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INTRODUCTION

BACKGROUND

The motivation for developing a new structural design procedure
for rigid airport pavements is that currently avajlable proceduresl-s
have several weaknesses. This does not imply that the existing proce-
dures are not valid, nor does it imply that any proposed new procedure
will alleviate all of 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 variagtions only in certain details. Of interest is the common
approach to modeling the pavement and characterizing the supporting
characteristics of the material beneath the portland cement concrete
(PCC) surface layer., In all five procedures, the pavement is mqdeled as
a two-layer,system, i.e., the PCC surface layer is described as a thin
elastic plate, and the underlying material is described as a dense liquid
(Winkler) foundation.6’7 Other important common features of all five
procedures are: (a) the supporting characteristics of underlying mate-
rials 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 materials.e’g

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 with 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 chafacterizatiou of each layer with fundamental material
properties obtained from laboratory teste, as opposed to field tests on
in situ material, will permit more flexibility for testing the material
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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 in order to determine an optimized design. The use of labora-

tory tests rather than field plate load tests should permit more tests

an?, therefore, a better representation of the subgrade.

A final reason for developing a new design procedure for rigid
pavements is the belier among some engineers involved in pavement
design, evaluation, and research that there should be a universal sys-
tem applicahle to design and evalustion of all types of pavements,
rather than separate procedures for rigid flexible, or unsurfaced
pavements. From a philosophical point of view, this gcal certainly is
desirable and is worth pursuing, but from a practical point of view,
there are a numher of obstacles that will only be overcome by advances
in the state of the art of pavement technology 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

ik procedures for rigid and flexible airport pavements. Thus, this gesign

procedure represents a step toward achieving the goal of & 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 methodology
contained in the procedure and presents 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

v
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design, are reflected in the selection of an available linear elastic
response model, available procedures and specific conditions for maute-
rial characterizations, and simplified alternatives for accounting for
traffic and environmental 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 characterization.

No innovetions are offered in the treatment of joints 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 not been developed to
the point where they could be ﬁsed 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 deformation 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 outlined in the fol-
lowing four tasks:

a. Selection of a response model.

b. Selection of material characterization procedures.
¢. Development of performance criteria.
d. Assembly of the methodology into a practical, implementable,

design procedure.

e




SELECTION OF RESPONSE MODEL

GENERAL

The layered elastic modél11 was selected for computing pévement
response parameters. By changing from the presently used model
(Westergaard idealization), implications are that the presentl& used
model ié inadequate and that the layered model offers significant

6,1 These implicﬁtions may not be totally true and may,

improvements.
in fact, be completely erroneous in certain respects and for certain
conditions;r The problem stems from the judgment of adequacy or what
is best. Such Judgment is oftentimes subjective, based on opinion
rafher'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 on what was believed to be sound, rational,

and practical considerationms.

COMPARISONS OF AVAILABLE MODELS

Crawford and Katona12 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
Westergaard, 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 Matlock13 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 Sa,xenalh 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




simplified version of the layered elastic idealization (Burmisterll)

in that only one semi-infinite layer is considered.
Huang and Whngls
element idealization for the thin elastic slab with the dense liquid
idealization for the underlying material. A model developed by

Eberhardt and W‘illmerls’17 is similar to that developed by Huang and

Wang, but with an additional feature, such that an intermediate layer

developed a model that combines the finite

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 discussions are limited
to the three primary idealizations.

Crawford and Katona12 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) E; , the modulus of elasticity
of the ith layer; (b) vy s the Poisson's ratio of the ith layer, and
(e) h, , the thickness of the s layer. Furthermore, the layers
extend horizontally to infinity in all directions, and the nth layer
extends vertically to infinity. The Westergaard idealization (Figure 2)
represents the PCC slab as a thin elastic plate with properties defined
by Ep W , and hp , over a dense liquid (Winkler) foundation. The
liquid foundation is characterized as a bed of springs having a certain

stiffness. Each individual spring represents the effect of the support
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provided over a unit area and is quantified by a constant k , which is
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.l8 and Pickett and qulg 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 pavements. The major difference lies in the
representation of the remainder of the structure. The use of funda-
mental constants E and 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.*-diam 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-tandem
gears with closely spaced wheels on relatively thin slabs (less than
about 15 in.) laid either directly on the subgrade or on granular layers,
quantification of the supporting characteristics of the underlying layer
with a modulus of soil reaction produces reasonable computations of the
response cf 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.
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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.-diam 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 PCC slab. The
response of the 30-in.-diam 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
idealization may be more representative occurs when there exists within
the subgrade different types of materials at relatively shallow depths
(less than 20 ft). 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 obtained
from laboratory tests, rather than one elastic constant obtained from
field tests, provides 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 stress 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

' reactione 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

R T .
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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 tests 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 weskness 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. HEmpirical 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 all other interfaces.

The comparison of the finite element idealization with the
Westergaard and elastic layered idealizations may not be valid since it

R gl




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

NOTE: ELEMENT NUMBERS ARE CIRCLED.
NODE NUMBERS ARE NOT CIRCLED.

Gadal s Ll

HEXANEDARON ELEMENT

3 F.NITE ELEMENT MESH b. ELEMENT 20

Figure 3. Pavement idealizstion using the finite ,
element program (from Crawford and Katonal?) %
i
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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.T5 of the edge stress computed by plate theory
(Figure L4). 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 4 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 COMPUTATIONAL PROCEDURE

The two most widely used computer codes to solve for the response
of a layered elastic pavement idealization are the BISTRO20 and the
CHEVRON-! codes. In addition, the CRANLAYZZ and the BISARZS codes have
been used but not as extensively as the BISTRO or CHEVRON codes. From
these, the BISAR 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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Figure 4. Comparison of stresses computed from test

section data (Appendix B)
the ability of the program to consider different interface conditionms.
Thé BISAR 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 Brabstonlo 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 pavements 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 wnen
compared with the deflection 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 de-
creasing as the subgrade modulus increases until for a subgrade modulus
of 7000 pei the basins computed are nearly identical. The distortion

is caused by inaccuracies in the numerical solution procedures for
various integral equations and Bessel functions for large EP/ES ratios.
The distortion in the curves in Figure 5 are accentuated by the location
of a stiff layer (E = 1,000,000 psi) at a depth of 240 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

deflections near the load are smaller than those further removed from
the load (Figure 6).
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Figure 5. Deflection basins computed with the CHEVRON code
compared with the deflection basins computed with the
BISTRO/BISAR 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.
; : MODIFICATION OF MODEL FOR
n ; FINITE SUBGRADE DEPTHS
‘ The layered elastic idealization assumes that the bottom layer
i extends vertically to infinity. This, along with the assumption that
the layers extend horizontally to infinity, is a necessary condition 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-£t deptn,ls2¥
which the stiffness of the soil increases with depth. The results are
that the model invariably overpredicts vertical deflections within the
# pavement structure. Strains, and therefore stresses, are also affected

and the most common situation encountered is one in

but to a much lesser extent.
The effect of the assumption of subgrades with infinite extent
may be examined by studying the influerce 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 material(s) :
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
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 m;gnitude 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
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of the stiff layer. This is typical of not only the radial stress
(Figure 9) and the tangential stress but also the vertical stress. The
components of strain are affected by the assumpt.icas 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 wesknesses of the
layered elastic idealization.

