1)  P* A COO 3 BU
WR (I,1. N LA Y S ) 1 0.0 MACU Q390
RRC2 ,2, N LA Y $) a 0.0 MA COO4IO ))
R R( 2 ,b ,N LA YS) $ 0.0 P’ACOUIIIU
RN (l,2, N LAY S ) * 0,0 MAC OO4I2 U
RR (5,2, ’4.AY S) • 1.0 MA C0 0 0SSJ
RSl(S ,2 ,N).AY S) I 0~ 0 M AC OO IS4U
R N CA . l , N ) .AY S ) a 0,0 MA CUO IISU
W R ( l 1 , 2 , N ) A Y S )  • 1.0 MACDO ISa ))
SS (l.N LA YS) I 0,0 - MAC COO T))
SSC2 ,’L A Y S ) * 1,0 MA CD OMe ))
GG2(b ) * 1 ,0 MAC 0049U
MHI (1) s—1, O MA COOSO U

30 MS (1)*l, 0.2.O *N U ( l )
IF (NLAYS ,L0 ,l ) GO TO 10 NACOO52U
N • 0
‘bC l )  * 0,0* (b.OaNU( 1)) MA COUSU ))
00 30 JIIIM MA CDOSS ))

N1(J )*41,0.NU134fl)*LIJ)/(t1.O.hU (J))*t1J.%)) MACDOS.))
ui2 C J )*b,Q.lIb (J ) MA CUOS 7U
Ii3(J)ZNU (J.1 ).NU(J)*kt (JI MACDOSS))
KlI(J)*B.O* N)J (J)*NU (J,I) MA COOS9U
N5(J)*1.0.2,0.NU (J) HAC OO8 O U
kb(J .t) * 4,U* (1.O N U (J.1)) P#A COO8I U
A t (J)$ kb(J)— ’2(J) MA COO82U
BI (J)* M 2( J ) , u c I( J J a I Ib ( J + I )  MA CUOa IU
C1 (J)12 ,0ek2 (J ) MACOOSI))
0 (J3* II2(J)eC I , O.M,0.P4U CJ) ) )IACOO8S))
EE (J)I M2(J)*(1,0.SI4(J)).8.O*k3 (J)
C (J)s  A2(J ) .B1 (J) MACO O6 7))
6 (J)* k2(J)*(1,O.IIl4(J)).2,0a%S(J) MA CUOS8 U
M l C J ) $44 .0.M 2 (J )* C NU(J . t ) .NU (J ) )  MACUO6 9U
II (fl$ D(J) .MI(J) IIACOO7 (JU

SO CO~~TINUC
NS (M,1 )*l,O.1,O*NU (M•1)
IC(ISMO ,E0.1) 60 70 70 MAC 00730
00 410 1 * 1,0 MAC DO7O U

IPCAL %U) .LT ,100.O) GO TO SO MACDO T’,))
00 CO NTI NUE I~ACUQ78U

GO TO 10 MACDO ??))
C a..aaaaaa..a.e...a... .na. a. an .NACOO 78))
C CALCULA TiO N UP CONS TANTS ONL Y NEEDED IN MA LUOT9 U
C M AtR IX P0W STAB IL iTY TEST , NACO O$OU
C . e.aa.aa.a.e.s .a.aaa e .a.. .. ~~aaaa...aa...aa. .MALO0$l U

SO YMI N a I ,OC .IO MAC OUBI U
NIE LL I 2 MAC OO $3U
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I F C A I D (1 O ) ,AN O ,.NOT .NZCO ) A 1U (  4 4 ) * .TN UE ,  CO NSO S O ))
IF ( A I D (  b) ,A P 4 U..P4U f .NZ E P)  A I O ( 3 ~~)s ,TRUE . CUN SOSIU
IFC A IO( II)) C ALL LUG SE TCJA RI ., (I, a ),AIO) CONSOSI ))
IF 1*1 0(20)) A ID(I1) s , TRUE, CONS O ISU
LF( A 1 O( 5)) -A 10(fl )*,TRtjE, CONSO3 ’I U
IF (A 1O(t2 )) A 1D( S)1.TRUE , CUN SOI SU
IF( A IDC 8)) A IDCIN) * ,TRS*, C ONSO38U
IF (AI 0 (1M)) A b C  eJ* ,TR UE, CDN SO37U
J C(A ID( 5),AN D .AI O ( a)) CALL LUGSET (JAWr, C 1 , 1),AID) CU NSO3IU
ZF( A ID (II ) , AP4D ,AbD(I2 ) ) C ALL L OGS ETCJA PGCI , )l),A ID ) CON SOSQU
t F t .NOT .NLEQ) 60 10 20 CONSUII D U
IF(A I0 ( 7)) A10(ll)z ,TRUL , C ONS OU *U -
IF (A IO (*3) ) A IO ( 7)a ,TWU I , CONSOU2 ))
IF C A ID ( 9)) A IO (1S)z,TRUE , CON SUIISU
IFC AID (IS)) AI0( ‘)a ,TNUL, CONSUIIO ))
IFI * 1 0( S;,AP40,A IDCI O) ) CA LL LO GSET (JANG C I , 9),A ID ) CON SOM SU 

-

IP (A ID( a),AND ,A bO(1O )) CALL LO 6SET(JARG (1,lO) , A ID ) CUN SOMOU
IF (AID ( I),A’lD,A iO ( 2)) CALL LIMaSE T (JAWG C I ,ll ) , A ID) C ONSO II1U
IP(AID ( a),AND .A ID 7)) CALL LW.SET(JAH(.(l,22), A ID ) C UN SO IBU
IF ( A ID ( 7),AND, A IO C IO ) ) CA LL LOGSE T (JARG CL ,13), A bD ) CONSO I$9))
IF (A IDC •),AND ,AIO I 9)) CA LL LU G SE TC JA RG (l ,I11 ),A ID ) CONSOSO ))
GO 10 30 CONSOSI))

20 1F(A ID ( I)) CALL (.OGSET(JARG(l,11 ) . A ID) CONSOSZU
11 A 10 ( a ) )  CALL LC.GSET (JAR(. (l.21),A ID) C ONSO S3U
IP (AID( I)) CALL LOG SET (JAR G (t,-10 ),A ID) CONSOSIU

30 N * .FAL $L . CONSOSSU
L , t RUE , CONSOSa))
IF (A ZD (3) ,OR,A IDC.),OR ,AID(12) .OR ,A ID(1o),OR ,A J O C I T J )  NS,TRUE. CONSOS1 U
DO SO I a %R .2? CONSO5lSU

IF CA IO( I ) GO TO 00 CONSOSQU
L * .CALSE CUNSO 800 ‘I

GO TO SQ CO NSOalU
110 N * ,TRuE , CUNSOB2U
SO CONTI NUE CUN SO6SU

RETUR N CUNSO oNU
END CUN SO8SU -

SUB ROUTI NE L OGS IT( I .LU G) L OG SOOIU
C ea.eeeea...eaa a LOG SOOZ U

- -
- 

C THIS SU8ROUT IN E ,CALL ED IN I)! CO N SY S AND LOG SOUIV
C CONPNT.SETI T~ I LOG IC AL VARIABLES LOG (*) LOG SOOIU
C TRUE FUR Tot M .VALULS ,STONED IN THE A RG U LUGSO O SU
C RENT 3 LOGSOOaU

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a.... L065007U
LOGIC AL LO GC * ) t.0GS00S~
INT EGER 1 ( 2 )  LOGSOOWV
DO 10 L’l.S LOG SU IOV

IF(II*) ,tG ,O) 00 to 20 LU G SOII U
1*1 (L) LO6SO1lU
LOG (k)S.T$Ut.

*0 CO NTINUE
• 20 RE TU RN LOG SOISU

END LUGSO* .U
SUbROUTINE M *2C0N (IM 1N ,I,ISMO .A L M) MA2LQ O IU

Caeeaaa...ae.a..a...a..e .eesa.a.aa#.a.aa..a..MA2C 0020
C THIS SUBROUTINE CALCU LATES CO ”SIAN IS USED MA 2COOSU
C I” SUBRO UTINE M A T W I K  7(1 BUILD uP VAR IOUS MA ~ COO0U
C M A TR ICE S. TMESE CON STANTS ALL DE PENDENT MA~ COOSV
C UN A LN( J ) AN)) F OR NADIUS (I). Alit STOWED NA ZCOOSU
C iN COMMU N ,INDA TA / , MA iCO07U
Ce.ee,ea .aa.e.a a.. ...a •.... .. .. .. ea.a..a.aeaMA2C 0000

W EAL N l ,M2 .KI (1 0) , Ib5, 15, * %  I ,112,NIJ, II .I.UAD ,ACCUWU ) ,ALM(9) MA ZCOO9U
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D UM MY  $ 0 ,0 MACO OBU U
L A Y ER * NLA Y S MA CDON S ))
T2 CN L AY S ) 1 0,0 MA( .0006U
DO .0 1 a 1 ,0 MA CU O81 U

1F ( TM IC ,~(N ).LT ,TM I P4) TH IN a TH ICN (N ) HA CO O 8O ))
DU M M Y  a O U M M Y . T H I C K ( K )  MAC OO89U
72(1) * 2,l1.TH1 CM(M ) ,NAD IUS (I) MAC 0090 ))
M (N )  * DU MMV I$AOIUS( 1) M A C O O9I U

60 CONTINUE MA COU9ZU
CA LL MA 2C UN( TMIN ,1,ISNQ , A L K ) NA C OO9IU
T X  * b ,6a HADI US( t)/TMIN NAç0 09UU
%M A K $ Ti.1,O MA CUO US U

C aa MA COQ9bV
C TE ST ON NUMER i CAL S T A H I L I T Y  OS- THE SOLO . $ACUO9T U
C T IO N—P ROC ED UHE ID BE FOLL O~EO FO R THIS MA COU90 0
C SYSTEM BY CA LLING IN THE M A T R IX  SU I4ROUTI . $ACOOR9V
C NE alT ” NV E L L 1 2 , M A C O 1 0 0U

C AFTER lI ST THE SMO OTH OR ROUGH CALCULAT I . PS AC OI O IU
C QN PROCEDURE IS CHOSE N , MA CD1O2 U
C TE ST IS O NL Y NEC ESS ARY IF Nor DI R ECTLY M AC O IO SU
C THE SM OOT H CALCULATION PROCEDURE HAS BEEN M A C OIOI U
C CHOSEN NY ISMU *1, M A C OI OS U
C .e.a a ..N*CO1 Oa))

CALL M A TRI * (T X ,1,N TLLL ) MA C UI O ? ))
IF (NTELL,LQ, 2) GO TO 70 MAC OI 010
ISM O I I MAC O I O W U
NSYS * I MA CO iL ) )))
‘QIT€(’O UT,iOOl ) MACU II1U

70 RETURN NA CO II2U
10 0* FUNMAT( ’ THE MOR E STAB LE SMOOTH CA LCUL AT ION PROCEDURE HAS SEEN CKOM A COIIS V

*3kM .’) MACO Il))))
END MA CO IlS ))
SUBROUTI NE CON SYS(A ID ,NLE P,NZEU.N .LT CONSO O lU

C 0 aCUN SQO2U
C THIS SUH WU U T JN E DETE RM IN E S FOR EA CH SY5 . CON SOO3U
C YE ” THp CY LI NDR ICAL CUP’POP. ENTS NC EUED FOR COP.S000))

— C COMP UTAT IO N OP THE REQU IRE D CA RT ESI AN CONSOO5U
C COM PONENTS OP STWES SE5,S TRA INS AND DISPLA .CONSOO8U
C C EM EN T , GIVEN THIS SET UP CUN PON EN T S A CO N SOU PU