The decision was made to modify the model by incorporating a
layer of infinite thickness having a modulus of elasticity of 1 x 106 psi
and a Poisson's ratio of 0.4 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
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,
about 20 ft appeared to be a practical value for aircraft loads and a
reasonable range of pavement thicknesses. The value of 1 x 106 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

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

stiff layer. The difference in an influence line and a deflection basin

is that data 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 point
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of maximum response. Because of the approximations of linearity,
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 provided in Figures 13 and 14, which
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
with measured deflections as the independent variable and computed
deflections as the dependent variable. Both regression functions are
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

8, = 1.338a (1)
and the unconstrained regression function is described by the equation
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L —

B 0.20 + 0.998Am (2)

where

Ac = computed deflection without a stiff layer

Am = measured deflection

Computed deflections with a stiff layer are shown in Figure 1k.
The regression function constrained through the origin is described by
the equation

8, = 0.9378_ (3)
and the unconstrained regression function is described by the equation
A = 0.011k + 0.739 (L)

where A; = computed deflection with a stiff layer.

Examination of Figures 10-1% 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.)

c. 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 modification improves the overall
acceptabllity of the model. From a practical standpoint, it minimizes
the need to explore and characterize the subgrade to large depths unless
the geology 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 PROCEDURES

GENERAL

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

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 as 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 ié 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 characterizétion of
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 might 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
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
have been very inelastic and nonlinear. The state of stress is variable
throughout a pavement structure and wi'l 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 wfﬁh bituminous binders are beneath the surface, where
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
material.

At this time, some discussion of terminology regarding the four
types of materials that compose rigid pavements is needed. There is
general 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 (subbases) under the general heading of soil
stabilization, i.e., stabilizing agents, stabilization mechanism, pur-
poses for stabilization, and resulting material properties. Wide
ranges in each aspect of the stabilization are noted. Barker and
Brubntonlo 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 subject
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 ingredients 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.,
vwhich 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 set forth by Barker and Brabston,
is applicable for rigid pavements. This requirement should be used in
lieu of strength requirements in References 26, 28, and 29.

10

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
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, 24, 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
dominant of the two parameters. A second is that Poisson's ratio varies
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.

EFFECTS OF LOAD REPETITIONS

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-
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 800 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
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
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.

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
effects of repeated loading on the PCC, granular bases (subbases), bound
bases (subbases), and subgrades are discussed in detail in Appendix A.
MODULUS 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-
mates of in-place conditions. The modulus of elasticity and 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
confidence 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 flexural 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 flexural
modulus and that other modulus values should be related to the flexural
modulus. There have been numerous studies relating the modulus values
obtained from other test procedures, such as the uniaxial compiression
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 tests 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 PCC
will be adequate for design purposes. Thus, this has been the value
of Poisson's rgtio 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 properties in flexure are considered to be
appropriate, the beam test as given in Appendix A should be employed.
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 Brdbstonlo and Chou,25
modulus and Poisson's ratio of bituminous bound bases that can be used

for estimating the

for design. Such procedures would certainly be appropriate for designs
that employ bituminous bases primarily for waterproofing and not as a
structural 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
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
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
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. 3Since 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
triaxial test is considered to be the laboratory test that can best be
used to establish the characteristics of a particular granular material.
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
should be a typical design and the materials ghould meet the specified
quality and compaction requirements.

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.

Characterization of subgrade soils is normally considered much
more crucial than characterizetion of the bases, primarily because of
the relative thickness between the two and because of greater vari-
ation, which can occur in subgrade materials. In many ways, charac-
terization of the subgrade materials is very similar to characterization
of unbound granular, i.e., the material must be characterized with
respect to a state of stress, moisture condition, and materisl density.
As with the unbound base, the repetitive triaxial test is considered to
be the appropriate laboratory test for characterizing the material. For
the cohesionless subgrade, the characterization procedure is the same as
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
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 final moisture con-
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 (WES) for
correlating modulus of subgrade reaction as determined by the plate
bearing test 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
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. 1In the study at the WES, 0.4 has been found to be a representative
value for most subgrades. For subgrades that are to be considered near
saturation, it is suggested that 0.4 would be an adequate estimation of
Poisson's ratio. If some 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.
SUMMARY

Table 1 provides a summary for determining the modulus and
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-
fluence the modulus of a material. First, the table assumes that the
material tested is used in the pavement and meets the material specifi-
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.,
those parameters listed, will be variable, and particular care must be
exercised in the control of these test parameters.




DEVELOPMENT OF PERFORMANCE CRITERIA

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
rigid pavements is assumed to be similar to that for a PCC beam, and the
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 American Association of State
Highway Cfficials (AASHO) road tests. The performance criteria recom-
mended by the Portland Cement Associa.tion5 (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 (DF) versus coverages from the equation

DF = R/O.TSoe (5)

where
DF = design factor
R = PCC flexural strength

o_ = tensile stress in the bottom of the PCC slab computed with
the Westergaard 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 coverages.37

Upon detailed examination of the various fatigue criterias, 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 Serivner and Vesic in Figure 18 were
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developed from an analysis of data from the AASHO roed 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, Murdock and Kesler, and Clemmer in Figure 18,
and for the curves in Figure 19, were obtained from flexural loading
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
applications of load, although complications may arise concerning the
nature of the load. For the AASHO road tests, loads were applied with
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 term 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
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.
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
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,

Ly




o

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
what the modulus of soil reaction. However, performance of accelerated
traffic tests and results of condition surveys indicated that pavements
with high-strength foundations continued to satisfactorily carry loads
after cracking, but that pavements with low-strength foundations devel-
oped multiple cracking and differential displacements soon after initial
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 coverages36 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 ieSponse parameters. The initial crack definition of

fallure selected stated that a pavement was considered failed when

approximately 50 percent of the slabs in the traffic area had cracked.
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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 pavements were constructed and
tested by the Corps of Engineers from 1943 to 1973. The procedures fol-
lowed 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 propertiés
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 jJoints, type load, distribution of loading, extent 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 hes
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 are 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 agglometations 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 stiffnesses.

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 ss
fatigue of the PCC as obtained from beam tests. Environmental effects
are not considered in the computation of the response parameters for
developing tiie criteria. Although the full-scale pavements experienced
the effects of temperature and moisture changes and gradients, fric-
tional restraint forces, etc., the range of conditions experienced was
not all-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
subgrades 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 Jointé are
handled in the following manner:

a. The test pavements all had joints and slab sizes that were
similer to the standard types used in airfield pavements.

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 slabd
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 4 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 system.
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
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 1940's and 1950's when pavements
were designed for much lower traffic volumes. The net result of the low
applied traffic volumes is that the results from the tests will have to
be extrapolated to higher traffic volumes in order to be used to design
for current and projected traffic.