- • C FURTHER SELECTION IS PERFORMED ON THE CONS0060
C CO MPON ENT S T HA T  CAN BE COMPUTE D .ITH THE CONS 009U
C INTEGRA LS. CONSOI OU
C CUN S YS CALLS IN SUBROUTINE LOGSET CON SO I1 ))

~~~~~~~ . ..... ..CteNSO 12))
LOGICA L A IO(27) ,NZLP.NZEU.EPSTS), N ,L C0N50130
IN TEGER JARG(b ,t4) CONS OIU U
DAT A JARG / CONSOI SU

* I, S. 7.10,19 ,21, 6, 9,20.22, 0, 0, 1O ,11 ,13,23 .2is ,26. CON S O IOU
2$s ,$S,25,27, 0, 0, 1. 2,16,17 , 0, 0. S.1u,Ii, 0. 0. o, CO NSOI? U
1 1.20,12. 0, 0, 0, 1, 5,10, 0, 0, 0, 4, o.$2. 0, 0, 0, CONS O IB U
11 11, S,12, 0, 0, 0. 16,11, 0, 0, 0, 0, *5 .t9 ,2L,23.2M ,2b, CU NSO I9U
S23,2a ,2., 0. 0, 0, 2O .~ 2,2S,27, 0, 0/ CO NSO2O ))
EPS(t) A (fl(2S) ,tiW ,A1O (19) ,UR ,A ZD (2l ) COb SO2IU
EPS ( 2 )  * A ID I2UJ.U R .A ID (221 CONSO22U
£P SC SI I AID (21),OR .A IDC 2 4I) .OR ,A ID (25) CUNSUJ3U
EP$(11) I AID (2S).OR ,A ID (17) - CONSOZII U
IRS(S) AIDI1b) ,OW ,AIO( t7) CON SO2SU
DO 10 I • 1.5 CONSOZ8U

IFC, NUT .EP S( IJ) GD TU * 0 CONSU l?))
C ALL LOG$LT (JARG(2, I).A ID ) CONSU260

*0 CONTINUE CO NSO29U
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COM M O N /A SOT/LA !tR .NL AY S, N ,R ,Z,NU (I0) ,ACCUR ,LOAU ,HO5Tw S ,NZEWOS .s(q)$A2COIOU
1,XS (lO) ,ICIO),AL(9) ,TN ICII (9),WA D IUS (10 ) M&1COII U
COMM ON /I tiDA IA /X$A I , AloQ) ,bl (9) .C1o9) ,l)C9) ,EE(9 ) ,P(9),G (9),HI (9).NA 2CO I1U
IIIC9),MI(9 ) .k2 (9),1i6(*01,bE(9),NU( 9),BIIU (9).SIMUCO),N2UCQ ),blUUCq ).M A 2CO ISU
2J2(9),Jl ,T2(IO) ,5S (l ,*O),GOl2(9).l~021(9),&O22oU),GI22C9). NA2 C O1 UU
)$O$2(9),MOU (9).Mtj?(9),00*1(q).D0ll(9),COIIC9).COI2C9),E022(9). MA 2COI 5 U
MFO *i (93.I *12C9).1022(9),CCCU ,2,9).DD (2,2.9),FF (l,l,9),Gb (2 ,2,lo), HA 2CO ISU
SMM (2.2,L0 ).RR (a.~~.1O).DO2(e) ,GZU(9),G2tC))).H20 (9).sso2t(q),GGZ(1o,,M I2COt1 U
5H02 (IO),90I* (9).0*II(9).wOI2(9i.UI*2 (9), SI2li(O) ,Q022o9),912~~(9), NA 2CO IBU
TQFO(9).OF* C9) ,ZO*l.Llll ,Zll* .1012.l2L2.1212 ,Z312,Z021 ,ZI2l,Z022, MA2 COI9 ))
ez*u.11a2,Ra HA 2CO2OU
KN A X ab,S.RADIUS(I )/TM IN MA ?C0210 -

1 * 0 MA 2CO12U
00 10 J a 1, M MA 2CO2S U

AL (J) * ALXCJ)/(RAO IUS(I) ,ALN (J)) RA 2CO?NU
Ill I 1,0.AL (J) MA 2CO2SV
1011(J) • 112*51(J) MA 2CO26))
0112(J) * l.O.ALCJ ).NU (J ,l) MA 2CO2TU
U012 (J) *.II1*It(J) MA 1CO26U
5)022(J) • 1112*61(J) MA 2COZ9U
5)122(J) $ A I (J3*R5 (J) MA ZCO300
uFO (J) a M *2*A t (J)ab1( J) N&2C0310
)JFI CJ) $ 2.0.AL(J1.(*,0.NU(J),(1.0.P.U(J .1)).i11(J)) NA2COII ))
IP(1SMO ,E0,1) GO 10 20 NA 2CO SSU
IF(A LM CJ ) .GL .IOO.O) GO tO 20- MA lCO lM ))
ME(J ) S •AL(J)/(3, O.AL (J)) MA 2CO ISU
BU(J ) I Nt (J)*2,0.NU (J.1) MA2LO300
BUU (J) $ Su (J3 .kS(J) MA 2CO 3?U
BMU(J ) * BE(J)*IS(J)
BZUIJ )  I BI(J )* (NS(J ) .2 ,OeN UCJ . I) )  MAZC O3 UU
B1UU(J) • BICJ)a (NSCJ) ,2 .0.NU(J6t)) MA IC01100
GO 10 10 MA 2CO Q $U

20 III • 2.0.(NU (J).NU(J.l))
11 S 114$. MA2COII$U -

J2 (*) I J MA2CO IIOU
GG(I .I,l.I3 $ 12(J) NA2CQM SU

• 0012(k) $ III.I12(J).C2,0.0.O *NUCJ+ 1)) MA ZCOM.U
• 0021 (k) $.MI2.12(J) NA2CU’11U

0022(1) a (1*I.12(J))IK$2 MA 2CO116U
0122 (11 •.2,O.NUCJ ,I)eAL(J ) MA 2CO4I9U

• 
$ M ( $, $ , % • 1 )  $.3~O.O,Q*NU (J)..111(J) $A2t0300
HOIJ(k) $.i,0,2.O.NU(J).b.O.NU(J.*).kO(J).C2.0.a,0*Nu (J+I))* P’A2COSIU

* 11 (J) $A2COS2U
14021CR ) * MM( 3 ,* ,R.l)*1I2 NA2COS )U
HOil(k) ..M*l*(1.Oal,0.NU(J).S ,0*NU(J,I)+k11 (J).RI (J))
H$22(I) I l,OaALIJ) .NU(J .l) - M .2COSSU
DD (I.$,’) 5.116(J) MA2C0S.U
00*2(11) s.ka(J)s13(J) 14A2C057U
00 2,1,1) $.1112.Ko J1 MA ~ COS$U
0022(1) •.NU(J).j,0.OD(2,$.k) MA1COS,U
CO *IC N ) *a*,O.11,OaNU (J ) MA ECO 6OU
CO IJ (M ) * S,O eNU (J) .NS(J) NA 2CUSI U
CCIJ ,I ,N ) a.2,0 MA1 COB2V
(012(11) 1.11* MA2 COS3U -

FOtl (1) S k1(J).2,0*(P.U (J),NU (Jtt)) MAltOse))
P312 (111 5 2.OatO1i(1) MA2 CUS SU
P022 (R) $ 1,O.lS,O*NU (J,$) MA2COS.U
PF (2,I.R) • 2,0 NA2COSTU
001(1) 5 a.0*k*2/1* (J) NA2COSIU
6201*) a *ll.13,0.$,O#Rl(J)) MA 1COSSU
021 (1) a AI ,(J)aO.S/1$(J) HA2CO700
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M2O(I1 ) * Kll .(l ,0,1,O/111( J) , MA 2C O7 *))
— 30 CONT INUE MA 2C O72U -

JI s I M A ~~CO7l )) 
-

OURNY *O ,0 MA ~ C074U —

t2 (N LA Y S) * 0 ,0 0A2C07’,U
00 M O 11 $ 1.11 0A2C0760

DUMMY$ DUMMY ,THIC I(I1 ) MA 2CO?7U
T2 (s1)12.0*TsJC ,i(11)IR&D JuS (I) MA ICO78U
M CW) S OUM M Y/ RAO IU SC I) MA 2CO 7QU
112 * 1.O AL (k) M A 2 CONDU
0 1* 2 ( u ) * •113l*P(u1)*M CK) ,Q112 (k)$l1’,(M) P’A2COSI))
02*2 (M) * AL (k)I.4(11)* (2 .O.P4LJ (k41)akS(k))

MO CO NT IN UE MA ICOB3 ))
I F(LA TE R ,E U.NL AY S) GO TO 50 M &~ C06I$U

C MA 2C 0850
C THESE CONSTANTS ARE USED FOR THE ASYMPID . HA2C UBbU
C T I C  E V A L U A T I O N  OF THE C HAM ACTE R IST IC MA 2CO 87U
C FUNCTIONS IN M A T R I X . MA 2CO86))
C MA2C 089))

J * LAY E R MA ICO QOO
RN) z 2,O .NUCJ .I).CI(J ) MA 2 C OOI U
P12 * 2,O .NU( J .L) .AI(J) MA ICO92U
R~~1 a 2,o.N U(J .1).D(J) MA ICO 9SU
2021 * UO II (J)*C 1(J) MA2 CO94IU
11141 * ZO 11AM( J 1 NA 2COOSU
11 12 * I ,O .ALCJ ) MA2C ))96U
lO l l a UU l1 (J)*D (J) MA 2CO9 7U
ZI I I I AL (J)*(RuI3 .G (J) .uI5(J).B1(J)) RNU MA 2 CO RBU
121* a &L (J)*M (J) .(Sl(J) .II(J) .k111) MA 2CO 99U
2012 • .I1I2a(DCJ) .LECJ ) .A I(J) .G (J)) P4A2CI000
11 1 2 ~ 0122(J)1 (W12 .G(J),WIll.IE( J)).k1l*H(J)* (A* (J)* MA 2 C L O L U

1 M I(J) ,Cl(J) .EE (J)—D (J) .F (J)) MA2Cl o l t
1212 $ .AL(J).$(J)*(15 (J)atk1114fl1(J)411(J)).R113 ,Lk(J) , MA 2CIO 3 ))

I R~ 2 .GCJ )J .R aM.M (J) MA 2C IO I U
1312 I AL (J).M( J ,*M(J).(Bt(J).R11).II (J)) MA 1CIO ’ ,U
1121 z A LCJ )* (i)1 I .Nl (J) ,II( J )) NA 2C IOSU
Z022 * kL2*(A l(J) .II(J)aEE (J) .Cl (J)) MA2 C *O1 ))
2122 * AL (J)aCWNI ,Et( J) .NSCJ ).CRK I ,II (J))) .IXRM MA2C IOSU

- • £222 * ZL IL*M( J) MA 2C1090
SO RE TURN M A IC1I QU

(ND MA IC I I IU
SUBROUT INE C O N P NTC R ,M US T RS , L UAD ,Z . N2,L21 CON POOI U

C CUNPOOIU
— C TH IS SUBR OU TINE DET ERM INES FUR EACH PO3 NT .( .UNPUOSU

C LO AD CONFIGURATION SEPARATELY THE CONP0011U
C IN TEGRA LS NEEI)EI ) FOR COHPUTAT ION OP TH( CON POO SU
C DES IRED C OMP ONENTS OP $TRESS,ITC, COMP0000
C F OR PO INTS AT THE RIM OF THE LOAD SOME CUNPOO?))
C COM PONENTS CANNOT BE CA LCUL ATED BECAUS E CONPOO SU
C OF SIN GUL AR B EHAVIOUR , A MESSAGE IS CUN POO 9U
C PR INTED , CON PO IOU 

a .a..a.. ....a I. UNPO * I U
LO GICAL STRFSS ,LPS ,RLUW ,N2,L2 CUNPO 12U
REAL LOAD CONPOI 3U
IN TE GER IAMGCS,1 2) , KA RG(a, M ) .JJ( Il. 15) CU NPO IMU

— COWM UN /STM DTA ,S TW ISSI?7) .EPS(17) ,RLOw ,ST.C1 .L.ACC CONPOI SU
COM M UN / TAPE /M OUT CON PO 100
DAT A lA NG? CUNP OI7U

* 1,12 ,17, 0, 0, 0, 12,141 ,17, 0. (I, 0, *0.1), 0, 0. 0, O .CON POISU
1 1, 6. Q .*2 ,iS,ll, 7, 9,12 ,214,17 , 0. 6, 9, 0, 0, 0. O,CUNPOI’))
S 7.I2.*M .IS,*1, 0. 0,10,16 . U. 0, 0. 10,13,16. 0, 0, O,CUNPO200
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11 1. 8,12,111,11, 6, 7,Ll,Le,L1. 0. 0, 6, 9, 0, 0, 0, e/CO NPO2IU
D ATA NAR (è/ CUNPO22U

* 1. 2, 11, 0. 0, •. 1, 11, 0, 0, 0., 0. 1. 2, 0, 0. 0, O,C0N9023U
2 II, ~•~~0,~~3•)2~ 01
DATA JJ/ CONPO2SU

$ 1. 0. 0. 0. 0. I, 0. 0, 0. 0, 0, 0. CONPOZO ))
2 0. I, 0. 0. 0. 0. 0, 0. 0, 0, 0. 0. CONPO2 7U
1 1, 1. 0. 0. 0. 0, 9. 0. 0. 0, 0. 0, CONPO1SU
4 1. 0. 0, 0, 0. 6, 0. I. 0, 0, 0. 0, CONPO29U

• 5 0. I. 0. 0. 0. e, 0, 0, I. U, 0. 0, CUNP O SUU
• I. 1. 0, 0. 0. 0. 0. 1. L. 0, 0, 0, COM POSt))

F 7 3. 0. l..*.~~1. 0. 0. 0. O..*, 1,.I. CONPOS2))
6 0. $, 0. 0. 0, 0,.), 0, 0. 0. 0, 0, CO N POSIU
~ 1. 1, *.—l ,~~1. ~~~~~~ 0, O,•1, I,~~l. CONPO SMU
7 3. 0. I. 1. I. 0. 0, 0. 0, I, 1, 1, CONPO3SU
I 0. 1, 0. 0, 0. 0, 1. 0. 0. 0. 0, 0. COP PO360
2 *. 1. I. I. 1. 0. I, 0, 0. I, 1. I, COoPOS7U
S 1. 0, 1. 1, I. 3, 0, 1, 0, 1. 1, 1, CONP0)SU -

4 0. I, 0. 0, 0, 0. 1. 0, 1. 0. 0. 0. CUNPOS 9U
S 1. 1. 1. I, I. 1. I, 3. 1., 1, 3, 11 CON POM OU
HERR I 0 CONPOM1U
00 10 1 * 1,17 CON POM2 U

IP$(I ) a .FAL$t , CON POMS U
30 CO NTINU I

CU NPOMSU
IP (ASS(ST).LT .ACC) J*$
IF (AB S(CT),LT ,ACC) Jsl CONPUI?))
IF(MUST W $ ,I.T,ACC ) GO TO 20 CONPOISU
IF (RLU .) GO TO 30 CONPOI9U -

IP(Z.Lt .ACC) GO TO 110 CONPOSOU
IsJ.Ie CONPOSI U
GO TO SO CONPOS2U

10 1a2 CONP O SS U
1F (RLO.) 1*1 CON PUSMU
GO U) 50 CONPOSSU

30 I*J.S - CONPOS OU
IF (Z ,LT .A CC) III.) CO MPOST ))
00 10 50 CONPOSBU

$0 IIJ .*1 CUNPOS9)) -
IF (ASS(I.*,O1 .LT .ACC) I*I~~3 CONP OoOU

SO IF(ST RE SSC a),UR .STRESS(I0))CALL LUGSET(KANG(1 .1),EPS) CUNP O61U
IF (ST RESS 5)) CA LL LOGSETCNARGCI ,2) ,EPS) CONPO61U
IFC ST RESS ( 3)) LPS( 3)*,TRUE , CUNPO SSU
1P (STIES$(I11) EPSC 4)*,TRUE, CONPO SMU
1P (SI Rt5S(jl)) CA LL LUGSET(%ANG(t ,3),IPS) CONPObSU
1F (ST RES3( •1.ANO .CZ .GT .ACC ) EPS ( l)a ,TRUE , CON POSSU
IF(.NOT ,ST RE$S ( I)) GU TO 60 CONPOS7U
1P (Z.LT.ACC ) GO TO 60 CONP000U
IP (R .GT ,ACC ) EPS(S)*,TRUE. CUNMO69U

60 IF(I,LT .1) GO TO ISO CONPO7O U
DO 90 J a 1,12 CON PO7IU

IP (.NOT ,$TRISS (J)) 00 TO 90
IF (JJCJ,I .l)) 7v,90.IO CONPO7S U

70 NLIR I * 
CUNPO 7IU

$TR (S$(J) I •F API SI, CONPO7SO
LI • ,FA L $t, CONPO7 .U
GO TO 90 CON PO77U

SO CALL LOG$IT (IARGC * ,J) ,IP$1 CUNP 07SU
90 CONTINUE CONPO79U

IF (NLRli ) 151,140,300 CONPO IQU
$00 IF(I.l0) 130 ,330 .120 CONPO SI))
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It O P~’i ITECN OUT ,9OO0 ) CONPOS2U -

GO TO 1140 CONPUASU
120 .NJ TE (NUIJT .QU1I) CUNPUBI ’))

ST RE SS( IS) * .FALSL . CUNI ’0115U
GO TO *110 CUNPO$4U

ISO W R IT (CP4OUT,9OIO ) CUN P OA 7U
STITI5S (*3) * .FALS E . CON PUOSU
LF (S!RESS(12 ) 65) TO ISO CUNPO$9U

1410 IF (STRESSC IJ. OR ,STRESS(o )) GO 10 ISO CON PUS O ))
IF( ST R&S S(Lb J) GO V U ISO CONPII9IU
IF(STW ISS(t7)) GO ID ISO CUNP0I1U
IPCSTR(SS (20)) GO TO ISO CUNPO9 3U
IF(S IRESSC22)) 60 10 250 CON POOMU
IF1STRES S (2S)~ 65) 10 150 CO NPOCSV
IF CS T R ES $ (27)) 65) TO *50 CONPOSSII
4)2 a .FA LSL. CUNPO .7U

ISO STRESS (18) I .FALSE . LUNPOSS))
ST R ESS C I O I $ ,FALS * . tOhP099U
STRESS (2l) * • FA I 5E . LQN PIOO I4
STRISS (23) * .F ALSI , CONPIO *M
STWI S SC 2M ) * ,FA L SL , CONPIO 2U
ST RESS (26) * .FAL SE . CUN PIOSU

laO IF (LO* O,GT ,ACC ) GO TO ISO CONP IOMU
DO ITO J * 1,5 CONP IOSU

170 EPS(J) a .P ALSL. CONPIOSU
*50 RET URN CON PIO 7U

9000 F O R M A Y C ’  AT THIS POINT SPI..STT ,(RR AND ( (2  HA V E  A L O GAW I TMM IL $INGCUNP *OSU
IUL A (4ITY’) CUNP *09U

9010 FORMA T (’ AT IPSIS POIN T SRT AND CRY NAVE A LOGARIT HM IC SIN GULA R ITY ’CUN P*IOU
1) C UMPIII ))

9020 FOQR&T(’ AT THIS POiNT 3kK.IT? ,SRT,ERR.LI Z AND ERT NA V E  A LOGA *ITNCON P II2U
*MIC S INGU LA RITY ) CON P II3V
E ND CON P I1aU
S(lNR OOTiNk ~ GENDA T(N ,NZLRD S .R ,A CC) GEN 000IU

C a .  .61 NDOO2U
C THIS SUB ROUT IN E GIV E S THE ZEROS OF THE GEN0003U
C PRODUCTS J0(XR)*JI (I) A N D  J I CX K ) * J I ( Z )  IN (.EN000MU

C THE RIGHT ORDER . 1l.E SUSSEOUEN I (EROS AV ( GEN000SU
C STO RED IN ZEROS FOR USING THEM IN INGRAL, GEND OO0U
C THE ZEROS (uP JO AND Ji ARE STORE)) AS GEN0007U
C BZERUS IN THE BLOCk D A T A , GEN000B U
Ca GEN0009U

CONM O N , G E DA T A / I I Z E R U S( 1 M q , 2 ) ,S E R O S ( 2 9 3 )
IP (R ,LT .ACC .OR ,A B SC R.l .O).LT.ACC) GO TO $0
III GEsDOI2 U
J*L GEN DO ISU
DO 20 11*1,296

IF(I,Gt ,2$ 9) GO TO 10
IP(J .GT ,1149) GO TO 30 GENOQ Ib U
IF (8ZEROSC I ,l).LT ,BZEROS(J ,N.l)/R) GO 10 10 61N00I7U
ZE P) O S C N )  • 8ZIRUS (J ,N41)/R GE ND OISU
j *j .~
GO 10 20

10 ZEROS(l)5B ZE ROS(I,1)
1*1.) (iENDO22V

20 CO NTI N UE GE’.U0230
30 NZEMOS * M a ) GENOOZ I) U

RET U R N  GENDU2SU
M O *V( R.GT .ACC ) GO TO 70 61)40020))
SO DO 40 112 .1119 GENDO I7U

ZIW OS (I)*BURUS(l.2) GLNDO2S U

- 
-
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sO CO NT INUE GEN OQ2 0 -
N ZERO SS IM9 GENOO SO ))
RETURN ~INVO 3 lU

70 IF (N .E)).I) GO TO SO l.ENDO32u
DO 60 1*3,141 9 5.ENUOSSU

Z EW O S(2* I .I  )$ BZE ROS( IC , 1) GLNDOI ’ I U
ZLR QS(2*k ) *BZEROS (K ,2 )  GLO D OSS U

SO CONTINUE GLNDO 3bU
NZE NOS*295 GENOOI 7U -

RETURN GEM)OSB U
END GENOO3FU
SUSROUT INE ASYMP T(R ,ACC) ASYMOO IU —

C A SYM O O2U
C THIS SUBROUTI NE ORGANIZES THE COMPUTAT ION ASY$0030
C OF Tp.E A S Y M P T O T I C  PART UP THE INT EGRA LS ASY MO0 ) I U
C AS USED FOR THE T O P — L A Y E R  ONLY , A S Y M O O S U
C A S Y M P T  CALLS IN SUBR OU T INE ASS A SYM 0000
C A SV HP T CALLS IN FUNCTIONS FLLE A SY M O O T U
C PI Ll A SY H OO8U
C PLH BOA ASYMOO N U
C ASYMOIDU

DOUBLE PRECISION OR ,KACC 2 .C ,ELLE,€ LL N ,FLLE .FLLR A SY H O I I U
COMMON/CONS T/C ,ELLI,ELL II,ALM BDA A $YMOI2U
IF(R ,LT ,ACC ) GO TO 10 AS Y H OI3U
DRsDBLE (k) A5 ,M ))lqU
I1AC t 2 $ Ct l . O DO a D R ) * ( l ,000.D R) + C * C ) / ( C I , O D O + D R )* U , O DO+OH ) +C a C ) A S Y M O I S U
LLL R *FLL SI OIACC1) A SYM O Ia U -
LLLE *I LL ICNA C C 2I ASYMOITU
AL MB DA a PLMBDA( DR ,C,ELLN ,ELLE , NA CC2) ASYMO IM U

10 CA LL AS S (ACC,R) A SYNOL9U
— RETU RN *SYNO200

(NØ A S Y $ O 2 2 U
DOUBLE PRECiSiON FUNCTION FLLNCN A C C 2) P 1.111001))

C a F LLR 002))
C THIS P UN CT ION SUBRUU T INE EVALU A T ES THE P1(1003))
C C OM PLE TE ELLIPTIC INT E GRA l. OF THE F IR ST F L L K O O U U
C KIND FROM A $LRIES .EXPANSI ON A CCORDING TO F ILKOO SU

- 
- C BY RD AND F R IE D MAN ,HAN OBO ON OP E LLI PTI C FLL N0000

C INT EG RA LS FOR ENGI N EE R S A P~~ PHYSIC ISTS , PLL KO O7 U
C FO RMU LA 900,00 FU R KACC 2.Gt .O ,5 FLL N OO SU
C FONM UL A 900,06 P UN NAC C2, L T. U .S P1111009))
C F 1110100

DO UBLE PRECISION NACC 2, KA , 141,KAC C FLL N O II U
IA $ I,000aIACC2
IP C K A .GT .O,SDO ) GO TO 10
FLL uZ I ,000,uiA .(O .2500 ,MA .C0 ,114002SDO ,KAe (0,09705625D0,KA .(O,O 7C7OBFL LNOIU U

I000llDO.IIA* (O ,0005b21 $3800.KAIoO .OSUBB9UIS000 ,RA *CO ,U14387B 793700.KA PLL IU$5V
ZICO ,OlISaSl MaSOO ,iA.(O ,0343993361400 ,MA .(O,0$IOMSU U I2DU ,KA. (u .02 628PLL 1’O IaU
3723S300,KA . (O ,02597907M300.IIA .(0,02140l91 tS2UU.11A. O ,U~ 23314IOI2Uo.11 PLL11O17U
4IA .O, 02O569476500)))))))))))))) FLL P.O ISU
GO 10 30 PLL ’IO IQU

*0 KACC IDS QNT (IAC C2 ) PL LM O 2U ))
IF (IA CC,LT ,l,00aOa) GO 10 20 FLL KOZ IU
M I *.D% OG(IACC )
FLL II$M * *C l ,000,NACC2 .(0,1SD O,I1*CC1.(O,111002500 ,RACC 2*CO ,09765625D0FL1.1023U
*.kACC 2.(O ,O 1476MOabMOO ,NAC C2. (O,0b0S02I318UO ,~ A CC 2.(0.O50AB9O tS (IPLLA0 2MU
2O .IACC2. (0,U1136757937 DO .KACC2aIO.0385b55 14b5 flu ,KACCj .(0.031439933aP11.NO2S U
SI’ DO .RACC2 .(0,OII OMS O I1 OO•MAC C~~’CU, O2e28723S3 D0 .IALC2S(0,O2SQTN FLL R O 26U
1107115 DO.ISACC2.(0,O ZU O IQ IIS1 Du.M AC C2aO ,U2 233 44 1UI 2 DU ))))))))))))flFLLKO2TU
S,I,i5bl9ll16DO ,RACC2*(O ,09bS7SS903D0 ,1ACC2*(O ,fl30RbS1M1450O+KA CC 2*( O PL L~ 026U
•,OlM q3?bOO*DO ,~ ACC2*(0 ,OO 67bb 3t22DO+ 11AL L~ *oU ,D OS7SM8S7 PDO ,IIACCI.COPLLNO1QU
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1,OO14Ub M6S8SO O .kACC2 1CO ,O O 2 bSO O 411ACC 2*1U ,OO 23Sb%5l,~f lO4 $A CC2a (OfL1kO30U
8,OO IBS8o7O3D O .iiAC C2 . (O .oo1 5 I S S I I o D O ,KA CL2 .C 0. oo1~~5o5 911Du.u A C C2.(n FLL KO3 lU
9.OO1OS 9Q291DOskAtC2~~(U, OU00Ob ~j50bOO+ 1A CC 2 aO ,O0U1is$M))8Du ))))))))))FLLk0 32U
1) ) )  PL L I U33U
FILl a 2, ODO .F LL 11#S, I ’ s 1592053500 P11103140
GO TO 30 FLL NOSSU

20 FLIK * 0,000 PLL MO S S U
10 RETURN F L L M O S 7 U

END - P11110380

DOUBLE PR EC I S I O N  F U N C T I O N  F L L L ( IA C C 2 )  F L I L O O I U
C a I -L L L OO2U
C T HIS  FU N C I I O N S U H R O U T I N E  E V A L U A T E S  THE F L L E O O 3 V
C CO MP LETE ELL IPTIC I N T E G R A L  OF THE SECON~) P111.0014))
C K’).() )IIOM A SER IES .EX PAN S ION ACCO RD ING TO FLL (OOSU
C B YRD A ND FNIEDI4 A N ,IIA NDBUUR UP E L L I P T IC  FL ILOO SU
C !NTEI. Wa l. S FOR E N GINE E R S AND PHY S ICIS TS, PL LE OO T U
C FOR MU LA 000.01 FOR ‘ACC2 .GL .O ,S FILLOOB U 

—

C FO HM U LA 900 ,10 PU N IIACCI,L. T ,O ,5 P111000))
C PL L E O I 0 U

DO UBLE PRECISION K&CC2 .K ACC .KA F L L E O I I U
N A  * 1,000 .IACC2 P1110 120
IP( KA .G T .O.SDO ) 61) 11) 10 P111.0130
FLLE Z I. 000.IA .CO .2500,IA. (0.014087500 ,KA S(O ,OIOSSI2SOO ,MA*CO .O IO ),NI FLL IU 1))))
IlS?3D 0 A N A 4  (0 . 006 729 120000 ~1 1 A *  CO. 0041 b2b274 100 + K A .  (0, 0033 7529 18D0 , KA FLLIOISU
2 .( O . OO 2 5 1 I O 2 3 l D 0 , 1 1A . ( 0 . O O 2 O~ 3a9O14D0 . I A a ( 0,00 1bS$9 a85 DO.kA .O .OO13e 7f1LI0tBU
301 I? D O )  ) ) )) ) ) ) ) )  P L L C O I 7 U
GO TO SO I-LLEOIOU

10 RA CC*OSuJ l4 T(M A CC 2 ) P111019))
IPI IA CC. L T .l.OD .Ol4 ) GO T O  20 ILL LO2OU
PLL E Z I ,000aO ,S000.IA CC 2*D L OG( RAC C ).(*.000,RACC2 .(O.31St)O ,IIACC2 .(0 FL LEO21 U

I ,2i 7 5 O 0 . M A C C 2 * ( O , 1 1 O 8 9 B 1 4 S ? b D f l , 1 ( A C C 2 . ( O, l 3145 M i5 I9b DO,RA C C i~* C O , l l t F L L P O 2 2 U
2O 3 f l S 1 8 6 0 O . 1 1A C C 2 . ( O.O 9 M 5 O M l 7 I l O O . k A C C 2 . ( 08~~~72718~~OO . I(AC C 2 . (O , ( )72PLL ( O2SU
3 8 l e 5 b S 3 s O O , K A C C 2 . ( U .0b S 3 b $ 7 3 9 3 ) O . R A C L 2 . o O ,.~~Q 2 b B u 9 3 I O 0 , N A C C 2 * ( O ,OSl lF LLEO2 MU
lilt l~ O ItU O411ACC2.(0.OM9059TbU 04kACC2 tt0. 014b3�25 2DO,I~ACL�.0,OU a% PLLEO25V
57 9261300 .o.2soo .kACt2 .c* .17~ sbe12?oo.kA cc2a(o.2272? nFLLLO 2bu
a 7 7 O 7 D O . .~A CC2 . ( 0 .O8732S4i8 l  T D O , MA C C 2 . ( O ,0ab l  7 8 0 1 5 6 0 0 , P (A C C 2* (  0. 0~~$’,~~iFL LE O2 7U
1001200.IACC 2 .(O .O1 9U *8Q 73300 ,IAC C2*(O .OIM O S B 7 S I R D O .KACC 2. (O.O I O N U R F L L E O 2 B U
69M3MD 0.kACC2.CO ,0063MS589S OU ,NACC2 .(O ,OO b 7 Ibb737D O ,kACC ~~#C0 .OO SS22FLLEO29 U
9238 800 ,KAC C2I (0.OOab2UM 93hOO .KACC 2* (U,O0392~ 930MU0411A CC2* (O,003172 PL1EO3 OU
T2514900 ,NACC2.0 ,002929929800) ) ) ) ))))flfl)) I LL E O 3I U
FLIt r l. 000* P IL E#3 ,* ’ 815926S3SDO FLL EO3I U
GO TO 30 FL LE O IS U

20 F ILE * l,000 /3, I a ISQ lbSSSOO P11103140
30 RETURN FLLE03SU

END FLL LOS6 U
FUNCT IO N PL M BD A ( O R .C, ELIN ,LLIE. IACCZ )  PL H800IU

C  F L MB OO2 U
C T HIS FUN C TIDNSU $R UU T IN E E V A L U A T E S  THE PLM B O O 3U

C HE UMAN ’S .LAMB DA FUNCT IO N FROM A SER IES FINSCOII U

C E X PA N S I O N  ACCORDIN G TO FLM B OOS U
C KY NU AND FR I E D HA N .HAN DBO O K OF ELL IPT IC  FIM B OOSU
C I N T E G R A L S FUR ENG INEE RS AND P HY S I C I S T S ,  P L M B O O 7 U
C FOR MU L A 9014,00 FIM BOO8U
C USE IS MADE OF THE CO M P L E TE E L L I P T I C  I N T E . F L M B O O Q U
C 641* 1.5 OF T H E F I R S T  AND S ECOND KIND ELIK P L M N O I O U
C AND 11.11 E V A L U A T E D  MY F ILM AND F I L E S  F I M B O I I ) )
C F IMBO I .0

DOUB LE PR ECISIO N OW ,0*SZN .SUM .PNI,DS.DC ,A .T ,A I. KACC 2 . TM& I,DAR ,ELIKFL MBOIS U

I,(LLE.E .k .C FLN B 0IM U
OAR * OANS (l.000 .OR ) FIM BO IS U
IF CC, L T ,DAN ) GO TO 10 F LMBOIOU 

- 
-
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DAS IN * OAR /C F L MBO I? U
PHI a I ,57 0796521 $DOaOA TAN (DAS LN) F INHOIB U
GO TO SO FLNB 0I9U

10 D ASIN * C/OAR FLN$ OIO U
I F C C .L T .(0,* Q.OSIDAR)) 60 10 20 P11140210
P.4 1 a D A T A N C U A S I N )  FL MBOI2U
GO TO SO FLM BO 2SU

20 PHI * DA S IN 11M 802I’U 
-

30 I F( O A BS(PMI-.1, SPS1QS326B DO) , G1, i ,00ab) GO TO 40 FLMPO2SU
cl.M KOA *t ,O FLMbO 200 -
GO TO 60 FLM$ 027))

110 DS*DS T N( P$4 1)  FLP’ 140280
DCS DCOS (P HI)  FL MB O29 U
I a 11.11 FLM BO 30 0
K a ELLI P11140310
PLM BOA $PH I*E PL M BOS 2O
TaO ,SO0 .(P.4I.OS.DC ) FLNB OSSU
ASO ,5DD~ 11A CC2 FL HB O S14U
SUM IA .T* (2 ,000.11.t) T LMBO3 SU
1F (SUM ,LT ,I,OD.S7) GO TO 60 FLM BO 36U
1* 1 FL H B O3 T U

SO FL$I4DA * PIMbDA .$~~L (SUM ) 11M 14035U
1*1,1 FL MB O 3O ))
*1 *1 FLM BO400
TNA II2 ,000.AI.1,00I FI M N O U I U
TaO ,SDOa1 aT aA I~~A~~.O,SD0.OCaCDS* aTa A I ) /A I F1M140112 ))
A*0 ,500IA.(T*AI.2,000)*IIACC2/AI FL IBOQSU
SUM *A. T*Cl.000.AI .11.TMAI ‘I) Fl.M BO ali ))
IP CS UH ,GT ,I,00.07) GO TO SO FLMBOMS U

SO RETURN F1MN0I ’sU
END 11114047))
SUNRO UTINE A5$(ACC ,R ) ASS 0010

C ASS 0020
C TsIS SUBROUTIN E COMPUTES THE L IPSC H ITZ .  ASS 0030
C FIANK EL INTE GRALS I (I .J,k) FROM LXPN L SS I . ASS 00140
C OHS ZN EA RLIER E V A L U A T E D  E L L IP T I C  PUNC h . ASS 0050
C ONS OP THE FIR S T  AND SECOND MZ ND ,EL LK AN D ASS 0060
C ELLE ,AN D HE UMA N SaLAM N OA FUNCT ION ,A LMH D A , ASS 0070
C REFERENCE ASS 008))
C LA SON .NOOLE AND SN EO D O N , C LNT A I N  INTE G RA LS ASS 0090
c OF LI PSC HITZ .HA NM 1.L TYPE I N V O L V I N G  PRO . ASS 0100
C DUCTS OF BESSEL FUNCT IO NS, PH ILOSOPHICA L ASS 0 1 * 0
C T R A N S A C T J O N S , V OL 2 I ’ 7 ,SERILS A935, A PRIL ASS 012))
C I9SS, PP 529—544 , ASS 0130
C PI U M I *I (l.07 .i) ASS OI IIU
C F IO O  * 1( 1 ,070)  ASS 0 )50
C P1111 11(1,071) ASS 0160
C F111211 (I,I7 .2 ) ASS 0170
C I I IM I* I C* , * ? . 1 )  ASS 0160
C P 1 1 0  *1 (1 ,270) ASS 0190
C F il l  *1 (1,37 *) ASS 0200
C ASS 0210

COIMON ,CONST ,C,ELLE .ELLK ,ALHN OA ASS 022))
COMM O M /CNT ING/F 10N * .Fj.O0, F* 02 ,F l *M i ,F* IM I , F ** U , P l 1 I  ASS 0210
DO UBLE PRE CISIO N (IR ,C,D (PR .DLMR ,DC2,D RT2 ,DNT .OAO ,0N2.DRC2 ,ORW T . ASS O2MU

IDEM RR ,ELL I ,tLLk ASS 025U
(C * SNGL (C) ASS O2aU
IP (R .LT .ACC ) GO TO 20 ASS 0270
(MA * 1,0.4) ASS 0230
(PR I *, O.R ASS 0290

Cl u ECA IC ASS 0300

F— 2].
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NIl * C? ,EPR~~EPR ASS 0 3 3 0
NT $ $ O R T ( R T 2 )  A SS OJ~~U

a RiP ASS 1153 ))
IM R R  * 1, 0— 412 ASS Dlii ))
OR a 081,1(4)) ASS 0150
DEP R 1.000.041 ASS (i3bU
DEM R 1,000_00 AS5 0310
OC2 * CIC AS S ossu
DR T2 a DC2 .DE PR*OEPR ASS 0390 

—

DPI = 050411 (DRT2I ASS 0410))
DAD * 0C2 ,DEHN *DEMR AS S 0430
OR? * OR iOR ASS 0420
0RC2 s t)R2.OC~ ASS 0143))
D I 1RT * 041.0411 ASS 0440 —

01.4kW * 1, 000.0412 ASS 0450
P l O t  O ,SDOi (ELLL .U. 000 .041t2)/(DAOIDRT) ,ELLK/OW T) ASS Oils))
1 1 * 0 uRT i(ELLK*(I. 000,04C2J/ORT2a(1.LE)/ (l ,000.DR ) ASS 0417U
F i l l  * C a C E L L E .C 2 , 000,DRC2)/DAO .ELLI)/(2.000 .DRRT) ASS 0448))
F IO H L  * 0,500.ELL (*DR T ASS 049))
120 0  * .O.SOOIC*(LI.K/DW T ASS 050))
F I I M 2  .C* (C .ELLE .URI/ (41 ,000*DR ).C*ILLK*(l ,000,DR2 ,0,SDOIDC2)/ ASS 0510
I(2.000*DNR1)) ,i .000 ,OP.IORT*1.LLE/2,000 ,DENRR.ELLKI (2 .000*ORT))/ ASS 0S~ U
23.0D0 ,(ELLL .DRT/(2. 0D0*Cl4) .Dt M 41R .ELLR/ (~~,OD 0aD RW1 11/3, 000 ASS 0530
P11 .41 * O .SDO .oU ,500*1LL(*C*DRT ,OR*ELL I*C* (1,000AOR2+0 ,SOO.0C2 )/ ASS 05140

EORR T ) ASS 0550
M I P * R  ASS OSSU
IP( R ,GT .1. O) HLP* l , 0/ R A SS 0570
IF (A B S E M R ) , L T .A C C )  GO TO 10 ASS 0580

a f IO M1, O . r,.(SNGL( ELL * ) l t MRaIW t ,SIG N( L C*A L NBOA ,EMR ))  ASS 0540
P100 * FI0O ,0 .5*SI GN(AI M B OA ..LHR) ASS -O SO ))
Pl iM 2 a F *IM 2 .E C .ALM B &A .S IGM(1. U, EMR )IEMRR/ (14.O.R) ASS 06*0-
F l l M 2  * FiJM laEC* (HL P/2, O ,HLP)/3,O ASS Osl))
P 1I~~I $ F11M 1 .S1Gh (O ,25.IM R ) .EM RN.ALMBDA /R ,0.SAHLP ASS Oslo

j  lP(R .liT ,1,0) GO TO SO ASS 0640
1)0.4) a F 2 0 ~~1.(C A SS OsSU
1100 * F *00 . 1, 0  *55 Dbs))
60 TO 30 ASS 0570

10 FI O H I * PlQ ~ 1— O,S’EC ASS
1 ) 0 0  a P10040.5 *55 0640
F I I M 2 a I I IM2aO,S .(C ASS 0700
F I I M I  * FIIM * ,Q,5.HLP ASS 07)))
GO TO SO ASS 0720

20 AD a l ,OsIC’EC *55 073))
R I  a SURT CAD) ASS 07440
AD R T * AD .RT ASS 0750
V I O l  * 1 .O/AD W T ASS 0760
112 0 * O .S/AO RT ASS 0 7 7 ) )
F i l l  * l ,S.EC/ (AO .ADR T) ASS 0760
h u N t * RI—IC ASS 0790
P1 00 • ), O.It /NT  ASS 0800
PII M 2 • O, S.(RT.EC) ASS 0810
P I I M I  a O .S .C1,0 .EC/RV ) ASS 0820

30 RETURN ASS 0630
END ASS 0840
SUBROUT I NE 1N G RA 1 (iL ,IHTV ,INTT. INT) ING RO OIV

C I NGW OO 2 0
C THIS S U B R UU T I N E  CONTROLS THE SIMU L TANEOUS IN GR O O 3U

C CO MP UTATIO N CII A GROUP OUT OF THE *1 INT (.INGWOORU

C 641*15, INI .ROOSU
C 11*1, 1.41 GROUP 11 1)1 J 0 ( X R) J IC X )  IN IN TEGR ,ING ROO6U

C IL *l .TML GROUP *11.4 J t ( K R ) J I ( l )  IN INTL GR .INGRO O7 U

• - 
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C THE ELEM IN T S OF IN V v  A Wl THE NUMBERS OF tNGkOO6U
C R IGu IRED INTEGRA LS OF TN ( GROUP, INGW))090
C IN IT IS THE TOTA L NUM BER OF RE QU IRED INT E .Z NGP OIO U
C GRA I S IN PHI GROUP . tN (iPOI1U -

-
C TsE SET OP CO MPU tED INTEGRALS IS DELIVE . ING R O IZU
C lIED IN IN T , 1W GW0 1 3 0
C AC TUA L IN TEGR AT I ON BY MEA N S OF A GAUSS. IN (ikO*MU
C ))UA OPA TUR 1. IS PERF O RMED BY CALLING UUA D , IN GWOIS U
C IN TE G RA T I UN  PROCEEDS liT (IUA ONA IUW( OVER INGNOIO))
C INTE R VA LS FROM (INC BESSEL ZERO TO THE INGROI1 U
C NEX t , PROM THE O RIGIN  TO INC F 141ST BESS IL .INGROIO )) -

C ZERO A LEGENONE—GA USS QUA D RATU RE . OF ORDE R INGROI4 0
C M. ON TA IN IP.G DES IRED ACC U R R A C Y  BY 51)1481. IN(ãNU200
C QUINT SUBD IV ISION OF 1141 INTERVAL . IN GR O2IU
C FNQM T HE F IRST BESSE IZE RO ON A JACOB I . ING RO 22U
C GAUSS UO A I ) RATUN ( . U B T A INZ N G DESI RED AC Cu . INGN O2$ U
C RA CY M Y S0BSEUUENP RA ISIN G THE ORDER 1P.6W02l~U
C STARTING .1114 THE 11TH ORDER . IN GNO~~5U
C I NT E GRATION STOPS AS SOON AS T*() SUMSE . INGRO2SO
C QUINT I N T E R V A L S  DO NOT CONTRI B UTE 1N6410270
C SIG N I F IC ANT L Y , INGNO2SU
C INTEGRATION STOPS PREMATU RELY II INGWO 29 ))
C —I N PHI F IR ST I N T E R V A L  MOPE THAN 10 SUe. INI.NOIOU
C DIVIS I O N S  ARE NEEDED , INGROI1 U
C —I N TNt FOLLON 1NG iN TE RVA L S EVEN THE ISTN INGRO S2U
C lINDEN 1$ NOT A C C U R A T E  ENOUGH , INGRO3S U -~
C —E VEN THE *4l9.TMU 9$ TH) INT ENV A L DOES INGRO 314 ))
C GIVE A NQN.NEGIG IBLE CONTRIBUTION . INGRO3 SU
C . . I NGRO 3~~U

INTEGER A%.FA ,QNDER .INTV (10),INTV2C )t ,) ,IN IV3( 10 ),KK (*O),B (TA 11614037))
h E AL M IDPNT .LO*(l4,LOAD ,NU ,AC C UR(3) ,N5,CQM P (L0) ,FiR$T (iO),
*S (CONO(1 0).IHV (17),RES (iU) INGW O39U -
COMM ON /AS OTIL A YEA 1NL A Y S ,M ,il,Z,NUE IO ) , ACC UR,LO&O .HOSTRS .NZLRU S ,# ,t9)ING RO41 OU
*.11S (l O) ,E(l0),AL (q),TIIICI(9).NA D IUS( 10) 1NGRO41 U
COHMON#GED AT A /3ZEROS(1a9 .2).ZE ROSC29B)
COMM ON /CN T ING /1 1011.Il0O ,F1OI. F 1 1 M 2 , P 1 1 M 1 , F110, P I i 1  IN GW U IISV
COMMO’I/T APE /HUU T INGRO144 ))
NTI%.L * 0 I~’6RO4I5))
HINT * 7 INGRO4SU
IF(IL,EQ ,2) HINT a 10 IP1GR U 4TU
uo 1000 1 • 1,N INT INGROI ’8))

“(I) * 0 1NGWO49 U
10 00 CONT INUE INGR O SOU

IFCL AY IR .NE ,1) GO TO 2000 lWliR O S*U
C .• .•  .1 NGRQS20
C CALCU L A T IU P I  OF THE ASY M PTOTIC PANT OP T..’( INGRO5IU
C INT LGRA LS ,FOk POI NTS IN THE TOP L AY ER ONL Y .1N~ W 0 5440
C . ....eee ....... •.. ..e. .•• .• .1 NGROSSU

DC $1 40 I $ 1,NINT INGRO SSO
K • INTV (I) LNGROS7U
IF(k .E0.0) GO TO *190 IN GROS3 ))
GO TO (%Ojll ,102O ,103O ,104IO.I0SO,lObO ,l07O ,*03U,*040.*100 ,lI 10. I IGIIOS9V

I lI2 0 ,1138 ,1114 0 .*lSO .ll60,I*7))1 ,l INGHO6 00
10*0 I~~T C~~) ‘ PlO0 ,ZaP I~~l Z H1.WU 6*U

GO TO *190 1HG ROS2U
*020 J Nt(11 ) • P100 INGROSIU

60 10 1)90 IN(èRObaU
L *030 I~~T(’) * •2,O.(I.

0.NUU)).FiOMI.Z .PLOO INGROSSU
00 10 *1*0 INGROOsU

10110 IH TCK ) ~ (*.0.2,0.NU (1))*hI%HI .Z*Pt10 IN (iNOS7U
GO 70 1*60 IN GRO6$U
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I F C I N T V S(J) ,EQ.0) GO TO 2090
IF( AB SCCOM P (J II ,L T .ACCL III(2 )) GO TO 2080 IN1,.~1S1 U
IF (ABS((COMP (J) .FLRST(J) .SECONDCJ)) /CUM P (J)),LT ,ACCUR (S)) INGR IS1U

I GO TO 1030 IHG~ iSS ))
GO TO 2090 11G41 13410 -

2060 INTT I z IMTT3 .* INGR 13SU
IFCLD .E R ,GT .ACCUR ($)) GO TO 2090 INGR IISU
I N TT2 $ 1NTT?.3 P16111370 -

INTV SC J ) a 0 INGR 1 SBU
2090 CONTI N U E ING R I39U

II(LHTTI .IQ .0) GO TO 2*10 ING R IM O ))
A L F A * 0 IN GR I44 IU
LOaI R * MIOPPIT INGR I412U
DELT A a O ,S*DILTA INGRI4 3U
BET A * $E PA ,I IN GR I444U
1P( 6tTA ,&T ,30) GO ‘ID 2150 1N(,R IaS )) -

C I hf.W ills)) —

C AR R IVA L H(R ( M EAN S THAT THE IP’ICGR *NO IS TOO IN GIA1 Q 7U
C IRREGULA R 10 GEl INTEGRATED OVER TH( REGION FROM INGR1II8 ))
C THE ORIGIN , TO TH E F IRST BESSEL ZERO , IN4.Ri490
C INGR ISO U

IRIS * I I RG R* S IU
DO 2*00 J a i.N INT INGRIS2U

C O M P C J )  $ SECONO(J) IN GRI SSU
RIS (J) • P1032(J) INGR IS14U.

2100 CONTINUE IN GR ISSU
I N T?3 * INTT2 Il~bR 15bU
GO TO 2070 IIGK*570

2120 00 2120 J a j,N3HT 1P46W158 ))
~ • I’4TV2(J ) INGNIS9U
11 (11 ,10,0) GO TO 2220 IN GR IbO ))
IW T (11) a INT (*).FIRST(J) ,SICONO(J) IN GR I61U
11(IPdV S (J) .kI.O) GO TI) 212 0 P16141620
INT V J( J ) * 0 INGR ISSU

2120 CONT IN UE IN GRIS14 ))
UPPE R * LOaCA 11611*65))
INITJ * INTT? IN (,Rlba U
I P (A L F A )  3000 .2*140 ,2*30 1N 6N167 ))

— 2130 DE L TA * DE1TA .2,0 INGN IB6U
— 

- ØETA a BETA .l 11611164))
21440 A IPA a A 1PA ,i INGK I700

GO TO 2020 l N (iW17$U
2150 •R ITE (NOU T ,9OAO) ING R IT2U

GO tO 5130 P1614*73))
C a INGN 1741))
C IP I T IGNA TIO N OVER THI REMA INI NG I N T E R V A L S , INC.lI I7SU
C sea—.... a .5 I ‘iCR 176 0
3000 IP IN a NZEROS .) I~ GWI Pt))

DO 3 1 0  J * l .N INT ING R I 18))
IH TV I (J) a INTV(J ) IN IèR%74 0

3010 CON TIN UE IN GR I8OU
INIT? * INT l INGII IBI ))

00 ~t~~v IBESS * * S I F I N  11614132))
00 3020 J a I ,HIN T - IN GR ISIU

1 ’ IIVSC J) * )NTV2( J ) ING 41M.I U
PJ l 1 5 T (J )  * 0,0 ING R IASU

1020 CON T IN UE INGR IAS U
IHT TS • 1NTT2 INGR I$70
00 3010 ORDER $ 4.25 ING RIBA U

CALL QUAD (IL,1NTV3 .ZEROS(IBLS$),Z(ROS (IBESS ,*) ,ORDER ,SECO~4D.I NGRl8 9U

-‘ j “TELL ) I NGR$4 OU

F-214 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~ 



- - --~~~r ’ t ’ .~~~~~n ~~~~~~~  
— ~~~— — -