In summary, the use of data frou full-scale accelerated traffic
tests has certain disadvantages. However, when the complexity of the
problem of designing pavements and alternative sources of data are
considered, it apparently is the best alternative for producing criteria
that are generally applicable and implementable.

ASSIGNMENT OF MATERIAL
PROPERTIES TO TEST PAVEMENTS

For the test pavements described in Appendix A, the elastic
properties of the various layers shown include moduli of elasticity,
Poisson's ratio, and modulus of soil reaction values. For the Multiple-

Wheel Heavy Gear Loe.d,35 Keyed Longitudinal Construction Jo:lnt,38 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 1-3, Sharonville Channelized,>***7 gna Sharonville Heavy
Load ), the load deformation properties of the foundation material were
described solely by the modulus of soil reaction obtained from static
Plate load tests. The modulus of elasticity for the subgrades for these
pavements was obtained from 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
Brabston.lo

Data from which the correlation in Figure 21 was developed are
shown in Table 2. These data were obtained 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 s 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
herein, it did appear to provide reasonsble 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 & 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 to
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
‘Reaction and Resilient Modulus

Soil Identification Modulus of Soil Reaction

m _pei Resilient Modulus, psi
1 €L 3% 12 35 4,500%
? | 2 CH 50 32 170 22,000%
B | 3 cH 58 33 32 1,700
i | 4 SM  N.P. 116 21,500%#
§ NG b o5 75 9,400%
i 6 =0T 225 12,000%#
T SW-SM N.P. 190 35,000%# g
8 SW-SM N.P. 450 112,500%#
9 8P N¥. 630 91,000%# i
10 & 4y 175 32,500%
11 CH 73 L8 85 L ,500%
12 CH 73 L8 118 13,200%
13 CH 73 48 120 7,625%
14 CH T3 L8 120 9,000%
15 CBE T3 W8 130 6,213%
16 CH T3 L8 T2 6,500%
17 8 535 3 325 200,000t
18 CH 64 k2 250 102,500t

* Resilient modulus determined at deviator stress of 5 psi.

#% Resilient modulus determined at first stress invariant of 10 psi.

+ 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 first stress
invariant of 10 psi for cohesionless soils.

The moduli of elasticity for the granular bese 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 courses), combined with information from other sources.

This additional information was obtained from procedures for determining
moduli of granular materials described by Barker and Brabston (Arpendix
Glo) and Chou,so and from test results for similar materials presented
by Chisolm and Townsend51 and Hicks.52 Values for Poisson's ratio were
assigned from values recommended by Barker and Brabston.lo The earlier

test pavements did not contain bound base courses.

LIMITING STRESS CRITERIA

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
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/o (6)

where

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

R = PCC flexural strength

0 = maximum principal tensile stress at bottom of PCC slab
computed with elastic layered model

The 1limiting stress criteria are illustrated in Figure 23. The
data points in this figure are 1listed in Table 3. The plus signs after
coverages in Table 3 and the arrows on the data points in Figure 23
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Table 3

Data for Develonment of Performence Criteris
Vertical
Item Traffic, Design Deflection,
Site Locetion Identification _TypeLoed  Coverages PFastor __in.
Lockbourne A Dual-Wheel 390+% 1.8, 0.0206
No. 1 A 45 1.31 0.0356
B 187 1.7 0.0322
B 35 1.03 0.0558
c 1.33 0.0437
(5 AN 0.92 0.0757
D 450 1.30 0,0498
D 33 0.89 0.0863
E 430+ 1.48 0.0409
E u 1.02 0.0712
r 550+% 1.87 0.0kk6
F m 1.25 0.0770
K T2 1.29 0.0634
K 700 1.91 0.0393
N 150 1.39 0.0653
N 9 0.94 0.105 3
o 573 1.70 0.0575
o 12 1.1k 0.0928
P 262 1.2k 0.0894
P 6 0.84 0.1k
Q 1,390 1.68 0.065T
Q ST 1.12 0.106 3
U 88 1.51 0.0k
U 1.5 1.16 0.0625
A (Reconstr.) Dual-Wheel 658 1.87 0.0435
Lockbourne n Single-Wheel 97 1.15 0.0641
No. 2 E2 92 1.19 0.058%
E3 17 1.07 0.0808
E4 203 1.07 0.0786 i
ES L3 1.53 0.0479
£6 2,20k+ 1.77 0.0407
T Single-Wheel 2,20h+e 2.4 0.0346
W Dual-Tanden 134 1.2 0.10%
w2 ) 2,20+ 1.63 0.0807
<} Dual -Teandem 2,20U+* 2.46 0.0562
Lockbourne 1 Dual-Wheel 18 0.82 0.0903
¥o. 3
Sharonville ST Dual-Wheel 3k ,650+% 2.35 0.0k
Channelized 58 34,650+ 1.98 0.0kk
59 7,600 1.86 0.03
60 1,674 1.80 0.018
61 3,867 2.13 0.017T
62 Dual-Whee). 10,082 2.72 0.013
Sharonville n Dual-Tandem 9,680+* 3.28 0.0295
Heavy Load T2 ] 9,680 2.53 0.0413
73 Dual-Tandem 2,115 2.00 0.0507
MWHGL 1 C=5A 2a 1.25 0.0579
2 C=SA 4,230 1.69 0.0502
2 Dual-Tandem 95 1.24 0.0537
3 Dual-Tandem 205 1.43 0.05k
3 C=5A 1,400 1.18 0.0433
b C=5A 180 1.05 0.0683
LA ] 1 C- Sk 1.39 0.0589
2 k1Y 1.k0 0.0530
3 22 1.40 0.0579
h C- 6,336 1.76 0.0530
) Dual -Tanden 320 1.43 0.0591
osps . 3 Dual-Tandem 3, a5 2.00 0.0478
3 350 1.62 o.gza
b 4,660 2.00 0.0W78
b Dual: 170 1.61 0.05Th

Note: The plus sign (+) {ndicates that traffic stopped prior to item failure.
® Data points not used in analysis.
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indicate that the pavements did not fail at the stated traffic level.

Of the 10 data points 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

54 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 logarithm* of the coverages as the

independent variable. The resulting relationship in Figure 23 is

described by the equation

DF” = 0.58901 + 0.35486 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
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
the design factor as the dependent variable was made for the purpose
of producing a relationship'thax would minimize (based on least squares
criteria) the variability in the required thickness, stiffness, and
strength of pavement to carry a certain load. The salternative 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
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.
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A single relationship, rather than multiple relationships for
several ranges of conditions, was selected because of insufficient data
for a range of groupings and from visual inspection of the plot, which
showed no well-defined groupings of data points. Groupings according
to load and foundation stiffness were tried. A linear regression was
selected because its simplicity was commensurate 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
trends in the data did not suggest the applicability of a more complex
relationship.

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 coverages (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

not be the case.
VERTICAL DEFLECTION CRITERIA

The vertical deflection criteria are presented as relationships
between vertical slab deflection and traffic 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
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 variasble. The resulting relationship in Figura 24 is
described by the equation
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§ = 0.10876(Cov)~0+1228 (8)

where 4§ 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 signifies that deflection is a
poor indicator of pavement performance.