~~~~ 
—,

~~ 

*050 INT( K ) • Z*FI1I 1NGROSQU
GO TO 1190 INGWO7 00

*060 ZNT(K) * F100.l .Fl0* 11GW0 7$U
CO TO 1190 INGRU 72I.

1010 111(11) $ .2,0.(*,0.NIj (1))*F$41M$,Z .IIUO P16410710
GIl TI) 1140 INCIIQP41U

1080 IN I C K ) a .2.O*($,0.NU(i))*F1l0+l *11 *1 P11.140750
GO TO *190 PiGWU7 6U

1040 1NT IK ) $ .~~~) 9 P1641071))
GO TO *190 111.41078))

*10 0 IN T(K) * FlI $l .ZaF 110 1N6R974))
GO 10 1160 IN GRONOO

11*0 IP’T ( k )  $ F **M 1 IN 1.R08*0
GO TO *130 P10110620

1120 INT( K ) * .J.0i (l .0.NU (I))*FIIM2 ,l*F*IH* 1 N6410830
GO TO 2*60 1.461104440

*11 0 INTCII ) * .1100 1.46410650
GO TO 1*90 INGRO A6 U

11 40 INT( K ) $ P*OM * 1N 6410870 -

GO TO *1 90 IPaG POBA U
1150 J P . T ( K )  * 11*0 IN GROA4U

GO TO *140 ING HOQ OU
*160 INT( 11 ) $ .FIIM 1 IN GR OQ I ))

GO TO 1180 INGRU9EU
1*70 IHT( K ) * P11HZ IN GRUQ 3O
*180 1F (R ,Gt.A CCU R C * )) 1.41(4) * INTCII)/R P161409110
1*90 CONTINUE IN GRO 9SV

IP(NI.A Y S .I0 .I ) GO TO 1*40 I- .110960 -

C • a Sea - — — -

C INIEGR A TION ~R (IN THE OR IG IN TO THE - I i NGRO9lUc Bl$SELZI N1I INGRO9QU
Ce...... Ca.. ....... a _• INGRI 000
2000 EN T T2 S lIfT IN GW *0 *0

INT T S * 11.77 ING R IO ZU
- - 00 2’)sU .1 a t.NINT 11611101))

INTV2 (J ) $ 4N7V(J) 11641*040 -

INTV3 (J ) a IN TV( J ) I N IiRIOSU
2010 CONT INUE ING R 100 0

UPPER ~ 211403(1) I N (ãRIO7U
SET A $ 0 111.01090
A L PA * 0
iou * 0 IN GRI *0U
DELTA a 0,SsU NO$(1) P.641)110

2020 LOmI R a UPPEN .OELTA IN1.R1110
IF(LO .E R.ACCUN( *)) 2030.203u ,2000 INGR I*3U

2030 AL PS a .1 INGM1 t S ))
LONER • 0.0 IP~GN I*S))2040 IF(IR(S .EO.I) GO TO 2030 1PI0R116U
C ALL (JUAO (iL ,INTVI .LOSER ,UPPE R ,l b.COMP,NTILL )
lF( NI ILL .P.1.0) GO TO 3130 ZNGR *IIU
GO tO 2070 I’414119u

2050-00 20.0 J $ *.N INT I NGR IZU ))
COM P (J) $ P15 (J) 1 .41.411220

20~ 0 CONTINUE I’.I.RIZJU
131$ * 0 III.14123U

2070 M ID PNT $ 0,S•IL OuEN .UPPEN) 1.4614*2110
C ALL UUA O(I L .INTVI,I. O*IR ,M IOPNT ,$ b ,FIRST ,NTELL ) ING RI2SU -

1F(NTELI.,NP.0) GO 10 3*60 INGR *160
CA l L Q))AQ (1L ,IN?V3 ,M IOPNT.IJ PPEM.544,51COND ,NTELL ) 116411270
IF (N 1tlL ,NE.O) 00 TO 3*30 1.4041*210
DO 2090 J $ t.N I 1.T 1N1iW 1290
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IF (N IILL , P,E,O ) GO TO 3180 IN GRIQ I ))
DO 3O bO J * * .N IN T INGR IQ 1))

11 $ IN TV 3(J ) INGG)930
IF (K .EU .U) 1.0 TI) 3060 IN GR I9UU
1P(A N S (IN1 (N ) ) ,L T .O .OL) CU TO 1030 2 ’.GR*QSU
I FCA U S((F 1RST (J) .SEC OND( Jfl / INT (K)),L T,c,1 *ACCuR(3)) ZNc11*q .~J

* GO TO 30110 l’4G~ *91U -

GO TO 3050 INGR *Q 6U
3010 11 (A IISCFIRSTUI .SLCONO (J)),Gt .0,1.ACCUR(?)) GO TO 5050 1N(.W19QU
30110 IN? V 3 ( J )  * 0 1NG~ ?OOU

I N T T $  * 11173 .1 IN( ,R2O$))
60 TO SOsO INGR2OIO

ZOSO FIR SP(J) * SECONO (J) Ih1.~ ZO3 V
1060 CONTINUE INGR 2O11U

I F C I N T T 3 ,IQ,0) GO 10 1060 11614205))
3070 CONT INUE INGR2OD ))

.RITE (NOUT .9O2O) IN&WI O 7U

.R I T E ( N O U T , Q0 50)  ZERU S C IB ESS)  INGR2OB ))
C 111i142040 -

C AR R I V A L  HERE M EANS THAT THE DESIRED ACCURACY CANNOT INGR IIUU
C $1 M ET BY M EAN S  (IF THE AVAILABLE 1.ALj$SaJALQ$i 1 .464122*0
C PO LY R OM INA LS 116142120
C 5*S .e 116NZ$ 3))

GO 10 3111 0 1146411100
3000 00 3*2 0 J a I.N I NT 1.4611215)) -

K • IH TV1 (J) 1160216))
J P C R .€Q ,O ) 61) TO 112’~ INGWZITU
IN t(11) a INT(11 ).SECONÔ CJ ) INGU1IU
I F ( A B S ( I N T ( 1 1 ) J . L T ,0. U 1) GO TO 3090 1.4614219))
I P(AIIS(SECONO (J),INT (11)) .LT,O ,I.A CCU R C3 )) GO 10 3110 INGR22OU
GO TO 1200 IN GR2JIU

30.0 IF(AA S (SECO ID (J)),LT .O ,%*ACCUN (Z)) GO TO 31*0 1.41.142220
3100 1111 (J) $ 0 1161 22$))

liD TO 1120 IN1.REIIIU
31 2 0 1111( J ) * *KCJ) ,t 1141.142250

11 (’I11 (J),LT.2) GO TO 3120 INGP2JSU
— I NT v J (J )  * 0

I NTT 2  $ INTT 2 . 1  1.41.142111))
-; 3120 CONTINu E 1.46412290

IP( INTT2,IQ ,U) GO TO 31140 INGR23O ))
3*3 0 CONT INUE INIi R2IIU

•R ITE (”OUT .QO$O) INIiR ZI2U
..RITE (NOuT .QO50 ) ZEWOS (IPIN) IN1.R231U

C ...a •a a I .46023410
C A R R I V A L  HERE MEANS T HAT ALL A V AILANL E BESSEL ZEROS 1.41.112350
C H AV E 8111. EXH AUSTED BECAUS E OF ILL CONVERG EN CE OF IN IiREI6U
C -. 

THE INTEG RALS 1.41.14217))
C...... . .... . — eel NGR1 1110

GO tO 3*80 P.641239))
3140 DO 3*70 J $ I.NXNT ING RZMOU

11 * I P . T V ( J )  IN1.RZIIU
11( 11.10 ,0) 60 TO 3*7 0 1N 61114120
IF (4•5 ) S1S0 .$IS0,3*b0 1.46142410

3150 1.41( 11) a INT( ’).LOAD 2 1(iRZll9U
GO TO 4*70 INGR2 ISO

lisa IN F I X )  $ INT (M)*N O STR S INGO2IISU

3*70 CON T IN u E I’il ;wumlU
017 00.4 IN GW 2 IAU

3*80 •N ITE (’iOGT.QOlO) C INTV 3( J).J $ 1. N IN T) 1.46.42490
GO TO 3$l0 1~ GW1Su U

9010 PO0.4AT (’ DURING CA LCUL ATION OF ZN TCGPALS ’ ,10I3) 1N 6142510

- 
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9020 FORNAT (’ SUSPEND PRU SRAM GAUSS POLYS I’XHAU STEU’ ) 1N 641252U

— 9050 ~ORKST ( SUSPEND PROGRAM B ESSE L Z EROS E A M A U S I E D ’ )  INGRIS3U -

90*0 F O R M A T I ’  SUSPENI) PR OGR AM SIEPSIZE FIRST INTERVA L TOO SMA LL’) I NI;R15440 -

9050 POR~ AT (’ Al THE V A LU E .EIl ,14,’ ION THE I N T E G R A T I ON  VAR IAB LE ’) 1.4611255))
END iNG~ 2Sb0
SU300UTIP.1 UUAO C IL .IN TV . ALO.U P.NGAUSS .PSC,NT EL L J IJUA UOO *U -

C.  ))UA0002U
C THIS SUBROUT INE CA LCULAT E S FOR THE SET UUA PIQO IU
C INT V THE INT EG RA L S UP THE CORRESPONDI N G UUA 000UU
C FUNCTIO NS IGRAN D 8ITwELr. TIl E L IMITS ALO OUA IJUOS ))
C AND UP BY USING A GAU SS Q U A D R A T U R E  (11 UUA000 b U
C- ORDER NGAUSS , UUA 0001U
C — FOR NGAUS$*1 b A LE6E.4L)RE .GAUS$ QU ADRATU ))UA000A))
C RE OF ORDE R • 00*0009))
C .FOR NGAUSS .LT ,16 A JACOB I .GSU S$QuADRATu QUA DOI CU
C HE, OUA D O I I ) )
C THE ABSCISS AE AND “EIGHTS OF BOTH ARE OuAO OIZU

• C STORED AS A GAU SS A N D 146AUS$ IN THE BLOCK 00*00230
C - DATA , (JUA DOI QU
C THE SET OF INTE GR AN OS IS COM PUTED DURING QUA DOISU - -

C SUB SEQUE NT CALLING IN 0F QUAO O1NU
C SUB ROUTI N ES MAT R IX U UA DOI7U
C IPIGRA GUADO II ))
C AND FUNCT ION IGRAND 00*00190
C THE SET OF RESU L TING INTEG RA LS IS QUAOO 200
C DELI VER ED IN F8C UUA OOZ IU

- - C~~~ ee...... .. .. • Q UA DO2Z U -

INTEGE R INTV (I0) UUAD OZ1 U
REA L IGRANO.f$ C (lO) 0UA60240 —

COMM O N IGAUSS /AGAUS$ (Ib .Ib). PIGAUSS (*b. 16) (IUADO2SU
.41.41 a 7 OUAO O1sV
IF(IL.EU ,1) NINT • i o  0uA0027 ))
00 10 J * I, NINT IJUADO28U

11 $ INT V( J 3 0U*00290
IFP1 .E0,O) GO 10 *0 0UA00300
FSC (J )  a 0 ,0 UUA DO SI ))  -

10 CONTINUE QUAOO 3ZU
L ABE L * 0 QUADO3 3U
11(IL .I0.2) GO TO 20 00A003140
1f ((Z NVV (I) .IN TV I2) .INTV( 3)) .GT ,0) LABEL * LABEL ,I QUADO SSU
1F ((I N TV(4).IN TV( SlJ .GT.0) L ABEL • LABIL+2 QUADO3SU -

IF ((INTVIe).INTV (7)), GT .0) LABEL $ LAB& L+41 0UA 00370
— 

60 TO lu UU ADO 36U
20 IF ((INTV(I) .INIV(2)), GT ,0) LABEL * L*BIL+I OUAD O3 QO -

IF C (~ NTV ($)•IN1V (4) .~ I4TV(S )•INTV(b )+1NTV(~~)),Gt ,0) LABEL * LA SIL .2OUADOUOU
1F (CI NTV(6 ) .INTV( 9) .INTVUQ)) .IiT .0) LABEL * LA B EL.4 Q UA DOI * 0

30 1* a 0.5* (UP—ALO ) 4IUADOI IU
12 • 0,S.(UP .ALO) WUADOIIIU
16AuS$ - * NGAU$ $ QUADO **0
IF(NG AU S$ ,IO.I.) IG AUS $$e QUADOI SU
DO SO I • I.IGAUSS QUAD OISU

a * 1I.AGAU $$ (I,Nr.AUS5).F2 UUA OOI 7U
CALL M A T R I X  C K ,l,AeE L ,NTELL) QUAUO4CU
IPC NTILL .o)).*) RETURN ))UADOU9O
CALL FRI GRA (ZL ,X) Q ADOS QU
00 *0 J $ l.N INT uu*OOSIu

11 a IN TV CJ) QUADO SZU
IF(ii,E0.0) 60 TO *0 QUADOSIU
FSC (J ) I P$C(J) .PI1.AU$3 (I.NGAU SS) .IGNAND (X.K) QUADOS *U

*0 CONT INUE QUADOSSU
SO CO NTI NUE QUADOSsU

7-27



— w ~~~~~~~ 
- - - —

DO so J * ),N INT (JUA UOS7 V
K * 1’.IV (J) (10*0050))
IF (K .EU.0) GO TO 60 QUADOSQU
FSC(J) * FSC IJI .F 1 UUA D O SOU

60 CONTIN UE l.uADOolv
70 141 TURN wUSUOblO

END
SU BROUTINE M A T R I X  CX .LA BL. NT (LL) M A I0 00IU

C 14* TK002~s -
C 11.1$ SUB ROUT IN E CUM PUT E S IPI E SE T UI CHA . MA ?KO0 3 ))
C RA C T E R I S T I C . F U N C T I U N S  10 . v 0 . S 0 ,00. T I .v I ,  HAT I I OO4O -

C $t.U * , TQ$ AND SOt IO N THE VALUE X OF THE MAT ROO SU
C 1NTEGRA TIUN .PARAM ETER . USE IS MADE OF HA TNOO6))
C C ON STAN T S CALCULATED IN MACO IL AND MS ZCON ,M A TR 0U7U
c THE Y .INI STOREU IN C O M M O N/ I N D A T A , , MA T RO OBU -