To improve the relationship between computed deflection and pave-
ment performance, an attempt was made to identify particular test sec-
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 24 sections may have been
due to excessive deflection, a reason exists for examining these test
sections alone. It still must be realized that in most of the test
sections the overprediction of Equation T will be caused by inherent
variability of the test data. Therefore, an analysis of the 2L points
was conducted to see where these points were with respect to the best
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
indicate excessive deflection. From this analysis, it was postulated
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

8§ = 0.098738 (log Cov)~0+ 27910 (9)

This curve was selected as the limiting deflection criterion. Equation 9

has a standard error of 0.00356 and a correlation coefficient of -0.98720.
As an additional analysis, the deflection data were divided into

two groups: (a) 35 points in the group 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-
vheel gears is given by

-0.16314

§ = 0.12657(Cov) (10)
where
SE = 0.02085
r = -0.67485
The best fit equation for multiple-wheel gears is expressed as
§ = 0.077005(Cov)~0+049191 (11)
where
SE = 0.01355
r = -0.41200

The difference in the two curves in Figures 26 and 27 indicates
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
illustration, consider the case of a Boeing T4T aircraft with a maxi-
mum ramp weight of 713 kips and a Boeing T2T7 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 (E = L x 106
psi, v = 0.2) on a 12-in.-thick base (E = 30,000 psi, v = 0.3) over a
subgrade with E = 10,000 psi and v = 0.4 yield maximum tensile
stresses in the slab and maximum vertical slab deflections of 294 psi
and 0.0435 in. .for the Boeing TUT and 262 psi and 0.0238 in. for the
Boeing T27. As noted, the stresses are almost the same, but the deflec-
tion produced by the Boeing TUT is almost twice that prodﬁced by the
Boeing 727. The use of a single relationship for deflection criteria
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would be either too severe for the Boeing TUT or unconservative for the
Boeing T2T.

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 subgrade 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 deflections, the strength criteria are in-
directly related to the PCC strength but in a very complicated manner.
An attempt was made to utilize the PCC strength 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
relationship is best described by the equation

-1.2209 (12)

§ = 0.082T9LDF

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,
vhich contains the PCC strength. The relationship may find greater use
in pavement evaluation since it does provide 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.

CRITERIA FOR OVERLAY AND
REINFORCED SLAB DESIGN '

The criteria developed thus far have been for nonreinforced PCC
slabs placed on bound or granular base courses or directly on the
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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 overlesy design and for rein-
forced pavement and overlay design are the same as are currently employed
for military and civil facilities.l-3 The criteria were developed from
data from full-scale accelerated test pavements, just as the criteria
previously described. Many of the test tracks listed in Appendix A
contained overlays and reinforced pavements 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 “or this

is that the basic parameter used in the development of both eria
is the thickness of unreinforced pavement. The overlay crite: 2 7e
developed and then applied in terms of the thickness of overl-y cded

to provide the same performance of an equivalent reinforced pavement
thickness.33’53 The criteria for reinforced gavement 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 thickness. 3323%553,54

Provided the proposed criteria result
in adequate thicknesses of unreinforced pavement, the use of these
thicknesses with existing procedures should result in adequate unrein-

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
conditions of bond achieved between the overlay and the base pavement.
When a deliberate and concentrated effort is made to achieve bond, over-
lay thickness is given by

h =h, =-h (13)
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where

it i et deanl i

ho = thickness of overlay
hd = thickness of PCC slgb 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 flexural 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 flexural 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
of partial bond exists between the overlay and the existing pavement,
overlay thickness is given by

1.4
T \/hdl.h - cpl-t (1)

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 = h, - Ch (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
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 from 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 under 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.

Although the presently used overlay design equations are recom-
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 g
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 0.4 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 14 and 15. The BISAR code, as
recommended for use with the criteria developed herein, does have the
capability of considering variaeble 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
foundation where the load deformation characteristics of the existing
flexible pavement are defined by a modulus of soil reaction measured
vith a plate bearing test. It is recommended that the same procedure
be employed with the proposed procedure, i.e., the overlay designed as
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 characterize with either of the following:

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

b. The material may be assumed to be granular, and a modulus may
be estimated using the Yrocedure described by Barker and
Brabston in Appendix G. Y
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If 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 té 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
properties in an elastic layered model should improve the design of
rigid 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 from data from full-scale accelerated traffic tests. The
test tracks designated Lockbourne No. ].,ho-l‘2 Lockbourne No. 2,h3’hh
and Sharonville Channelized Trarfic3h’h7
sections of varying thicknesses and percentages of reinforcement.

contained reinforced test
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Figure 29. Effect of steel reinforcement on rigid pavements
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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
unreinforced pavement, application of the criteria illustrated in
Figure 29 should result in adequate thicknesses of reinforced pave-
ments and overlays. Limitations on application of the criteria, as
presently employed, should continue to be used.
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ASSEMBLY OF PROCEDURE FOR DESIGN

GENERAL

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 general 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

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
of the subgrade, borrow and aggregate sources, number of material
sources considered, the type of facility being designed, etc., should
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 24k. 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 development 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. Bag
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-
tained 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 CONCRETE

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

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
and base course layers. Condition coefficients should be established,
as outlined in References 1-3, to define the structural condition of the

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 42-68°° (CRD-C
27-69%%).

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
wvhere they would not function as a continuous layer of bound material,
then the same material properties may be assigned as for the base layer.
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.l'3’2h

Procedures,
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. All available data should be studied, including
recommended typical values, and a representative value selected.
Procedures are available for estimating modulus values as well as

values of Poisson's ratio. The reliability desired in the resulting
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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 approximetions
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. Computations of
Poisson's ratio should be made and compared with typical values for
selecting representative 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 from 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 subgreis
is to be protected against frost penetration (even though climatic and
soil conditions are conducive to frost action), procedures outlined in
Appendix E should be used.
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Computations of Poisson's ratio should be made and compared with
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 resp%?se.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
field densities. Moduli values should be selected at first stress
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 outling@ 19 Appendix C. Separate procedures are provided
for chemically stabilized and bituminous stabilized bases. Chemically
stabilized materials are sensitive to curing time and conditions and
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 from available temperature predic-
tion models. The values selected for design should be the average of
all wmlues obtained. Poisson's ratio should be selected from the fol-
lowing recommended values: ' +
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Material Poisson's Ratio

Bituminous Stabilized 0.5 for E < 500,000 psi
0.3 for E > 500,000 psi
Chemically Stabilized 0.2

PORTLAND CEMENT CONCRETE

; Mixture proportioning studies should be conducted to establish
E a practical range of flexural strength that may be obtained with avail-
able materials. Flexural strzngth tests are conducted according to
ASTM Standard Method of Test C 78-7557 (CRD-C 16—6656). During the
conduct of flexural tests, deflections should be measured, and moduli
of elasticity computed according to procedures outlined in the Corps
o1 Bhgineets’ proveduse CRDSC 2158, 70

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 jJob specifications, the design
strength should be the strength reasonably obtainable 80 percent of

the time with locally available materials that meet other material
requirements. The 80 percentile strength should then be used for con-
struction quality control.