~ 
-

C C 1A R A C T E R I S T J C . F U N L T I O N  VA LUES A WE O ELIV I . MA T K UOQ U
C R IO I’( (UMHONIIf.RAN~ , MA THO100
C LA B L DET EN HIN ES .HICH ClIANACT ENISTIC . MAT RO1 *U -

C FUNCTIONS ARE N11010 MATNOI 2 )) -

C .LABLt1 TO .V0 .S0.UO 14*111013))
C .LABL$2 T1. VL,S1,U1 MATR UI II U
C .LA B L$3 10. VO , S0 , U0. T * , V 1 . S I .U L  M A T R O I S U  

-
C •LAHL*11 11)l ,SGl l M A T R O L N U
C .LABLaS T0 .V0 ,SO .U0 ,TQ1 .$QI 14*100170
C •LABL *a 11.Vl,S1. U1 . T0l .S&i l M A T R O I A U
C .t *BL*7 10,V0 .SO .U0 ,TI, 01 .Sl ,U * ,TOl, S01 MA T RO *Q ))
C SUBROUTINE IS IN TEWNUP TED A N D R E TURNE D 14*1140200
C “I l~ ITELL *I .H(I~ SOLUTION BECO sES TOO MATQO2IO -
C INA CC U R AT E BECA USE. OF iLL MA TRLX .CCNOI . MAIROZI U
C UN DURING INVE R S ION , 11A T11021U
C .14* TRO~ u))REA L LOA O .NU. s I* .4 .9) , P(11.2) . PPC ?. 2 ) , K * , K2 . 115. K A ,II, NJ ( 2,2 , 9) , KK e, .MA T ROZS ))

IA C C U R ( I ) , - ’P( 2 , $ O ) . NJ 2 ( Q ) . P3 ( 2 ) . N P Z C I O ) , 1111(10 )  MA TRO Z6U
CO PM ON/A S O I/ L A W .P 4 L A ! S .$ .R ,Z. kUT t O ) , *Ct014 .LOA0.HOST W S ,NZLPOS .K ( Q ) H A T R O Z7 U.
I.KSC2O) .E ( lO ) .A L (9).VHICI((9) .RA O IUS (I0) M A (RO ZBU
COMM ON / IN D *T A / X M A X . Al(9).Iil (Q) .C1o9).D (Q) .(E (q).F(42,G(9),HI(q).MA TRO2Q U
III (Q),X ICQ) .*2(9),K b (IO).8ECQ),BUC9),BUU(’?),BMU(9),B2U (Q),BIUU (Q).MA TROSOU
2JI(9),JI.TEC1O).S$ (2.10).GOU (Q).6021o9i,G022(91,6122 (Q). MATRQ 3IU
3W012(9).M012(9),s)2l(9),00I2(Q),0022(9),CO1* CQ),C0l2 (9).10I2 (Q). MA T RO3IU
41012(9).P$12 (9).1022(Q).CCCU.2,Q),00(2.2,9),FF (.l.2,9).GG(2.2,l0), 14ATR0330
SHN(2.2,LO),RR (11,1,$O),002(4).G1Q(9),(ill(9),H2O(Q),Il02Io93,GGZ(*O).14A 1R03110
SMM 2CIO).QOLI (9) .Q 1 It (9),00l2(9).0* *?(9),TJ2$2(9),lJu?2(9).Qlfl(Q). 14*1110350
7UF 0(9),lJf l (‘I) ,Z0ll.Zll 1 .Z211 ,ZOtZ.Z1t2 ,Z212,Z3tZ,ZO11 .1121.Z022, M&1R 03b0
aZ1lZ,Z222 .Xa M A TN OIT ))
COMMON/IGRANITO. VO .SO,U 0.TI.Vt .S1.UI,TU1,SQt.FPIGN.LK1,LXZ 14*1140350
COØMO N/ TA PL /NUUT MA TRO 3QU
L ABE L * LASL MAT RO400
IF(LIBIL ,LT ,41) GO T O * 0 0 0  MA T RO II I ) )

• If (X ,Lt .*M&X) GO TO *00
Ce — c  a 14*710*3))
C A S Y M P T O T I C  EV A L U A T I O N  1W TOt *1.0 SQl 14*111011110

C F0~ X S GEI X HA X . $51410115))
C a eea....MA ?RO.Ib0

TOl * 1,0 MA TROM7 ))
IF IL AYEW .E0 ,2) GO 10 30 MA TRO *OU
J • LAY t~ •t MAT WO4I QU
DO 20 11 a I ,J

TQI*TI1I .l, 0.(I,O.A LCX ))# ((1 .0.AL (K) )* (I,04kt(%)),O ,Se AI (IIP1X)
20 CO NTI NUE MAIR OS2 ))
30 30**TQi .(O .S.A L(LA YER ) .Xa (I .OSA ( CLAYEW)) *Hl (LAY ER ))/ ((1.0 .A L (LA YERMAT ROS U

1 )) *(1,0 ,XI CLAY ER) ).0 .b* AL(LAY E R ) *X) 14*14105*0
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U AN~~~a41 14*711055))
GO TO 1 000

C a a~ MA TROS7U
C C A L C u LAT ION OF TIJ 2 AN t) SUI FOR X ,IT ,X MA X  ,4A 1N058U
C — ...a.c  a ..MAT k))59))

140 11(41 .114,0) GO TO 12 0 14*74106 00
00 *10 4 • 1,J* MA T P Q 6 *U  

-

GG2~(J.I) $ (iZO(J).G2* (J)*X 14*114062))
NM I (J ,I) * H20(J),G1ICJ)** M5$140a30

110 CONTINUE MA100641))
120 00 *50 11 $ t . M MA T NOS S U

IF (41.141.0) GO TO 140 MAIR OSb U
DO * 30 1 a ~.J1

IF (J2(1 ).EO.k) 61) 10 *50 .4* 141068))
$30 CON TINUE 14*700090
140 al $ 0,S*(*,0,111 (41)) N *TRO700 

-

w2 $.Q,5*X2(X) N *Tl~07*U -

$1 $ 6((K)*0.ZSeK N *TK 012u -

NJC 1 .1,11) a a~ s..3 .4*700730
— 

NJ(),2,I1) $ .42.13 MAT RO1R0
NJ (2,%,*4 $ 4131.1.3 14*1140750 -:
.44(2.2,41) * •I•U3 MAT RQ7eU

*S0 CONTINUE MA 1110 770 -

45 $ 4 * 4 *  .4*1140711)) 
-

00 300 MM * *.JS .4*111079))
N $ J3•$.$M MA IRO IO ))
IF(~~— * J  *60, 160.110 MA T0 06 LU

160 41 $ i 14*1901120
GO TO 180 MA TRO81))

*70 43 $ J2(N.*),* MA TWOB11U
• IsO IF(J5•~’) 190.190.200 14*7110850

*90 44 * ~~ 14*7110860 -

60 10 210 14A 1K0570
200 JI a J2(N).%
210 1F (J1,GT ,J41) GO TO 2*0 $AV14089U

DO 210 24 $ 45,4 11 MAT110900
I~ 

I J*,J3—IJ MATWO9 IU
IL S 1~ +I NAT R 09ZU

E XPOa—* .T2(IL) M *TR0930
• IF(EIPO ,LT .—70 .O)GO TO 2*2 NA TRO9$2

EXPI.IX PIL* PO)*$$(* , I l )  14AT 10932

• GO tO 214 14*100933
2*2  t * P1I~~,O NATNU9I 4I
2*4  00 230 1.1,2 M A tkO9sU

220 55(1.111) $ NJ (I.*.Ik)*EXPI .IdJCI,a,II1)*SS (2,IL) 14*1410950
250 CONTIsIIL MA 7RO9~ U
2*0 IN S N•* 14*100970 -

1XP0s.X*12 (J1) 14*141097*
Ir (L XPO ,I.t ,.70,O )GO 10 242 MA 1410972
1X P2.E*P(LIPO) .4*700973
60 tO 2414 5AT 4109741

3*2 1*12*0,0 14*14109Th
2114 0000sGGZ(N) .$s (I,J1 ).EaP2 MA T ItO9SU

• Pj * P000,NMl(N) .S$(2.J3) s*T410990
• C.a.ea.ae.....a.a .aaa .e..eeeee.sa....a...e. e.aaa .eaa ...MA 101000

C 1151 M *TR1IaCOND IIIOP. bEF ORE INVERS ION . 14A 1111 010
Caa..e...eaaaa..a..... .e....a. .ea. e..a a.aca.a.a .a. ...MAT R* 020

- • 1F(A I$~ P1),LT ,I,0L.?sA11S(P0OO)~~A CCUN($)3 GO TI) 3000 .4*14110311
1412 * $,0#P2 1 4* 7 0* 0* 0
I1(N .IQ .1) 60 TO 1*0 MA TN$OSU
.443(0.4 ) $ PP3*DDE($N) 14*1010.0
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T

00 210 1 * 1.2 M A T R I O 7 V
270 P3(I ) a SS (I.J3)’NJ2(NN) N A T R * O M U

MA TH *09))
SS (I.J$ .$) a P02.1,0 $A TW $ % O U
SS (2.J3.* * *,0 14 * 10 * 13 0

300 CONTINUE M * TR I UU
1*0 IF(NTELL .LQ.2) RETURN 14*111 *11 ))

.402(I) a .PP3 M A T R * 1 3 1
IFCJ I .EQ. 0) GU TO 390 M *TR)111 ))
00 150 I * I . J*  1 4* 1 4 1 1 1 5) )

4 • J * 4 % — 1  M ATR * *a )) -
Z 1 ( L A Y E R ,GT ,J 2 (J ) )  61) TO 3o0 M A T R I I 7 U

350 CONTI NUE M A T R 1 I B U
J 5 * 1 M A T R I I R U
GO TO 390 MA T R L 2 0 0

500 DO 330 I * 3. 4  NATR 12 IU
NP2 ( 14 1)  * NJ ? ( I )* NP2( 1 )  14* 111222 ))

380 CONT INUE MA TRI2I0
45 * J•* MAT R 1211~I390 J * LAYER HAT RI 2 SU
$0) $ SS(t,J) .NPZCJ5) 14*1411200
T (J1 * SS (2.J)*N142(J5) M * TN $ 2 7U  -

LA BE L * LABEL .0 14*114126))
C M ATH I2QU
C A S Y M P T O T I C  EVAL UATION OF T 0 . V O . S 0 , 0 0 , T * ,  M*T R I300c ~~~~~~~~~~ Al-ID UI FUN X .GE. X M AX - M A TN * 31 U
C MAIN I 3J0

1 000 IF(LABEL.LQ .0 RETU RN .4*1141310-
1F(* ,LT .*~ A x GO TO 1*00 MATR IS I I U
L a LAYE R 14*741135 ))
12 a t** MAT R I30 0
*3 * 125* 14*11.1510
IF( L .EQ .N L A V S )  GO TO *010 MA TR I IBU
£11 * Z0I1•I ’ZII)•x2 .ZEI1 .4*1411390
~12 a Z0l~’.a’1 lI? ,X2* Z2l2 ,X3* 1312 MAIRIIIOU
£21 • Z0il ,*5112* MA TW * 41 1 0
£22 • Z02~ ,I.Z%32,z2.Z222 • M* TR 1420

*01 0 IP (LA BE L, G T ,I) (.0 TO 1030 MA TN *41 30
1020 IF ILA BE L,E (J,0) RETURN MAT R III *U

N P C * .* )  S 2.O*NU (*) 14*1111115 ))
1.0(2,1)  a * 10 MAT RI I I SU
GO TO tOIe O .4*101*70

1010 NP(1.*) $ l ,O—l,0 .Nu(1) MATR 1 *11 U
MP IZ ,l) a •~,0 HA TR *11Q))

*0*0 PUF * 1,0 14A 1411S00
IFCL .E Q ,t) GO TO 1000 MA TR IS I ))
DO $050 K a 2,L 14*703510

4 a II~~1 NAfIcIS 3U
POP * PQP.Ks (J)/(0F0 (J).QFI(J) .X) 14*7411511))
•$ * a5~~(J ) s ~ 14* 711155))
.9 * I4(J)•~ MATR $550
R Pfl,11 ) a N P(1.J)SCQO II (J ) .IJ1LII J) .X,M 1*19) ,N PC2 .J )*(0 012 (J ) 14 *71415 70

* •Q 112(J).Z.Q2*2CJ)’12..1’.9..9) 14*71415410
*050 1.0 (2,41) * a.**NP(j,J) .NP (2 .J)A (Q032 (J)40122 (J)*Z .51*w9 ) 14*1411590

IF(L ,N t ,NL* V S ) GO TO tObO MA TR I000
S * 0 .0 M A T R I S I ) )
U S Q~ 0 MA TWIO 2 U
GO TO *070 14*TQISIU

*0.0 S 1 (NP (I,L).21* .1.P(2,L)SZ$2)*P(JF/((JIO(L),UFI(L)a*) .4*14110110
U s  (NP(3.L).Z2).h P(2.L).Z22)*PO*~~(W 0(L),IdF l CL )aX) .4*141*05))

*070 1 * NPC* ,L)sPOF - MATR$5Ø0
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V * NP (3~ L)SP41F MA TR Ib7 U
IF(LAB EL , GT .*) 1.0 TO *030 .4*11.15410
$0 * S 14*10*090
U0 I U MA TR *100 -

TO * 1 .4*711171)) -•

V O S V $A 7W1730
RETUR N M *T0 *13U

1010 $1 $ S 14*114174))
Ui $ V .4*141*75))
TI * 7 MA TR)700
V I * V M A T K * 770
LABEL s LABIL .2 MAT H I7 OU
GO TO 1020 14*7111790

C —  sea  a NA TO 1800
C C ALCULATION UI T0 . V 0 , S O . U O , T 1, V 1 . $ I AN D 14* 141 1 11* ))
C UI F OIl 1,L1 ,KM A X 14*111)820
C a .14* T I.* 1P30
1100 IF 141.114.0) GO 10 1120 MATPE*844U

00 1*10 J $ 1.41 - 14*111)850
11 • 4 3 (4)  MA IR*800
Ut ae$t (K)**
.49 * M(k).* M A TRIB8U
CC(1.I.J) a C0*I(J)+l ,O.s’9 MA 71418 9 0
CC (*,3,J ) $ C01Z (J),l,0*.9am9 14*701900
CC(2,2.J) • C0*1(J).1,O..9 - $l i T R $ 9 % ) )
00(1,3.4) $ D0*2 (J ) .0D( l , I ,J )a .9  M-(T01910
00(2.2,4) • D022(J),00(Z,1,J)..9 M A TR I 9SU
11 (2 .1,4) * .CO1I(J).2,Oe.49 4*7141911))
F F(* ,2 ,J J  ‘ Fo*2(J),F*Id (J)*149a2.oew9.oq MAT R I9S ))

* FOU(J),3,0sw9
6 6(2 ,2 , 4.1)  * GOIZ (J).GG(l,1,J,l)5W9 14*7.4197))

* GO2* (J).~ * 14*70*980
66(2.2,4.1) * 602u(J ) . (602* IJ ) .” I’ ) ,GIU(J ))aX,NIa.9  MA TR 194 U
MM(I,3~ J.$ )  * 140l2 (J),HN(1,l,J,l)*”9 MA1412000
1414(2,1,4.1) * .4021(47.41) 14*71.20*0
$N(3.2.J’I) C $021(J).HO2t(J)*09.H122(J)*X,.3*419 14AT 412030

- - *2* 0 CONT INUE MAT 4120 30
*220 00 IlSO K a$, $ 14A T41 30110

IFIJI.t Q.0) 60 10 11*0 14ATR2030
00 1110 1 $ *.J* 14*1412050

I P ( J 2 ( 1 ) .1g ,K )  GO TO IISO I4ATN2O7U
2*10 CON tI NUE 14*1412080

* 140 .4* * 814(1(11)5* M*TR209U
.9 $ s(11).*
4110 a w9a&
•2 $ .20*81 (41) 14*7112120
o i $ • •2•.9 M ATR 2 *3U
411 * u9aC* (41) MA TR 2 *aU
.1 a S((41) *I  14*741 2 *50
*5 * RU(41)~ * 14*7412100
.8 * W UU( I)aX 14AT112170
.7 $ C* (’)asO•u9 HA TR I*3U
. 4 ( 1 . 1 .’) ~~~ *)

(K),N*..42 14*7413190
• ( l , 3 ,K )  * .IE(K).F (11).’.9,.d,S2U(l~)*w1O .wtt M *14122041
s ( $ ,1 ,14 )  $ D(K)..3•w*..’2 14*7022*0

• o ( i,*,~~) S •G141).N1(11).i.9.NUU(k).*.417.I2UU (K).010..11 14*703230
.(2.*,11) * 011 14AT02330
w (j,3,41) • 81(4)4.5,02 M*T022*0
s13,3,n ) a CIIiI).Ø~ MATN 32SU
R( 2.*.k )  * I1(K),.3•~S.Wi
s(3,$~ k) S D(*)..3.NI.l-12
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.(3,2.K) * G(.).bi2 (*)*’.9 .ae,wF.b200 (6)*.*0..l1 .4*111228))
w ( 3 , $ , ii) a A 1( I ()— . I.w3
.(3,11,6) * 1E ’ i),1 6)* ,9 ,a .o ab lu ( k ) . .lOa .* I  14A1112400
.4(11,2. 4) a •C* (11)•I’11 14*7142 31))
.141,3, 11) a IL(11)— .3,’5..’2 MATP11IIU
* ( 11,4, 1 4)  * .414 14*1112330
.i(11,0,11)  * 3l(P1).aS+a2 HATII234U

1* 50 CONt INUE MA TR335U
45 * J 1~~1 MAT R 2 3 SU
P1165 * $,Q MA711237))
DO 13 00 MM $ $,JS HAT 412350

1165 a 1,0 MA T4123 90
II * J5.*.MM MAT N2IIOU
IF (N—1 ) Ita0 ,L*a 0 .21 7 0 MAT N I4I0

1*5 0 43 * I MATH2 1II)) 
- 

-

GO 10 128 0  M* t 1421I3 U
1* 70 43 $ J2 (N.l),* 14AT 1121144 0
1*80 11(45.1.) 1l9O .1190,*200 14*11.21150 I -

119 0 JIl a N MAT I4211b))
(.0 10 12*0 14*1 412 1170

1200 444 s J2(h).l
*2* 0 11 J3. 1 T ,Jo) GO ~r 124 0 MA T R ~~44 9U

00 125 0 14 a J3,J11 HA IN2SOU
I K * 441.41 .14 MA TR 2SI )) 

-

IL ~ 111.1 14*111252))
11145 * 11110*60(16) 14*111253))
IF (IK ,EU,LA ,ER ) PKK~ a 1145 .4ATR2S41))

IXPOa .1.T2 (IL) MATR 2SII 1
IF(E* PU ,LT ,.70,0)GO tO 1212 14*71425114
I X P Ia(X P(EA PO ) 14*11125113
GO TO *214

1212 E KP Ia O .0 MAT14?5I4~
121* DO 1220 1*1,4 MAT N 2 SSU -

00 1220 41 * 1,2 MA TN 3SB U
*220 R11 (I.V..Ik) :(a (I,I,IK)lRR ~~I, K ,IL ),.(I,2.IK)*NR(3 .K .IL) )MA1k 257U —

* *LXPt,.(I,1.I11)*W14 (S,%,IL),M (I.11,I11)*RW (U .*,It.) M*TN2SBU
1230 CO NT INU E SAIN2.OU
12*0 N M a 11.1 14*1142010

t*PO$ .X.T2 (J3) M ATR 2O 1*
IP (EI PU .LT .—70.0)GO TO 1248 2 14*74120 14
L1142*IIP (E*PU ) 14*711201*
GO TO *2*18 14*102.1*

12112 11P2*0,0 HAT R2O IS
1244 00 1250 1*1,2 MATN 2o2U

00 *250 11 * 1.2 14*1412030
*25 0 P (I ,~~) s ((.G(I.*,N) .RR (1, K ,J 3),G(.(I.2,N)*RR (2.K.J3)) 14*11420110

I *L* P2 ,sK (I,1,N)*NR (S,11,J5)+l-414 (1.l ,N )*WR (M ,K ,J3) 14*1.42050
P1800 * I’(l.I)’P(2.i) 14*7414550
DET a 04100.P(1.2)*P (2,1) 14*1412070

C. a 14* 714 208 ))
C flST .4A TNI * .CURD IT 1O 1. b E FORE INVERS ION , M *TR 359U
C 14A 1112700

IF (APIS (DE T ) .LT .l.QE. 7*AB S( PROD )/ACCU R( 3) ) Ii)) TO 2000 14A 1412 7 1U
a 640/0(1 14*1142720

PP(j .*) * P(2.2)*Q’Ko 14*7142730
PP (1.2) $ . P( I . 4)* l j’K b  MAT R27 1IU
P0 (2,1) a .P(2,I)’))4115 14*741475))
00 ( 2 . 3)  * P(I, l)*011I10 14* 114270))
11 (14.10.1) 60 TO *310 14*1114770
DO *150 1 * 1,2 I’ATR 17AU

00 12b0 11 $ 1,2 14*1412790
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* 200 NJu. K .~~~~aPPu.1).ouu , k ,N.4),ePu,2~ .DD(3, k ,Nt,) MA IR 21100
00 *210 I * 1.11 14*71.211*0 -

DO 127 0 11 * 1,2 14*7143840
1270 14 (1,6) z(181.(I,I.Jj)*NJ(l .k,NN) ,NR(j,l.J3).NJ (2.14 ,NN)),~~ bMA 1R285u

DO 1280 1 ‘ 1.2 14*141311480 -

PP (l.L)S (P (1.U ,E012(NN)*P (2,I)).kXP2 ,FF (I,l.NN) 14*10245))
* •P(S.I).PF(*,i.NN)~ P111,I) M *1 11285))

*280 PP (2.I)SP(3 ,I)atlP2 ,FF(2.I.NN )*P (1,I).FF(2,2,NN)*p (48,1) .4*7112870
(70 *l9~ I * 1.3 14A1R2390

DO 1290 11 $ 1,2 s*rsi2~ ou1390 RR (I.pI,J3 .I) a CC(I,Ii ,NN).PP (I.117 14*10391))
RN(3 ,1 ,J Sa $)  $ 1.0 14*1412920
kR (3,3,43.%) $ 0.0 MAT .1393U
41R(4,1,J3 .$) a 0.0 14*74129110
*11(4,3.43.1) a 1.0 14*7142950

150 0 CON T INUE 14*703900
1110 IF(N ILLL ,EQ,1) GO TO *00 14*141291 0

II(L*BEL .GT .I) 60 10 1)50 MA1N 2 971 -

132 0 IF(LANEL ,EQ .0) RETURN 14*1412950
1.14 (1.1) * PP(1.*) 14*1412990 -

NP (3,j) $ •P(3,*) 14*1143000
GO TO *340 M AT R IOI U

1350 1 4 0( 1 , 1 )  a PP(~ ,j) - 14*741302))
NP(3.j) $ P0(3,3) 14* 1143010

1300 11(41,10.0) (.0 70 1 590 MA TR SO *4L
DO * 150 1 $ 1.41 14*103050

4 11 J l~~I•I M *T R3000
IF(L AV E R .GT ,JJ (J)) GO TO 13.0 14*7413070

1 530 CUNTINUC 14AT113080 -

3 3 * 1  14*1.30 ))
GO TI) * 390 14*1413100

*3 00 00 *380 I * t .J  M A T R 3 I *V
J M ~ 1.1 MAT I13I 2Q
00 *57 0 41 $ 1,3 M *703*3))

*370 NP (11,IM 7 9 NJ (6,I,J )*I4P (*.1),NJ(K ,2,j)INP(2,I) • 14*71111110
1580 CONT INUE 14*111313 ))

43 $ 4.1 MA TN I100
— 1390 4 * LAYER 14*1143*70

S S (R N( * • * .J).NP(1.J5),l(R(I ,3,J).NP(3,J5) 7/011110 N *TR IIOU
U *(W41 (2,l .J).NP(I.J5) .14N (2.2 .J).PlP(2 .J5))IPKKS 14*101190
T *(R R (3,1,J) .PIP (I ,J5) ,14I* (3,4.J)*NP(2,JS))/PKII O 14A70530I7
V I (R0(4.1.J).1.P (1,JSI,Rk (a,2,J )SNP(2,J5))IPKII. MA TR$~~LU
I1 (*.ABIL .6I ,1) GO TO 14800 MA TR 322U
tO U 7 MATR 5?1U
SO a $ 14A TP 34410
110 $ U 14*103330
VO * V 14*t411200
REtURN 14*11452711

-
• *000 SI * S 14*101280

TI C 1 
- 

P1A103390

11* $ U 14*7143300
V I a V 14*1113310
L A IIL S LA$ELaJ 14*741 3330
00 10 * 320 14A 14135341

Ca...a..aa. ....a .aa. ..e a a a ... .M* 71433*0
C *W R IVA L M(R( M EA NS T h A T sOLUTION OF T14( 14*7413350
C CN*I*ACII N IST IC F UPILTIO 1I S 14*5 BEEN STOPPE D M *TR1500
C PREMATU RE LY BECAUSE OF ILL 14*141)1 CONDI . 14*71435711
C tION MET DUR ING SOLUT ION PROLESS . 14A 1413511U
C a..ae.e..eaaaaaee aa. .a.a. aMA 7141590
2000 uIITI (NOUT, 9000)A
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NTILI. U 1 NA1R311~ U
RETURN 14*141542)) -

9000 IORMAT( ’ ILL.C010ITIONED DETER M INA NT FOR XI’ ,(IS ,7) N* 7 R343 U
(ND MATR5114U
SUBROUTINE FP1ca~ (IL,X) 10160010

C a... .aae.aa.a n ..a.aa e...aasa a....a.. ...e ....a.. e. ... ...F P160030 
-

C THIS SU B ROUTINE COMPUT ES THE BESSELFUNC. 10160030
C T ION aPAR T OF THE INTEGRANDS FOR THE FPIGOO4U
C INTEGRALS COMPUTED IN 141614*1., 10160050
C FOR IL*t THIS PART I$ J0 (XR).Jt (X) 10160040
C FOR ILa2 THIS PART 1S JI(XR) *Jl (X) 10160070
C COMPUTED RESULTS ARE DELIVERED AS FPIGR , 10160080
C E XP* AND 1*02 IN COMM OPI/I GR *Nl 1016009))
C THE SUBROUTI NE CALLS IN FUNCTION BESS , 10160*00 - -

Ca.a.a—ae.a.. ....a. ...a •a.aee•aea.e.ea.._es...e.ea.a.FPIGOIIQ
RE AL LOAD ,NU ,ACCUR (3),KS 10160120
COM M O Pd/ ASDT #LA flR,NLAYS ,M ,R ,l,NU( *0) ,ACCUR .LOAD,HO$TR $,NZ(RO$,H(9)FPIGOII0
*.KS (l0),E(l0).At (9),THICK(9) .R ADIU$( 10) 10160140
COMI4ON#100*N/T0 .V0, S0,00.T1,V1,$1.O).T0i,501,PPIGR ,IXP1,EXP2 FP IGOI5 U
IF(LAY E R ,NE .I) SO TO 20 FF1501 00
TO $ TO.3.O11NU(1) 10150170
VO S V0.*,O 10160180
TI a Tt .t,O,2.I*ISU(1) 10160190
V i $ V1.*,O 1P160200 —

TOt $ 701.1,0 FF16021))
20 IF(Il .LT .ACCU R (i )) GO TO 40 FPIGO22 U-

IF (IL.CO ,2) GO 70 50 FF36 0230
101614 $ BISSCO, XaR )*BES $ (1,X )#X 10*60240
GO T O  so • 10150250

30 FPIGR $ 8ESS (j,X.R)aB1S$(1,X)~~(X.R3 101502S4
Go TO 60 10160270

*0 11(11.10.2) GO 10 30 10160280
1016* $ BESS(l.X)/X 10160290
GO TO 00 10160300

50 FPIGR * 0,S.BtSS(1,X) 10160310
60 IF (NLAYS .tQ .t.A Y (R) GO TO 70 10160520

IF (A SS(X*(2 .O*N (LAYER ).l)).GT.70, O)GO TO 70 10160350
11,1 * (XP( .X*(2 ,OaH (LAYER)a Z)) 10*60340
1F~~~x *Z).GT ,70.0)6O TO 90 101603S0
1102 a EXP(.X*Z) FF150300
GO TO 100 10150510

70 IF ((X*Z) ,GT .70,0)G0 TO 80 FF160380
1*01 $ 0,0 101G0390
L IP? 5 ( IP(a**3) 10160400
GO TO 100 101604*0

80 1*01 a 0,0 FF160020
90 1*02 • 0,0 10150450

100 RETURN 10150440
1410 10160430
FUNCTION I(SS(N ,X)  B ES$00 10

C eea a. a...... — .. .a..... .eaaaee. a.. . a ee . .aa ..e...a. ....~ ES 50020
C THE BESSEL FUNCTIONS 30(13 AND 43 (13 *R( 8(550030
C EVA LUATED IRON THEIR CHEBYSHEV SERIES, 8(350040
C (SEE CLE N$14*U .M AT H , TABLES .VOL,S, 3(550030c C HEBY S HE V SE RIES FOR MAT H , FUNCTIONS BESS000 0
C PIPL .Q$ZR), US$0070
C THIS PROGR AM SELECTS THE APPROPRIATE 8(5500I0
C CIIEBY$HEV CONSTANTS ACCORDING TO WH ITHER 8(530090

- • C 11*0 00 14.1 AND WHETHER * IS GREATE R ON 81550*08
C LESS THAN 8.0 AND CALLS IN FUNCTIO N CHEB 81550*10
C TO SUN 7141 51111$, $1580120
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C ae..e.a. aesa. SE 55013))
DOUBLE P~ 1C1SI ON 8(12.2),BP(S,2),BQ(S,2),j 8E550I110 --

D A TA B ~a ,3~ •8~ ,76 0 — 7, .,17520.S , .~ 2U6 0Da44,.,46O62aQ.S,.4819teOO.2,BE 5SO13 0
l.,188893769D.l..158057102D.O,a,310091199’1O+0,,255178613D,o, 8(550260
2..B73314020.2,,3154559113D,0,.,1D.8,.290—7,.,7520.o,,158870.a , 81530*70
5a .35O 48U41Qa3,.3311O37QDa2...29I75525D.1,,1777O9tt7O ,o ,.,a51484j95~~D ,0BtS$Qt3))
a,*.28799410D,O,.1,1 9180115D,o,1.29571754D,O/ 81530190
0*7* BP/.2O.8,a,5?O.7,,30750.5,..5565220.3,t ,99893070D,O, 8(530200

*a .20.8,,b2D.7,.,398 70a5 ,,898 990 0a3 ,2 .OO IBOb O8 DsO/ 8(5802 10
D A T A  BO/ e , ID.4, .180.7,.,7410.b, .081850.’4 ...3111 * 7090 —1 ,  8($S0220

I .*O.8.a,21D..7. .9111O~ 5..,9s277Oa11, .915555740—IF 8L530230
14 • N,t 0ES50240
11 (1.5,0) 1,1,2 8(530250

* Z $ X*X*O,0625.2.0 BE SSO2 SU -

BESS a CHEB (B(I,N ),12,Z) 3E5S0270
11 (11,10,1) BESS a 0,125 *1.8(55 BCS SO2SO
RETURN 711S30290

2 Z a 254.0/(XaX).2,0 BE SSOSOO
XI • X.0 ,7853981o 81530310 -

ZI(N ,EO ,1) Xl a *1.1,5707963 BES3032))
BESS a (0.797881155/SORT (1) )* (cHEB(BF ~(1 ,M),S,Z ).CO3 (XI).8,Oi BE SSD 3SO -

* CHEB(BQ (t, N ).S,Z)*SIN(XI3/X) 815S0540
RETURN BESSOSSO
£140 8(350360
FUNC T ION CH EB (A ,N,Z) - - CI41800I0

Ce a .n.... .... a .CH(B0020
C THIS S U B P R O G R A M  EV ALUATES THE CwEBYS p *Lv CP’15003U

C SER IES USING THE RECURRENCE RELATION CH€800aQ
C TEC HNI QUE (SEE CLEP’~SH *W NF L MATH , TAB LES C HE BOO S U
C VOLU Nt S PAGE 9) ,  Ch EB0050 

a ca .a.... ....... .. ..CI4EBOO7U
DOUBLE PREC ISIOM kU),$(118),2 CHEBOO8U
8(1)aQ ,00+0 Ch4160090
B (2)aO ,00+0 C14150100

00 1 1.1,41 Cl4EB 0110
BCI ,2)aZ *B(I,I )—B (1).AC I) CP4EBOIZU

I C ON T IN U E  CHEBOISU
• d IES a 0.300.(B(41s2).acN)) dM180140

RETURN C14E80150

END CH180160
REAL FUNCTION IGRAND (* ,LABEL) 160*0010

C .....e .e.. . I GR*0020
C THIS SUBROUTINE COMP UTES THE I NTE SR A N D S  161*0030

C FOR THE INTEGRALS COMPUTED IN 11*614*1., 1514*0040
C USE IS MADE OF TIlE RESULTS OF FP3GRA AND IGR AO OSO
C M A T R I X  STORED IN COMPION /1GR*N/ . ICRAO0b O

Ca.a ..e. ..a.a. .e.ae... .a.e .a......e ... . 160*0070

R E A L  LOAD ,NU ,*CCUR (5) ,415 1611*0080

CO MNON,LSDT/L*Y(14,P4LAYS,M ,R ,Z ,NU(lO),*CCU R ,LOAO,I4OSTRS.NZEROS.M(4)IGRA0090
1, K5 (I0) ,E(*01, A L C O ) , TH IC 11(9) .RADIU S (10 ) 161*0100

CONHON, I G RA N , T O . V 0 , S 0 , U O , T 1 , V t . SI,U1,TO1.SO 1.FPIGR ,EXP I ,EX P?  * 6 1 4* 0 1* 0
GO TO (j0,2 0,30,410.50,60,10,80,90,100.11 0 .120,130, ta0 ,1S0,tb0 ,tT O)IGRAOI2 Q

1.LAS(L 151*013))
10 IGRAND aFf ’I (.RaXa( (UO*(115(I.*Y IR) X *Z ) .5 0 ) * (X P I . (T O , V 0* ( K 5 ( LA Y E R) , X* 1 GR A 0 1 4 0

I Z ) ) *I *P 2 ) 
- 

IGRAOIS O
RETUR N ZGRA OI6U

20 160*140 $FP IGR ***CUO *EX PI ,V0 *EX P2) 1614*0170
RETURN IGRAO I$ ) )

So I GRAN D SFPIGR* ((UO*(2 ,Oa113(LAYER) .X*Z) .S0)*E*P1 .(T0+V0 * (2.O *KS (LAYIGRAO *IO
*C R) .l*Z))*1113) IGRAO200

RET uRN 161*02111
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410 IGR A ND *FPLGR .((50 ,uQ*(I .O,X*Z)3 ,(xpt.(VOa(I .0.X*Z3.T0)e(1p2) 161*0220
RE TURN 160*0230

50 1514*1.0 $FPIGRSX *Na( (S0 ,UOa (2 ,.Nu(La YtR3 ,X.Zfl*ExPI,(T0 ,vOa(x*j .2..IGN AO24I O
% P 4 U ( LA V E R ) ) ) * E Z P 2 )  IG RAO2 SO
RETURN 160*026))

60 IGRA N D *FPIGR*1*( (S1 ,UIs (2,0*NU (1AYER) ,XaZ))*E*P1 ,(T1 ,V1 * (X* Za2 ,O*16RA 027U -

lN U ( L A V E R ) ) ) * E X P ~~3 1614*0280
R E T U R N  16RA 0290

70 1614*140 *FP1GR.((St.UI* (I ,0.X*Z)).(*PI,(V1.(*,0—X.Z).Tt)*EXP2) 161*0300 -

RETURN 1614*0310
80 IG R A W O •FPIGR*XPhl* ((S1 ,Ul*(I .0,X*Z))* (XPI+(V1 * (1 .OaXa Z)a Tl )*EXP2) 1611*0320

RETURN 1614*0110
90 164*140 aF PIGR *X.Ra(U1 eEXPj ,V L *EX P2 ) 1514A 0340

RETURN IGRA O3 SO
10 0 1614*110 *FPIGR.( (S1,U1.(2 ,aNU( LAY (R)+XaZ))aEXP I+(T1.V 1*(X* Za2 .aNU( LIG RA O360

*AYEN) ))*E*P2) IGRA O37U
RETUR N IGR*038))

1*0 1 614*140 *FPIGR. (U1.EXPI .V1aE*P2) 1614*0390
RETuRN 1614*0400

12 0 1614*140 *FPIGR. ( (S$.ula ( * ,,X *Z)DEXP I$(V 1* (1 ..**Z).T1 )*[1023/X 1614*0410
RETURN IGRA O 4I2O

13 0 1614*140 aFPIGR*Xs (SQI.(XPI .T01.L*P23 IGRAOR3 U 
-

-

RETURN 1614*0440
100 1514*140 aFPIGRe (SQl*E *P1 ,TQI*11P2) 1514*04311

RETURN 1614*0460
ISO IGRANO CFPIGR*XaR * (30j*EXP )+T03*11P3) 1614*0470

RETURN 161*0480
160 ICR *P4D SFP IGR .CSQI*LX PI .TQ 1*1XP2 ) 1614*0490

RETURN IGR~ OS0O
170 IS lAND IFPIGR. (SQ1* (XPI ,T01a(XP2) ,X IGRA O 5 1O

RETURN 1614*0320
END 1514*0530
SUBROUTINE CA1C( 1W T ,V ,R,NU,R*DI, PT, LOA D ,HOS TRS, PS IO,Z )  CA L.C0 0I O

C eeaeaaeaaeaea ...e. ~~~~~~~~~~~~~~~~~~~~~~ a a..a.a..C A LCOOZO
C CO MP ONEN TS OF THE STR ESS IS .ST RA INS AND CA LCO O4I O
C THIS SUI4ROUTIN( COMPUTES THE CYLINDRICAL C* LC0050
C DISPLAC EM ENTS FROM T$( 17 INTEGRALS 570. CALCOOSO
C RED I N INT . THESE CA LCULATED COMPONENTS CALC 0000
C ARE STORED IN V AND OUTPUTTED , C*LCO O7U
C. a ......e.aa. n.. ....ae......CALC 0080