Normally the modulus of elasticity of PCC will not vary over a
very wide range for aggregates from a particular locality. For the
mixtures meeting strengih 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 this 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 from the pavement according to ASTM Standard Method of Test
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¢ 78-75°T (CRD-C 16-66°°) or from tensile strength obtained from split
tensile tests according to ASTM Standard Method of Test C h96-7158
(CRD-C 77-2256) on cores from the pavement. The split tensile strength
should be converted to flexural strength with a correlation recommended
by Hammitts9 or other correlations as available.

LAYERED SYSTEM DESIGN

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 resulis 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.
Avareness 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 2k,
should control when thicker or higher quality layers are indicated.

LIMITING STRESS 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
similar to a bound material. Two conditions of traffic are illustrated
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-8-61 traffic with the relationship

W 1/2
log R, = (log R S (16)
1 2 Wi
where
R, = equivalent DC-8-61 departures
R2 = adjusted departures of aircraft in question
W, = wheel load for equivalent DC-8-61
Wé = 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-
body jJet aircraft are substituted for equivalent DC-8-61 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:
To Ccnﬁert To Multiply R2 by
Single wheel Dual tandem 0.50
Dual wheel Dual tandem 0.60
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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 pavements 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-
formly 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 cov-
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-
nology 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
an acceptable approximation.

The procedure of designing for only the wide-body Jjet 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. Conceptﬁally the use of
this procedure with the proposed criteria is correct from the standpoint
of load and load application. However, the assumption neéessary 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
simplifying the process of treating a mixture of traffic. This simpli-
fication asppears to be in order when considering the impreciseness of
the performance relationship, the precision of material characterization
procedures, and the accuracy of estimates of traffic (both numbers and
magnitude of loads).

The use of cumulative damage concepts 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,
several 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 pavements 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 meke the assumption that each load has a
detrimental effect on the pavement and that Miner's hypothesis, in some
form, can be used to accumulate 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 definitive 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

60,61 Certainly a pavement is a more

even have a beneficial effect.
complex system than & 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
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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 stress. Stresses
less than the maximum do exist in the pavement, and one must decide
vhether 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
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, and 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
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
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 cen 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
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 not recommended 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 justify not recom-
mending the criteria for design.

The limiting deflection criteria (Figures 24 and 25) are used to
check designs obtained based on the limiting stress criteria. If the
deflection 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.
For design of civil facilities, when all traffic is related to equiva-
lent DC-8-61 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 deflec-
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-
dividual aircraft and the largest required thickness is selected. The
same procedure is followed for design of military facilities, i.e.,
limiting and computed deflections and traffic volume are computed for
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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 all cases where the loads are applied througﬁ
multiple-wheel gears, but the stress criteria control for the single-
wheel gears.

EXAMPLE PROBLEMS

Design examples follow for both civil and military facilities.
The traffic for the civil facility is tebulated in Table L4 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 0.4. 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 snd a Poisson's ratio of 0.3 is placed
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
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 structural considerations. The PCC is assumed to have a modulus of
b x 106 psi, a Poisson's ratio of 0.2, and a design flexural strength
of TOO psi.

The step-by-step procedures followed for several of the loading
and foundation conditions are outlined in detail. These will be typical
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Table 4

Traffic for Example of Design for Civil Facility

Traffic Volume Gross Aircraft 2
Aircraft Annual Departures Weight , kips Contact Area, in.
DC-9 7000 115 165
B-T2T T000 13 237
DC-8 2000 358 209
B-ThT 1000 T13 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 5 A

Aircraft Annual Departures Weight, kips Contact Area, in.

B-52 1000 480 267

KC-135 2000 300 267 J
C-1k1 2000 320 208 |
F-111 Looo 110 241 |

Notes: 1. Designs assume 90 percent of gross aircraft weight on main
gears.
2. Load for B-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
compared.

Design for Civil Facility--Granuler Base. For a 20-year design
for a civil facility, a 12-in. granular base over the previously de-
scribed subgrade and all traffic equated to equivalent DC-8-61 traffic,
the first step is to convert the annual departures in Table 4 to total
departures by multiplying the annual departures by 20. _The next step
is to apply Equation 16 to convert the total ¢ :partures to equivalent
DC-8-61 departures. This results in the following:

Aircraft Total Departures Equivalent DC-8-61 Departures
DC-9 140,000 8,800
B-T27 140,000 69,400
DC-8 40,000 40,000
B-TLT 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 41,300. Applying
Equations 7 and 9, respectively, results in a required design factor
of 2.23 (stress criteria) and a limiting deflection of 0.0hQ7 in.

The next step is to run the BISAR computer program for several
trial slab thicknesses. The design factor is computed, and the results
may be tabulated in the following manner:

PCC Slab
Thickness, in. Design Factor Slab Deflection, in.
14 Lede 0.0594
16 1.80 0.0516
18 2.10 0.0453
20 2.4 0.0L00
£ 2 .2.T9 v 0.0357

These results may be plotted as illustrated in Figure 31, and a required
slab thickness of 18.8 in. is selectéd. A check of deflection criteria
reveals that a PCC slab thickness of 19.7 in. would be required to meet
the deflection crigeria. 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.h8.36 Applying Equations T and 9,
respectively, results in a required design factor of 1.92 and a limiting
deflection of 0.0459 in. The BISAR computer code was run for several
trial slab thicknesses, and design factors computed with the maximum

stress. The results are tabulated as follows:

PCC Slab
i Thickness, in. Design Factor Slab Deflection, in.
; 12 1.45 0.0650
i 1L .73 0.0565
i 16 2.04 0.0L4oL
' 18 2.38 0.0435
! 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 cheék of deflection criteria
reveals that a 17.l1-in.-thick PCC slab is required for satisfying the
deflectiéﬁ criteria. Thué, the eqﬁivalent DC-8—61V£raffic is critical,
and the design would be based on the slab thickness requirement of
18.8 in. for the DC-8-61.

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

trates the procedure for selecting PCC slab thickness for the traffic
tabulated in Table 5 and a foundation 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
paesses 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 Coverages Factor Deflection, in.
B-52 20,000 13,100 2.05 " 0.0435
KC-135 40,000 12,800 2.05 0.0436
C-1k1 40,000 11,700 2.03 0.0L38
F-111 80,000 14,200 2.06 0.0433
89
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The next step is to run the BISAR 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 Deflection, in.
20 1.56 0.0576
22 1.79 0.0520
24 2.02 0.0472
26 2.27 0.0k431

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 (Stress Criteria), in. (Deflection Criteria), in.
B-52 24.3 25.8
F-111 13.3 <10

The design thickness of 2h4.3 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 Equations 8 and 9 as appropriate to determine
the limiting deflections for each aircraft at the applied traffic level.
isae total coverages and limiting deflection for each aircraft in the mix
are tabulatei as follows:

91

s T Tp—



WP ¥ Sl T REgs Sy i

3FBIDITE 26-g
- £3TTT08J AIB3TITW - SSSUNOTY3 QBTS pPaInbal JO uOT3o9Teg ‘€€ omIBTg
NI "SSINMIDIHL 8y "Nl ‘SS3INMOIHL 8V TS
‘14 92z vz (44 oz 8z 9z vZ [44 oz
I ) 1 ] 20’0

—j€0'0

¥O010Vd NOIS3a

so0

*NI ‘NOILD371430 8VY1S JILSV3 VIIL¥3A

o0 Joe |




|

Sl Ca o e

- TOPRTDEEN

Aircraft Applied Coverages Limiting Deflection, in.
DC-9 38,000 0.0409
B-T27 42,900 0.0406
DC-8 11,900 0.0438
B-TLT 5,750 0.0L459

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 34 presents a plot of the summation of the ratios of
applied to allowable coverasges 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 all
aircraft except the DC-8. For the DC-8, the limiting value is 0.0L438
as compared with the computed velue of 0.0461. For the 18-in.-thick
slab, the computed deflection for the DC-8 is 0.0433. 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 cri-
teria would dictate the design and help to confirm the conclusion that
design on the basis 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-8 aircraft dominates the design.
Although the B~-T4T has about the seme gear load, the flotation of the
gear is more efficient; therefore, the damaging effect of the B-TLT
traffic is negligible compared with the effect of the DC-8 traffic.

Summary of Design Examples. The array of designs obtained for
the civil facility traffic is shown in Table T and for the military
facility traffic in Table 8. Presented also in the tables is the slab
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APPLIED COVERAGES
ALLOWABLE COVERAGES

:

3.0 B

2.8

2.6

2.2

(] L ' 1 1 1 L J
16.0 16.5 17.0 17.8 18.0 18.5 19.0

PCC SLAB THICKNESS, IN.

Figure 34. Summation of the ratios of applied to
allowable coverages versus slab thickness
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Table T

Slab Thickness for Civil Facility

Required Slab Thickness, in.

Present
Stress Deflection Design
Pavement Type Criteria Criteria Criteria
Equivalent DC-8 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-T4T) Design
No base 15.7 17.6 13.8
12-in. granular base 15.2 17.1 11.8
Accumulative Damage-Mixed Traffic Design
No base 18.2 19.0
12-in. granular base 178 18.5
1 8-in. bound base 16.7 17.8
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Table 8

Slab Thickness for Military Facility
L
{ Required Slab Thickness, in.
Present
‘ Stress Deflection Design
| Pavement Type Criteria Criteria Criteria
é B-52 Aircraft
-
; No base 25.6 27.0 23.2
12-in. granular base 25.3 26.5 20.8
3 8-in. bound base 24.3 25.8 -
E KC-135 Aircraft
4 No base 1k.2 192 13.0
3 12-in. granular base 13.7 14.6 10.9
; 8-in. bound base 12.6 13.8 -
3 C-141 Aircraft
3 No base 16.3 16.8 1k4.7
12-in. granular base 15.8 16.2 12.7
8-in. bound base T 15.5 -
F=111 Aircraft
No base 14.2 <10 14.1
12-in. granular base 13.9 <10 13.4
8-in. bound base 13.3 <10 -
4
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.

COMPARISON OF CRITERIA

In working through the design examples, it was obvious (Tables T
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 gedr 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-8 and C-14l 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 subgrades, 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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P Table 9

Dats for Comparison of Stress and Present Criteria

Thickness Coverages
Test Series® Test" (n.) K (pet) B (pst) 2T5% (1) 4 (oorcent) Cup (Po1) oy Present  Equation ]
1 Lockbourne No. 1 A-1 5.72 150 TU0 627 g2.1 Los 390.0+ 461.000 7,861
3 A-2 5.72 150 160 911 1.3 599 45.0 0.%00
B-1 5.50 75 760 76 19.4 504 187.0 €.000 286
i } B-2 5.50 75 760 11L5 60.6 759 35.0 0.010 17
i ! c-1 5.50 10 T80 788 78.6 558 200.0 5.000 16
i c-2 5.50 70 760 1165 59.8 853 Lk.0 0.010 8
;. D-1 5.50 5 40 716 79.4 572 450.0 6.000 9
D-2 5.50 75 + 780 1145 60.6 877 33.0 0.010 7
! E-1 5.75 104 T80 680 87.5 505 430.0+ 85.000 286
E-2 5.75 104 780 998 66.9 m 71.0 0.100 15
F-1 T.75 52 740 525 106.0 396 550.0+ 12,068.000 3,734
E F-2 7.75 52 780 8ok 80.6 €25 1.0 4.000 70
: K-3 9.Lu 90 735 730 81.4 570 72.0 12.000 90
; K-2 9.ub - 90 780 SuT 107.3 Lo 700.0 14,606.000 L5271
3 N-2 8.00 75 7680 709 88.1 564 150.0 103.000 161
; N-3 8.06 75 735 936 66.7 785 9.0 0.100 10
0-2 9.46 75 780 569 10L.2 Ls8 573.0 9,265.000 1,253
0-3 9.46 75 735 T64 78.9 647 72.0 .000 3
P-2 7.58 95 780 T21 86.9 632 262.0 69.000 61
P-3 7.58 95 735 937 66.0 883 6.0 0.100
| Q-2 9.kl 109 780 52k 110.7 u6s 1,390.0 24,064 .000 1,102
Q-3 9.kl 109 735 694 8l.4 659 57.0 31.000 30
U-2 5.83 207 780 818 7.4 527 88.0 3.000 305
U-3 5.83 207 735 995 60.0 651 1.5 0,100 32
A-REC 9.81 107 725 us1 18.3 390 658.0 73,462.000 3,502
2 Lockbourne No. 2  E-1 15.00 725 796 78.5 629 97.0 5.000 37
A E-2 15.00 150 680 T21 79.8 STk gh2.0 7.000 Ll
;’ E-3 15.00 99 110 782 8.2 663 17.0 4.000 22
E-b 15.00 164 680 707 80.7 6L2 203.0 9.000 21
-5 18.75 9L 695 573 95.5 Lsh 43,0 1,149,000 u21
E-6 20.26 97 700 505 1044 397 2,20, 0+ g.sbl-ooo 1,843
E-7 2k.00 88 760 397 129.2 312 2,204,0¢ 366,000,000 145,115
-1 12.00 55 725 9 81.7 600 134.0 13.000 S
4 M-2 15.00 55 725 543 102.1 Lk6 2,20k4.0+ 6,806.000 800
, M-3 20.00 55 725 36k 136.1 295 2,204.0+ 1,003,000.000 165,000
Lockbourne No. 3 6.00 62 800 1339 57.3 976 18.0 0.00k 4
i Sharonville ST 20.00 27 740 uu7 116.6 315 34 ,650.0+ 57,233.000 81,420
o Channelized 58 18.00 30 740 519 105.8 373 34,650.0+ 11,718.000 7,567
3 59 16.00 u7 730 585 97.4 394 7,600.0 2.136.000 3,28k
60 12.00 335 730 65k 89.8 16 1,674.0 179.000 1,728
61 1k.00 300 730 538 103.1 349 3,867.0 7,883.000 15,335
62 16.00 360 730 u28 120.9 27k 10,082.0 107,620. 000 595,949
| Sharonville n 32.00 100 800 359 145.4 2kg 9,680.0+ 3,900,000.000 20,368,141
B) Heavy 72 28.00 70 800 3 120.9 319 9,680.0 107,620.000 227,465
il 73 2k.00 10 800 585 103.6 Loy 2,115.0 8,483.000 8,60k
9 MWHGL 1-CS 10.00 60 12% 820 13.6 580 221.0 0.910 T0
§ 2-¢5 12.00 70 800 632 97.8 u73 4,230.0 2,433.000 1,176
i 3-C5 14.00 Th 700 510 1041 394 1,400.0 9,130.000 2,095
b-cs 8.00 Th 7% 101k 6L.3 735 180.0 0.0k0 19
2-p1 12.00 70 700 79 755 566 95.0 1.700 65
3-p1 1k.00 T 660 637 8s.2 461 205.0 40.000 221
it KLJS 1-C5 8.00 250 905 w7 9k.7 656 5.0 885.000 160
2-C$ 11.00 100 730 641 89.9 522 3uk.0 185.000 182
i 3-C5 10.00 80 810 763 84.8 580 22.0 35.000 182
X baC5 10.00 235 860 576 1121 522 6,336.0 29,557.000 909
b-pr 10.00 235 860 709 9k.2 643 320.0 752.000 12k
SSPS 3-200 15.00 120 900 621 108.9 L63 3,215.0 18,474 .000 5,853
3-2u0 15.00 120 900 ThS 9.0 56U 35¢.0 70L.000 659
k=200 15.00 150 870 588 110.5 463 4,660.0 23,368.000 3,982
L=240 15.00 150 870 706 96.0 555 70.0 1,353.000 Sk