RE AL INTUY ) ,V( 1S) .M U .L0AD .C(6) CA LCOO 9O
INTEGE R FM( *Q ), FMT(S),T(12) CALCO IO O
LOGICA L ST R ESS .€ P5, RLOW CA L C O I l O
CONM O W/S TRDTA/STRE SS (�7),EPS( 17),RLOW ,$T ,CT ,L ,ACC C ALC O IZO
CONMO NITAPE/N OUT CALC O * 30
DATA FM (*) .FM T ,FM( l 9),T/ CALCO ISO
• (1* ‘,‘,E12’,’,4,1~~, OX  • , ‘,$3*’ ,~~ .1’, X )  ~, CALCO *SQ
•‘OISF’ .’LACI’,’14(NT’ ,’$ •
• $ , ‘TRES’,’SfS ‘,~~ 

U
, C*LCOI 7O

+U S , T 051’, NS ,• ‘F CA LCOIS 0
DO *0 1*1,15 CA L CO * 90

10 V(I )*0 ,0 CALC O2 00
IF ((STRE SS ( *),OR ,ST RE$S ( S),OR ,STRESS ( 7),OR,STRESS(1O ).OR. CALCO2I U
• STRESS(j1)), *P’ID .(,PdOT ,RLO*)) FCT*(2 ,O*1 147C12)•INT ( 7)a2,0*INT(CAL CO2 2U
• 111)+a ,0*INT (17))lR CALCO2)8
IF (.NOT .STRES S( 1 )) 60 TO 20 CALC O24 11
V( 1)SFT eR*O1.CT* (2 .OSI NTC1T) ,INT (*2) .INT ( 7))
IF (RLOa3 GO TO 20 CALCO200
BC l)UV( I) .VTaN.RAD1 $INT( 4) C*LCO37O

30 IF(STRESS ( 2)) Vt 2)$FT .RAD1 .ST*12,0* (114T117).INT(18))4INT(12)) CALC0280
IF(.NOT ,STRESS ( 3)) 60 TO So CALCO2 90
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V( 3)..FTaRAO !.1NT( 3) CALCO300
IP (RLO*) GO TO 30 C*LCOI*0
BC 3)oV ( 3),FT.R$R*DI*CT .C (2,0.2,OaMu).INT ( 11 ).IP*T ($0)) CALCO32))

30 IF (.NOT .5T RES5 ( 4)) GO TO 00 CA LC OI 3U
V ( 4)oCT* (INT( l),2,0*MU* INT( 9)).INT( 1)+INT( 4).3,0*INT ( 2) CALCOS40
11(11014) GO TO 40 CALCO3S U
V( 4)*V( 4).CT$FCT CALCO 300

40 IF(.NOT .STRESS ( 5)) GO TO 50 CALCO370
V( S)aCTa2 ,O*M UAINT ( 9)a2,O .MU .INT ( 3)aINT ( 4) CA LCOSS O
11 (RLOW ) GO TO 50 C A LC O3 9V
V( 3)$V( 5)•CT .FCT CA I.C01100

30 1Ft ,NOT ,STRESS ( 7)) 60 TO 60 CAL CO41O
BC 7).ST*ZNT($5) CALCOO ZO
IF (RLO .) GO TO 60 CALCOO 3U
B C 7 ) aV (  7).ST*FCT CAL .C0400

40 1F (,NOT ,STRESS(1 0)) GO TO 70 CALCO 4S0
V( 10)4FT*CCT .INT( 8),INT ( 1)•INT( 4).(3,O.2.Oa MU) *INT ( 2)) CALCOM60
11(01014) GO TO 70 CA Lc O4870  —

V (10)$V (10).FTaCT *FCT cAi.cooeO
70 1F (.NOT .STRESS (1t)) GO TO $0 C*LCO4QU

V (1l)$aFTaZNT( I) C* LCOSO O
11(1410W) GO TO $0 C *LCOSRU
V (1I)$V(t$ t’4T*CTaFCT CALCOS20

SO IF (STRESS (i2 )) V(12)$FT* (CT*C (2,0.4.O.MU) *INT ( 9).INTC 8))• CALCOS 30
• 2,O*MUaI NT ( 2).INYC 1)) CAI,CO5i40 -

I FCZ .LT .*CC) GO TO 90 CAI.C0350
11 (STRESSC 6)) BC 6)iCT*((2.O.2,0.MU).INTC 9).INT( •))alNT( 1) CALCOS6U
IFCSTRE S3 ( 8)3 BC 83SCTA (1NT(lb ).INT (I0)—INT( 63).INT( 5) CA LCO S7O -~
IF (STRESS( 9)) V C 9)aSTa (INT (16).1Nt(13)+INT (LO)) CALCOS8Q
GO TO 110 C*CCOS 9U

90 IF(AB $ (R—1 ,O).LT ,*CC ) GO TO 100 C*t.C0400
11(14,67 ,1.0) GO TO 110 CA LC O61 O
1F (ST RESSC 6)) V( b)S .LOAD CA LCOO2 O
1F(SiRE$$( 5) )  V t 5)$—$OStR$*CO$ (P$10) CALCOa I0
1F (STRESS( 9)) V( 9)*I4OSTRS*SZN(P$I0) CA LCOb Il O
GO TO 110 C ALCO6SQ

• $ 00 IF (STRESS( 6)) BC b)a.O,5*LOAD CALC0660
IF (STRE$S( 8)) V t 8)aaO .S*HOSTRS*CO5(P5IO ) CA LCOO 70
11(STRESS( 9)) V (  93* 0.5*HOSTR$.$ IN(P510) CALC OSRO

110 1F (STRESS (13)) V( 133* FT aV( 7)
IF(STRESS (1 4)) V(1 I)aFTaV ( 8) CA LCO700
IFCSTRE SSCIS) ) V (tS)$FTSVC 9) C&1C0710
00 120 1•2,1S CA LCO 72O

120 FN (I)aT ($) CALCO73U
DO 130 laa ,)b,3 CALCO740

$30 FM (I),FMTCS) CALCO75O
0.0 CA LCO7 60
JsO CALCO 77O
DO 2*0 1*1,15 CAL .C07eQ

J’JsI CALC O 7 90
11(1.1) 190.160,140 C*LCO $OV

$SQ 11(1.10) 190,150,190 CA L COS1O
130 11 (11 ,10,0) 00 TO ISO CILCO$30

*R ITE (NOUT , 901O ) (T(J),Js5, $) CALCOS)))
W R ITE (NOUT ,PM) (CCJ) ,JSl, k) C*LCOS41O
GO TO 170 CALCOSSO

1*0 11 (0 ,10,0 ) 50 TO iso CALC0860
w*ITE (NOUY , 9000) (T (J),J*1,4) CA IC0570
MR ITE( 1IOUT ,FM) (C (J),J*1. h1) CALCOSSO

170 11.0 CA LCO S OO
*80 Jit C*LC0900
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190 4;J*J CAI.C0 9*U
IFC, NOT .STR ES$( I ) )  GO TO 300 CAL CO920 -
K~~hC.I C*LCOQ3 O
C(K)*V (I) CALCO 940 -
FM(Ma 1) aFl4 TCl) CALCO 9SU
114 (14 )11147(2) CALCO 900 -
GO TO 210 CALCO 97V

200 FM CM. I)SFM T (41) CALC0950
114 (14 )aFNT(3) CALCO 99Q

210 CONTINUE CA LC I000 —

IF(K ,EQ ,0) RETURN CA LC I O * 0
W R ITE( P4auT ,qoIO) (T(J),J$9 ,*3) C A LC IO2U
.RITE (NOU T ,l N )  (C (J3 ,Jal, K ) CAL.CI030 -

RETURN CAI.C1040
9000 FO R M* T( 1X ,I4A O/ 5X ,’RAD IAL’ ,12X ,’TANGE NTI* L’ , 14X, ’V ERT ICA L’)  C* IC 1OS0
9010 FO R M A T (tX ,RAO/S X .’RAOIA I- ’ , 22X ,’T*NGENTIAL. , 141, VE RT ICA L’ ,lZZ , RADCA L C IObO

•,/TAN G .’,$1* ,’R A O./V E R T .’,12 X ,’TANG ,/V ER T ,’3 C ALC IO TU
END C A L C IOS O
SUBROUTINE OUTPUT(EPS,C,*,L) OUTPOOIU

c . a...s.. .e.. ..a... e.e. ...e. ..ea...se .....a. n.. aane ..OUT0002U

C THIS SUBROUTIN E OUTPUTS BY MEANS OF THREE OUT POO 3U
C SUBSEQUENT CALLS FROM THE MAIN PROGRAM OUT00040
C THE TOT AL STRESSE3, STRAINS AND SISPLACE . OU TPOO3O
C MINTS, OU T P OO a O
C. ....e.e.a.aa...aa.eaa,.aa.,... ..ae.a ee,ea..a.assaaa ..a .OUT0007U

INTEGER F W ( % b ) . F$ T ( S )  OUY 000$0
LOGIC A L [PS(S) OUTP 0090
DIME NS ION C(6).TXST(*,0) OUTP OIOO
COMMON ,T *PE~’NOUT OU T PO IIO
DAT A TXST l OU T~ 012 0
1’ T O .’ T A , L ,‘S 7 ‘,‘R £ ‘,‘$ $ ‘. OUTP OIS O
2’ T 0’,’ 1 4’,’ 1 ‘,‘S 7 ‘,‘R A •,•I N ~ 0UTP014 0
V 7 0’.’ T A’.’ L •,‘D I ‘,‘s P ‘.‘L A •, OuTPO IS O
$‘C E ‘.‘M £ ,‘N T’’,’ ~~~ ‘.‘ 5/ OUT PO ISO
D AT A F ,4T,114fl5)/ ouiooito

l’C bA s’.’,tZ X’,* ‘,‘,112’,’,3 •,‘C$2A’ ,’4,*$’,’* ‘,‘) ‘I OU ’P01$O
IFCL, NE .I) GO TO *0 OUTPOI90
1W (1)a?MT (b) OUT PO200
FN (2)IF MT (7) OUTPO2*0
11411).FMT($) OUTPOZ2O
GO TO 20 OUT PO2SO

10 PM (*)aFMTU)
FN(2) .FNT(3)
114(3)11117(3) OUTPO2*0

20 14.0 OUTPO2YO
0.3*0+2 OUTPO2$0
DO 40 1.4,14,2 OUTPO290

4*1/2.1 OUTPOS00
IF(,PdO T,IP$(J)) GO TO 30 OUT PO3*O
rM (I)IF MT( 1) ouTpo3aO
FM(I.1 )sFMT(5) OuT PO3SV
NIN .I OUT PO3 09
C( N )sC(J) OuTPO33 O

— 
GO TO SO OUTPO360

30 FM (I)$FMT (2) OUTPOST O
111 (1 ,13*1147(3) OUT POS5O

40 CONTINUE OUT PO390
IF (L.C0.3) GO tO 60 OuTP04100
IF (N ,tO ,0) GO TO 50 OUT004*0
WR ITE (NOUT,FM) (T0$T ( I .L3, I5$,S) ,  CC(Z ) . I ’*, N) O UT POO2U
RE TURN OUT004SU
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SO ,.R1 TE (NOUt,FM) (T0ST(I,L),I.1, *) OUTPOaOO -
NE TURN OU TPOOS 0

*0 00 70 1*10.13 OUT00440

4 70 FM (I)s1~ T (3) OUT0047U
11 (14.10,0) GO TO $0 OuTPO4IU
WR ITE (NOUT ,FM ) (TKST(1,3),I.1, b),(TXST (I.lI).1*1,4), (C (I),I$Z ,N) OUT0049O
RETUR N 00100300

50 WRITICNO U T ,FN) (TKST (1,3),IaI,a),(TKST(I, 4),I*1,6) OUTPOS$U
RETUR N OUTP0S2O
END OUTPOS3O
SUBROUTINE JACOBI (H,U,ND .P*,IVEC, W ,IO) jac000io

C .aa.. .naa.sa.. an.a.... .aa e.e.c.... n .aaJAC0002U -
C SUBROUTINE JACOBI TO COMPUTE ElGENVALuEs JAC0003U
C AND LIGEN V E CT OR S OF A SY MMETR IC MATR IX . JAC0004I O
C H IS THE GIVEN HAT RIX ,THL DIAGONAL OF JAC 000SO
C 14141CM CONTAIN5 iFTER THE ~T1R A U0N t~q~ JAC000*O
C LIGE NVA LU E S OF H, JAC0007U
C U IS THE MATR IX .T141 COLUMNS OF WHICH AR( JAC 000IO
C THE LIGE NVECTO RS OF H, JAC000OO
C N AND NO AR E THE DIMENSIONS OF THE A CTUAL JACOO * 0 0
C MATRIX AND THE ONE USED IN THE DIM ENSION. J A C O O I I U
C ST A TEM EN T OF THE CAU.IP4PRO RAM JACOOI 2U

• C RESPECTIVELY . JAC 00130
C IV ICsO IF 140 EIG (NVECTORS ARE REQU IRED, J4C00140
C IVECsI 11 THE £ IGE NY ECTO RS SHOULD 81 JACOO ISU
C CALCULATED . JA COOISO
C THE ACCURACY OF THE ELGE NVAL U E S IS ABOUT JA CO OI7O
C 1,01.6.7141 ACCURAC Y 01 *14 L IGENVECT OR I$ JA COO ISO
C ABOUT t,OE.4/D .WHER( 0 IS THE MINIMUM. JA COOI9U
C DISTA NCE OF THE CORRESPONDING EIGINV A LU E JACOO2 00
C 100)4 THE OTHER (IGENVA LUES , jACO02~~0
C 14 AND 10 A PE WORX INGSPAC (S, 14141C14 SHOULD REJACOO22))
C DIM ENSIONED IN THE CALLING PROGRAM 1 JACO O2JU
C na.a.ane aa.naa .ae•ae.aee.aa.eae~ seeae a.. .. .e.aJA CQ0240

REAL H(ND ,ND),U(NO ,ND)..(ND ) JACDO2SU
I NTEGER IOCND) JACO O2aO
DOUBLE PRECISION TA ,SI,CO ,Z .Y ,HTE,UTE J A COO 2 T ))
AN U N JACD O2$U
NMIISN .1 JA C0029 0
I F ( IV L C — L )  *0,10,00 J AC O O300

10 oo so iai ,s 3AC00310
00 ~l0 J*l.N JACOO32Q

IF(I.J ) 30,20,30 JAC OO 3 IU
20 UC I,J )$1,O J*C00340

60 TO SO J ACOO3SU
30 U (I,J)I0,O J ACUOSSO
SO CONtINUE JACO O 37O
50 CONTI NUE JAC OQISO
00 00 90 1.1,4101* JAC OO3 9U

w(I)aO ,0 JAC 0 0500
1PLlaI ,l JACOO SI))

P 00 60 J.IPLI,W JACOO S2Q
IF(W (I).A$$(H(I,J))) 70,70,10 JAC OOSI0

70 W (I).ASS(H(1 .J)) JACOOSOU
IO( I )’J JAC004SU

50 CONT INUE JACOO4*0
90 CONTINUE JACDO *70
*00 DO *20 1*1.41011 JACOO SSO

11 (1,10,1 ) GO TO *10 J*c00400
IF C XM A X ,G1,W C t )) GO TO tao JACOOS.~

1*0 X NA * .W(1) JAC OO SOQ
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101 V.! JA COO SR U
JPIvaI Q (I) JA COOS2U

120 CO NTINUE JACO OSSU
IF (XMAI.1,1.12/.N ) 170 ,170,130 J*COOS IU

130 2 ‘$ ( lPIV , IPIV JaH(J PIV,J PIV )  JAC OOSSO
B a 2,000*OBLI (*(IPIV .JPIV )) JACOOSSU
TA ay/ (DA$5(j)+UORT (Z*Z .Y*Y)) JACOO5 TU
IF(Z,LT ,O, 000) TA*aTA JACOOS $0 - 

-

CO a* ,00,D$raRT(I,00.TA .TA) J*coos,u
SI a TA ICO JACO OSOU - 

-

H1I*H(IPIV .IPIV ) JAc o os t u
M JJ*H(J P IV .JPIVJ JAC OOUU a
HIJZH (IPIV ,JP $V ) JACOOo 30
DO 1410 Ka I, N JA COO6O U

HT(*H(II ,IPIV) JA CO OSSU
HCII,IPIV) SO$LC(H(K ,1PIV) 3*CO+OBLE(H(k .JI’IV ))*$I JACOO44O
H (K ,JPIV)$DS([ (HCK ,JPI V)3*C0aHTE*$I JACO Ob7O
M (!PIV ,IC)IN (0.IPIV ) JA COOSSU
H (JPIV,K)$H(*,JPIV ) JA~ Qoo9U

*44 0 CONT INUE JA COO? 0O -

H (Z P I V , J F Z V ) S O ,5 J*C00710
H(JP IV,IPIV) .O .R JACO O 72O
A * .DSLI (HIJ)*TA JACO O7IO
H(IP IV ,IPIV )*NI j ,AA JACOO 7SU
H(JP1 V ,JP !V) $HJJ .AA JACO O7S))
11(IVEC) 60,40,150 JAC OO 7SU

130 DO *60 K.1,N J*C0O170 -
UTE*U(lI ,IPIV) JAC OO7 $0 - -

U (k,IP!V)SOeLC (U (k ,IPIV) ) *CO+DBLE(U (K.JPIV ))*$I JACO OY 9U
U (k.JPIV)IDBLI(U(K .JPIV) )*COaUTE*$I JAC OOSO Q

160 CONT INUE JAC O O S IO
GO TO 60 

- 
J ACOO$20

170 RETURN J ACOO BS U . •— 
END JA COOSSU

- 
- SUBROUTINE ESORT (H,U, NO, PJ ,IV (C, W ,I0) (5000010

C.... a... eec... .a..eo.a e..aa..n.....ESOROO�U
C SUBM OUT INC (SORT . 1S0R0030 -

C THIS ROUT INE SORTS LI GENVALU LS (AND 116(14 £SoROo au
C VECTO RS) OBTA I NED FROM SUBROUT INE JACOBI . £50 110050
C H a ORIGINAL MATRZX(NO .ND), ESOR0000
C U • EIGENVECTORHATMZX(ND .ND), ($0140070 •.