* For description of test series, refer to Appendix B.
®* Column headings:

= the modulus of subgrade reaction

= the modulus of rupture for the concrete slab
= the edge stress as computed by plate theory
-
=
-

the percent standard thickness computed for development of design criteria

the interior stress as computed by layer theory

actusl coverage to failure or if a + is used would mean section did not fail and the

coverage given is vhen traffic was terminated [
Present = the predicted coverage to fajlure as determined from present design criteria I

Equation 7 = the predicted coverage to fajlure as determined from the design criteria

(Equation 9) developed in this study

oLT
Actual
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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 cri-
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
(vbelow 200) and the higher coverages (from 1,000 to 30,000). Figure 38
presents a comparison of both criteria with the actual coverages 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 number 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 s-ome way 23 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
and 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 4O provides a comparison of stress
criteria (Equation 7) with the present design criteria. From this

ey
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COVERAGE PREDICTED BY STRESS CRITERIA
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Figure 37.
criteria with coverage predicted by stress criteria

COVERAGE PREDICTED BY PRESENT C.E. CRITERIA

Comparison of coverage predicted by present design
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PREDICTED COVERAGE TO FAILURE BY CRITERIA
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ACTUAL COVERAGE AT FAILURE

Comparison of actual coverage to failure
with predicted coverage to failure
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comparison, it is clear that for low coverages the new stress criteria
will require pavements of lesser thickness and for high coverages will
fequire 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.
JOINT 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 simulaete the discontinuities in the layers,
and no new data or analyses were developed during the study that would
improve Jjoint design. As a result, the current joint types and joint
requirements as contained in References 1-3 should he 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),
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 results 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 joints 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.




L ———

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 aslternative 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 slternative 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 (flexural 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 analyesis 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 satistactory.

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 PCC 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 pavers 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.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are offered re-

garding the design procedure developed herein:

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.

The design criteria as developed in this report should be
implemented for the design of aircraft pavements. The Shell
BISAR computer code should be used for computation of
stresses and deflections. Materials should be characterized
with procedures recommended in this report.

Data points are needed st 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.

Efforts should be continued toward the development of a more
generalized computational code, which will permit direct
inclusion of the effects of discontinuities in the layers
and variable interface conditions between layers.

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 methodology used for
new rigid pavements.
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APPENDIX A: DEVELOPMENT OF MATERIAL
CHARACTERIZATION PROCEDURES

CONSIDERATION OF REPEATED LOADING

PORTLAND CEMENT CONCRETE

Chou25

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 PCC60’6l 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 intact. 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 determiped 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 0.24. 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 PCC.

The effects of repeated loads on the strength of PCC is a well-
6061 “rt 12 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

established and extensively researched phenomenon.

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.l’h’5
stress levels within tolerable limits, and the material is charac-
terized by the static strength.

The approach taken by other agencies

Safety factors are applied to keep

2,3 is similar but the

effects 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 situation. 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, bituminocus-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 temperature and rate of
loading. Also, much of the work has been performed for the purpose of
characterizing the material for flexible pavements.

Chou25
bituminous mixtures. The various types of available tests are discussed

has a detailed review of characterization procedures for

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 flexural loads at approximate temperatures and rates of
loading adequately characterizes bituminous bases (subbases) for rigid
pavement design.

Chemicaliy 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. Emphasis 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 chemically
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.

GRANULAR 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 summarizing 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 and there
would be an apparent decrease in Poisson's ratio (possibly negative
values) as loads are applied. However, Poisson's ratio would 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 summarize, 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-
ments. These pavements consisted of PCC slabs directly on a prepared
clay (CH) subgrade as part of the Multiple-Wheel Heavy Gear Load (MWHGL)
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Pavement Tests.3” The pavements consisted of 8-, 10-, 12-, and lk-in.-
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 low 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 presents 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 partly 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 f
(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
cyelic 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
the effects of a cyclic load applied at one location. Ledbetter63
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 WES have shown
that the response of the pavement to the first load in a series of
loadings is different from the response to subsequent loads in that
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PROCESSED HIGH PLASTICITY CLAY (CH)

94"

PROCESSED LOW PLASTICITY CLAY (CL)

& . S

NSNS R

NATURAL LOW PLASTICITY CLAY (LOESS)
MATERIAL (CL) .

'A

CONSTRUCTED-1968 -MULTIPLE WHEEL HEAVY GEAR LOAD TESTS

DEPTH OF PROCESSED HIGH PLASTICITY CLAY (CH) WILL VARY
WITH THICKNESS OF PAVEMENT ABOVE. TOTAL DISTANCE FROM
TOP OF PAVEMENT TO NATURAL UNPROCESSED MATERIAL IS
144 IN.