C NO a MAX , DI MENS ION OF MATRICES , £5000050

C N a A CTUAL DIMENSION OF MATR ICES . £S OROO9 U
-; C IV ECS 1 WIT H C IGENV EC 1ORS, E SURO IQU

C *0 NO EIG ENV ICTO R$ ,
C N a WORKINGSPACE(N0), £10140120
C 10 I WOII I7ING$P*C[(ND) . ($ 0140110
C e..a...e.ea ...aaa . a a... ..aae..,a a.aaa...aa...ESORO t*O

REAL H (NO,NO ),UTND, ND),W(N D ) ,OUM MY 150140150
INTEGER N ,JQ (ND),FOUMMY,I,J,0.IVEC £50140160

LOGICAL LOGIC ES O RO17 Q
C 110140160

00 *0 1.1,14 [$000190
W( I)sM( 1.$) [$000200

*0 IO( I)a I [50 1402* 0
JeN (10140220

20 L OGI CS .FALSE , [10140230
IIaJ ($0140240
DO 30 1s2,k E$0R0230

1F (l(I . 1 ) ,GE , 0 ( I ) )  GO TO 50
LOG ICU ,TRUI, £10002711

a.
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DUMMYSW(I.1) ($0140260 -

ui (I.*)a.(I) £80140290
($000300

F0U~~ Ya1Q (I.I) ($0140310
IUCI a I ).IO(I) [$000320
IQ(I)SFOUI4NT ($014033))
J$I.t 130140340

30 CONTINUE [$0140330
IF (LOGIC ) GO TO 20 [50140360
IF (IVEC ,EQ .0) 6-0 TO 60 130140370 -
00 00 1.1.N [SQ110350

0.10(1) [S000390
DO 440 Iol.N (S01404400 -

40 H (J,I)uU(J.0) £SO ROOIU
00 50 1.1,14 (50140420 -

DO SO J ai, P4 £50140410
U(I,J)UH(1,J) £30140440

30 14(1,43.0,0 ES000450
60 00 70 151 .14 (3014046))
70 14(1,13*0(1 ) 1S000470

R E T U R N  (SORQ448U
END £5000490
BLOC O DATA BLD *O 0IQ

C .ae.ae..n.ea..aan.. ..eaa.....e .a..a.ne..... .,..a.a_aa.,a....a.aaa__.BLO*O030

C IN THE SLOCIC DATA ARE STORED SU8 SIQUM TJLY ’BLDAO O3 O
C .7141 AB SCiSSAE FOR TIlE LLUNDRE .GAUS$ BLO~~ 04O
C QUADR A TURE .$T*RTING IN A olTs THE 3.ND BLDA OOSS
C ORDE IF *1*0 ENDIN G IN N WITH THE 15.TM ULOA006 0
C 00010, BLDAO O70
C .1141 ABSC ISSAE FOR TH[ JACOBI .GAUS $ SLDA OO$ Q
C QUAD RATURE OF THE SeTH ORDER IN 0, $LD*0090
C •TME WEIG HTS FOR THE LCCINORL .GAUSS •LOAO IOU
C QUAD R A TURE ,ST AR TIN G j14 p W ITH THE 2.140 B LD A O 1IU
C ORDER AN D ENDING IN CC WITH THE 13.7$ BL DA OIZ U
C OROIR , SLO*0130
C .T4I E WEIGHTS FOR THE J*COBI.GAU8S QUADRA. OLD*O*40
C TU RE OF TIlE 5.714 ORDER ZN DO , BL000I50

- 
- C .7141 FIRST 149 ZEROS OF JO $N U AND P~ •LDAO160

C .THE FIRS ! *44 9 ZEROS 01 4 1 IN 66 AND MM 51.0*0170
C aeae. .e...aeaeaa ...eae.aa..aa. .aaea..e .a...a*ee..a..aa. aa.a..BLDAQI 50

RE AL I,J,V.,L,)4,W 51.0*0*90
DIM E NSION *(3).S(J),C(a).O(3),ECb) ,F(7),G(O),H(9),I(10),J (1I).k(125%.D*020$J

I ),L(*3),M (14).N(IS).0( I),P(2),I(3),N(S),3(S),T(b) ,U(1),V (I).W (9),SLO A O 2 IU
20 (1 0),Y(1i),j (13),AAC$)),B6(14 ),CC(*3),00 ( •),UC*1q),FF (30),6G(IIBLOAO2ZO
39 ) . MM~~~O) SLD*0230
COMMON,5*U$$1A6*U$S(16,16),HGAUS$t16.16)
CON~ON ,G(OATA ,SZCRO$ (1S9 .2) ,Z1RO$ (2~$) 51.0*0230
EQUIVAL EN CE iaGAuSs(i , 2). *(1)),(*GAU$$(I. 3), 1(1)3, S~~ A02b9
$(*GAUS$(*. 4). CCt )).CAGAU$$(t . 31, D(t)),tAG&U $S(1, 4), 1(1)), 51.040279
2 ( * GA U S S ($ ,  7),  F ( $ ) ) , ( A GA U S S ( 1 ,  I), G ( 1 ) ) . (A 6 A U S S ( * ,  9),  14 ( 1) ) ,  51.0*0250
3(AGAU S$ (1 ,10) , !(I)1 ,(*G AUS S (l,11) . J(I)),(AGAUS$ (I.12), 0 (1 )3, BLDAO2 Q 0
1(*6*USS(I,$3), L(*)), (AG&U$3(1,IS), M( 3)) ,(AGAUS $ (1,I5) , 14 (1)), 5* 0*0300
3(AGAUS S($,I8), 0(*)),(MGAUSS(t, 2). PCI) ) ,CHGAU $$C1, 5). 0(1)), BLD AOS *O
• (HGA $JSS (l , 5 ),  R( 1 )),(MGAUSS(*, 5), SC*)) ,CHGAUSS( 1, 6). 7 (1 )), 51.040320
7(wG*USS(l, 7), U(*))4 (MG&U53 (* , I), V( I)), (NGAU S$(* , 9), W ( * ) ) ,  51.01033 0
$(H5*lJ$S(t,10). X(1)),(NGAU$$($ ,$$), Y(1)),II4GAUSS (l,*�), 2(1)), 51.0*0350
9 (MGA IjS$(I,$I).AA (I)),(NGAUS$(htl),S8 (t)),($GAU$$(t,tS),CCCI)’, •L0A0130
T (NG*US$(1,$6),00(I)),(SZERUS (1, 1)41(1 )).(5111401t120,1),FF(1 )), ILD AO 3SU
1($ZERO$ (1, 2),GG (l)).(SZERD$t120,2),MI4 C*))
D ATA A .e,C.D.(,F,G,H.I,J,k ,I,,M 5*0*0309
Nl.,ISt2$16, 0~ as72 *36, .O,*SS*337, 0,0000000, O ,6346537,.O.7650534,BLOAOSR Q
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t.0,28S2113, 0,28523*5, U ,7650553,.o,11302239,.o,Ube$458, 0,0000000,IILDA0 4400
2 0.446884488, 0,8302239,.O.67174802,.O ,5q17003,.O ,2092q93, 0.2092991 ,BLOAOULU
3 0,59*700*, O.87174400,.0.8997580,.o,487716.3,.O ,363117S, 0.0000000,BI.DAO4S?U
48 0,363 1 US, 0,6711863, 0,8997380,.O,9193339 ,.O,73877$9,.o,4477q250,BL0&04130
3.0, 1652790, 0. 1a52789 , 0.447792~~o, 0~~7 36773B , O ,9*9S33~ ,.o.q3aO0I44,5LDA0441Ob.0,70444836..0,36523,’4 ,.O ,2957382 , 0,0000000, 0,295758*, O ,SbS13S3 , B LD A O IISO
7 0,76’444834, 0,93440014 ,.o,944448915,.O .6192815,.O,63287544,.O , 3995310.BLDAO416O
5.0,i3a5529, 0,1365529, 0,3995309, 0,6328753, 0,8192813, O ,cUls$975,BLDAO I47U
9.O.9S330b 9 ,.O.8l4~~S538. .0.b B b jMO 3 ,.O ,14829108, .O , 92869 , O .000000t*,BLDAO II8))
T 0 ,24492868, 0, 44829106, 0,66618482, 0,8’463S37 , 0,95~~3068,.O ,9S992c9 ,8LD AOu9U
1.O.86761044..O.72 b2% ..0,55064417,.O ,3427235,.0.*1 b3319 , 0.1I 63318,8LD*0500
2 0.34827235, 0,5506415, 0.7288620 , 0.887810 44 , O ,9599298,aO. 965254444,BLD AQS IU
3a0 ,8850b16 ,aO ,7835341 ,.0.b 062417 ,.Q ,412 06389 ,aO .215 3S39 , 0,00000on. ISLDAO S2U
48 0.2153538, 0,44206389 , 0 ,60 62471 , 0.7b35341, 0,6850835, O .9bS25l~u ,BLDAOS305aQ ,9695881, •0, 8991129 ,eO ,1920153 ,.O, 8523931, aO ,4880575,.O .299 83044.BLDAO540
6.0,1013263 , 0.10132 62, 0.299830 44, 0,4860575, 0,6523930, 0 ,7920151, 8LOAO SSO
7 0.8991728 , 0.9895880/ BLOAQSoO
DATA 14,0 IILDAOS70
N/.,9731403 ,.0,9108602,.0,8 157166,.O ,6910172,.0,548j3883,.0.312174444,BLO*0S60
1.0.1895*20 , 0.0000000, 0 .1895119 , 0.37217 444 , 0 ,54413882, 0 ,b 910110 ,b L DA OS QO
2 0,8*57 1644 , 0,9108602, 0.97314404,.0 ,9602899, .0 • 7968665, .0.52 5532 44.81.0*0600
3.0 , 1 8 3 4 4 3 4 4 8, 0 . 18 3 4 4 3 4 8 ,  0 ,5?553 2 u , 0 ,7966665 , 0 ,9602899/ 81.0*0610
DATA P,O,R ,$, T,U, V , ~,X , 1 ,2, 4* ,~~8 BLDA O o20
N/0.83553S48, 0,533533%, 0~~5444i 48 IeI83, 0,711111%, 0,5448444444, 0,378447a9,BLDAO6IU
1 0, S5’~8S83 , 0,55148581, 0,3784750, 0,2766261, 0,4317 4153 . 0.4816I 90,BI.O*Ob 41U
2 0 , 4311 455, 0,2768261. 0,2*070444, 0,34411230, 0,4124459*, 0,48124591,BLOAO6 SQ
3 0 .34411230. 0,21 010446, 0,18544955, 0,2745391, 0,5464290, 0 ,5715 *93 ,BLD*0b 60
Ii O ,344~~ai90, 0,27 44 5388 , 0,16544955 , 0 .1333061, 0,2248897, 0,2920431,BLO*0a70
S 0.32754014, 0,3275403, 0,29204429, 0,2248097, 0,133306*, 0,j096j2b,8LD,~0680
6 0.161110*, 0,24480485, 0,28a8792. 0.3002176, 0,2868798, 0,.~4480u$3,BLD*069U7 0 ,1671100 , 0,109612e, 0,091 6844’, 0,1579150, 0.2125069, 0,2S12758,BLDAO7OU
• 0,271 4060, 0,211 4060 , 0,25*2759, 0,2125069 , 0,15797 48, 0,091 68446,61.0*0110
9 0.0118019, 0,1349620. 0,1636473, 0,2207679, 0.2440163, 0,2519300,8LOAOTZ Q
7 0.2 4 4 8 0 * 6 5 ,  0 ,2201679 , 0.183644 73 , 0.1344 9820 , 0,077 6 0 19 , 0,0688375, BLO*0130
* 0 .1*8 5670 , 0,1600221 , 0,19448 268 , 0,219 1266 , 0 ,2316136 , 0.2316138, 8L0407410
2 0,21 91268, 0.1948268, 0.1600223, 0,1165869, 0,0668375, 0.0580301,BLD*07SU
3 0,t01b ~~05, 0,14051* 9, 0.1727902, 0,1469871, 0.2*197443, 0,21704880,BLD&0760
4 O ,2 11~~703 , 0 .*9b9 876, 0,1727903 , 0,1405120 , 0 ,101 660*, 0,0580301, BLDA O1 7O
5 0, 0308505, 0.0893939 , 0,124825,9, 0,15440275 , 0,1714924 , 0.1Q36907,BLDAOYBU
6 0.2019594 , 0,20t~~594, 0,1936906 , 0 .17744 925 , 0,1544 0275, 0 , 124425 54. BLOAO19Q
7 0,0693940, 0,0508506/ - 81.0*080))
DATA CC.OD BLDAOS*0

14/0,04449 221, 0 ,0791,8 5, 0 .1103931, 0 ,1379879 , 0, 16 0395 44 , 0, I710052, BLD*0820
1 0,187217*, 0.1906618, 0.1812172 , 0,17700449, 0,1603951, O .137 9883,BLDAO83U
2 0,1*05928. 0.0791985, 0,0448922%, 0.10122 85, 0,22238*0, 0.3137o67,BLDAO840
3 0,3b2b838, 0,3836638, 0,31370o7, 0,2223810, 0.1012285/ BLOA OSSO
DATA U /2 ,44014826, 3,320078, 5,653728, 11,79*53, *44,93092, 81.0*0860

* 16 ,01*Oo, 21.2*184, 24,35247, 27,493448, 30,631461. 33,17562, BLDAO87O
3 36.9111 0, 40,058443, 443.19919, 46.341*9, 49,48261, 5.2.82405, BLDAO88O

P 3 53,7635*, 58,90498, 62.0146447, 65,18998, 68,53*447, 71,447298, 61.040690
P 44 744 ,b~~4i5 0, 71.15603, 80 ,69756, 844 ,03909 . 81,18083, 90. 322* 7, BLDA O900

3 93,446372. 96 ,60527, 99,714682,102.8883, *06,0299, 109.1713, 81.0*0910
6112,3*31, 1*5 .4548, *1 8,5982, 121,7377, *248.8793, 128,0209, BLD AO92O
7131.16244, 134 ,30440, 137 .44856, *440.5872, 143 .7287, 1 46,8703, 81.0*0930
8130.01* 9, *53 ,15 33, 156 ,2950, 159,4386, 162.5782. 163, 7198 , BL OA O Q S0

9*bS ,8e13, *12,0029, 173 ,1445, 178,2881. *81,44277, 184.5692, 81.0*0930
T * 81 ,710 8 , 190 ,85 24 , 193. 9944 0 , 197 ,1358. 200 ,2112, 203.44187, B LDA O9SO
*206.5603, 209 ,7019 , 212 ,8433, 215 .9850, 2*9 ,1247, 222,2662, 8*0*0970
2225.41096,. 228,53*44 , 231.6930 , 234 ,8346, 231 ,9162, 241 .1178, BLDAO9SO
3Ve’e,25~ 3, 247,4009. 230,3423, 253,6848*, 25i,8257, 259,967), R1.DA0990
4 263 ,1069 , 266 ,25 044 . 2b9 .3920, 272, 5336, 275. 6752, 276 .8168, W L DAI000
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3261, 95644 , 285 ,1000, 258 ,24* 6 ,  29 1 ,385* ,  294 .3244 7 , 297 ,666 3, S L D* 1010
8300,3079, 303,94495, 307,09*1, 31 0,2327, 3)5,3743, 3*6,5)59, 8*0*102))
75* 9,6574 , 322,7990, 325,94406, 329.0822, 332.22 3 8, 135 ,3454, BLOA IO3 O
5336.5070, 141 ,6486, 3444,7902, 347 ,93*7 , 351,0733. 3544.2149 , 8L0A 1040
9157 ,3345, 560,0981, 363,6391, 366.7813, 169,9229, 373,0645/ 81.041030

DA TA 11 / 578,2081, 379 .34476 , 382, 4892, 385 ,6308, 388 ,7724 , SL DA IO6U
1391, 9 * 4 4 0 ,  195 ,0554 , 398 .1972, 40 1,3388, 44 0 44,448 0 44, 44 0 7 ,6220, 8* 0* 1070
244*0 ,1635, 41 13,9051, 417 .04467, 420 ,1 663, 423 ,1299, 426 ,4715, BL DA I 060
3429,6*31, 432,7541, 435,8963, 439 .037 9, 4442,1794, 443,5210, BI.DA 1O9U -

04148,44626, 4831 ,60442, 454 ,1058, 457 ,8874 , 461,0290, 464,%7Q4, B1.DA %100
5467,3122/ BL OA II I))

DATA GO #3 ,831706, 7.015587, 10 ,11347 , 13 ,32369 , 16.alOoS, 8*0*1 12)) -

* 19,b%S8b, 22,76008, 25,90367 , 29,044683, 32 ,18968 , 35,3323*, B i.OA IIIO
2 38,4474477 , 61 ,41709 , 44 ,75932, 41,90)46, 51 ,04354 , 54.15555, BI_ DA III O -

3 57 ,32753, 60,446946, 63 ,61136 , 66 ,75323, 69 ,69507, 73,03690, 8LOA IISO
‘4 74,17870 , 79,32009. 82,46226 , 85,60402, 88.74571 , 91,88750, 81.0*1*60
5 95.02923, 96,17 095,lO$. 3 127 , 1 04.4544 , 107 ,596*, 110 ,7376, 81.0*1170
61*3 ,8794 , 117 ,0211, 120,1628 , 123 ,3045, *26.4481, 129,3571, SLD A IIO O
713 2, 7295, 135 ,87* 1 ,  139 ,0128, 142 , 13484 , 14 5 ,2961, 144 8 ,5377 , 81.0*1190
0* 51,3794 , 154,1210, 137. 8026, 161, 004 3, 1648 ,144 59, 161.2876, 81.0*1200
9170 ,44 292, 173 .5708 , 176 ,7135, 179 .854%,  182,9937, 186,1374 , 81.0*1210
1169 ,2790, *92 ,44 206, *95 ,5622, 198 ,70 58, 201,8453, 204 ,987 %, 5L0A 1220
1205 .1287, 211 ,2703, 214 ,4120, 217 .SSSo , 220,8952, 223,8346, BLD A Z2 3 0 -

2226 ,978o, 230 .1200, 235 ,2616, 236 ,44 0 33, 239 ,5649 , 2412 ,6865. 81.041240
32415,8281, 248,9697, 252.1113 , 255,2329,25 8.3943, 261.5362, 81.04*230
44264,677 8, 267,81944, 270,9610, 274 .1 026, 277,2442, 260,3653, 8L0A 128 0 -

5285 .5274 , 286 .6890, 289 ,8*06, 292,9522, 296 ,0938, 299,2354 , 51.0*1210
6502,1771, 305 ,5*67, 308,6603, 311 ,8019 , 5)44,9435, 316,005*, 81.0*1250
1321 ,2261, 124,3883 , 327 ,5099, 510.65*5, 333 ,7911, 336,9307, 8LD A )29U
83480 ,0783, JoI ,2179, 34a ,3595, 349,5011, 352,6427, 353,7543, B1.D&1300
9355,9259, 362,0615, 363.209*, 368.3307, 511 ,41923 , 1741,63391 8I.OA IS1 U

D A t A MM / 377 ,7755 w 350, 9*71, 364,0557 , 387,2003, 390 ,344 19, 81.0*1320
1593,4635, 396,6251, 399,7667, 402,9063, 408.0499, 409,1919 , 81.0*1330
2441 2.3331, 4%5 ,4814~7, 4)8,6)83, o21,7579, 624,8995, 426,0411, 8*0*13440
3~ $1,182?, 434,3243, 617,4639, 440,4073, 6483,749), 4416,8907, 81.0*1350
44450,0323. 453 .173 9, 456 ,3155, 459,44570, 462,3987, 563,7403, 51.0*1360
54468,561 9/ 81.0*137))

• [P40 81.04*350
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INPUT GUIDE 1,

The input guide is listed in Tables Fl—F8. -
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EXAMPLE PROBLEM

The example problem is for the computation of the tensile stress
at two locations at the bottom of a PCC slab which is subjected to the
loading of a dual—wheel aircraft gear. Figure Fl shows the pavement
section, the characteristics of the applied load, and the locations at
which the stress is computed. The coded data for the example problem
are given in Table F9, and the output in Table FlO.

4 IS PCC 5~~A5 I 
~,fr7/

/

,: ~~
• 12” GRANULAR E = 3 X 1 0  •..•

BASE 1’ ~ O.3
~~~~~~ e~~

— 

212 SUBORADE ::: IO~ 

—

RIGI D SUBLAYER £ I ~ to ’

NOTE COORDINATE FOR COMPUTATIONAL POSITIONS:
POSITION NO. 1~ =0.0 . ~ ~ O.0 , ~ = 12
POSITION NO. 2: • 15.73 , y rO.O , ~ 12
COORDINATES FOR LOADS
t.OAO NO. I. 0.O. y = 0.0
LOAD NO. 2: • 37.$ , y (10

Figure Fl. Diagram for example pt’oblem
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