FOR THE KEYED LONGITUDINAL JOINT STUDY AND THE SOIL
STABILIZATION PAVEMENT STUDY THE TOP 6 TO 12 IN. OF THE
CH MATERIAL WAS REPROCESSED AND MATERIAL CUT OR
ADDED 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

i Reaction, peci Dry Density, pcf percent
f Before After Before After Before After
f Item Traffic Traffic Traffic Traffic Traffic Traffic
i
' Multiple-Wheel Heavy Gear Load Study (Reference 35)
; 1 62 154 86 8k 32 34
] 2 70 9k 84 83 33 34
f 3 Th 87 86 83 32 35
E L Th 125 86 87 32 32
1 Average T0 115 85 84 32 3k
! Keyed Longitudinal Joint Study (Reference 38)
ﬁ: ik T0 - 85 - 31 -
: 2 110 100 92, 81 28 36
t i g - 86 - 30 -
B il - sl e -+ --
Average 67 86 32
Soil Stabilization Pavement Study (Reference 39)
1 L7 180 & 86 89 32 30
200 :
2 85 118 89 = 3k -
3 84 164 87 - 32 33
I Lo 68 86 86 33 33
5 - 120 & - 87 - 32
143
Average ___ 64 142 87 88 e 32
Overall
Average 67 129 86 85 32 33
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Table A3

Results from Cyclic Plate Bearing Tests -
Multiple-Wheel Heavy Gear Load Study

Cyclic Modulus Static Modulus Moisture

of Soil¥ of Soil## Dry Content

Item Reaction, pci Reaction, pei Density, pef percent

: 1 370 169 84 33
2 270 111 85 33
IK, 3 300 115 8l 33
’ b 330 128 88 32
Average 318 131 85 33

# Modulus of soll reaction computed with 10-psi plate pressure after
10 cycles at 5-psi and 10 cycles at 10-psi pressure.

#% These values are different from those shown in Table A2, since the
values shown in Teble A2 are the average of several tests and the
values shown here are for one test conducted at the same location
as the cyclic tests.
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series even though the pavement may have sustained considerable traffic
prior to the tests. This indicates that the conditioning effect of
traffic is different 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 14 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 moduli of elasticity values computed from various type tests.
Poisson's ratio of the clay subgrade was assumed as 0.4, and as dis-
cussed previously, a stiff layer (E =1 x 106 psi) was located at a
depth of 20 ft in the elastic layered simulation.

A composite modulus of elasticity for the subgrade was obtained
from the static and the cyclic modulus of soil reaction wvalues. 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 real difference between
individual sections. The composite modulus of elasticity was computed
with the formula

E = 19.8k (A1)

where
E = modulus of elasticity, psi

k = modulus of soil reaction computed by dividing plate pressure
by plate deflection, pci
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Equation A16h is derived from Boussinesq's theory for Poisson's ratio
of 0.4 and rigid 30-in.-diam plate. Application of Equation Al yields
moduli of 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 aversge relationship designated by the heavy dashed
line in Figures A2 and A3, moduli 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 triaxial test,
the deviator stress is defined as the difference between the applied
axial 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 (KLJS),38 which was conducted between
the MWHGL and the SSPS. The average moduli of soil reaction, dry
density, and moisture contents are comparable.

In the plots of measured versus computed slab deflections (Fig-
ures AlU-AT), 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 A4 and A6). The correlation
with the results from the cyclic plate tests produced the relationship

A-12




25

20

LEGEND

————— MATERIAL SAMPLED AFTER TRAFFIC
—— —— —— MATERIAL SAMPLED BEFORE CONSTRUCTION
— e COMPOSITE RELATIONSHIP

HIGH PLASTICITY CLAY (CH)

~ I
»
o
[ ]
°
»
:

Figure A2. Resilient modulus versus deviator stress
for high plasticity clay
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Figure A3. Resilient modulus versus deviator stress
for low plasticity clay
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Figure Ak, Comparison of measured slab deflection and
deflections computed with the subgrade characterized
with cyclic plate bearing tests
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Figure A6. Comparison of measured slab deflection and deflections

computed with the subgrade characterized with repeated load triaxial
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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-A11), 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 deformation and strength characteristics of paving
materials and 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 state of stress at
which they exist iﬂ.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 Al2
and Al3 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
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Figure A8. Comparison of measured slab bending strain
and strains computed with the subgrade characterized
with cyclic plate bearing tests
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of internal friction also accounts for the large influence of confining
stress on the stiffness of granular materials.

Cohesive scils, in a saturated condition, are insensitive to
confining pressure. This may be explained by the low angle of internal
friction. However, cohesive soils are highly sensitive to the magnitude
of the deviator stress applied (Figures A2 and A3).

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 and 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 Al4-Al9 show examples of the variability
that may be expected. Pavement structures are infinite in variety, and
loading conditions may vary widely; however, Figures AlL-Al9 represent
real pavement structures and loads. The general trends illustrated in
these examples are representative of pavements for aircraft operation.

Interpretation of Figures AlL-Al9 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
terminology and relationships are established:

o, = major principal stress

= principal stress with the largest numerical value
oy = minor principal stress

principal stress with the smallest numerical value
o, = intermediate principal stress

= principal stress with a numerical value between the major
and minor principal stress

g, =6, - O

1 3
= deviator stress
8 = o + %5 + 03
= first stress invariant
The definition of deviator stress is consistent with the definition
previously given for conditions in a triaxial test.

The stresses plotted in Figures AlL-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 vary
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 thé 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 general
observations can be made:

a. The stresses within a rigid pavement structure vary with
depth, and the nature of the variation is dependent on the
composition of the structure.

[-2

. Stresses in the vicinity of the loads are fairly constant.

¢. Stresses within a pavement structure vary with horizontal
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 Al4-A19 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-
ures AlL-Al9 are that the major principal (vertical) stress decreases
at a ra’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 AllL and A15 show distributions for a pavement composed of
a PCC slab directly on a clay subgrade. The stress parameter of primary
interest for characterizing cohesive soils is the deviator stress. Com-
bining the distributions in Figures Al4 and Al5 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 variebility 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 A16 and Al7 show distributions for PCC slabs on a 24-in.-
thick granular base over the clay subgrade. Of interest in Figure Al6
is the fact that the nature of the distribution and magnitude of the
stresses are about the same as in Figure Allk for the PCC slabs directly
on the clay subgrade. However, the minor principal stresses in the
granular base (Figure Al7) are quite different from the stresses in the
subgrade (Figure Al15). 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 A2l1, 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 CRANLAY 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 previously 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 A18 and A19 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 All and A16 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 slip 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 atre tensile.
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Figure A24 shows the effect of the modulus ratio between the PCC
slab and the base material. The smaller the ratio the more pronocunced
the bending. For full continuity, this means larger tensile stresses
in the top of the base course.

From the standpoint of meterial 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 A2T 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 rigid pavement.

The second general observation made was that the stresses in the
viecinity 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 A31l.
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 PCC and base course materials on the
stresses within the pavement have been 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 AlL, A16, and A18 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 Al5, AlT, and Al9. Also, Figures A21
and A23 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 PCC slabs and the second layer, the second
layer will function in conjunction with the PCC slab as a composite beam
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Figure A32. Vertical stress distribution illustrating effect
of interface condition between PCC slab and base
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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 A17 and Al19. 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 A23). !
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 intermediate 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 A19). However, the stresses in the bottom of the layer would
be tensile, and the basic loading mode would still be bending.

To summarize 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 paremeter that will be representative for a practical range
of conditions.

Portland Cement Concrete. In rigid pavements, PCC and bound
bases experience flexural 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 flexural tests were considered the
most practical and usable.
There are several discrepancies between the state of stress in a

PCC slab or a bound base layer and a simply supported beam that is

tested to characterize the material. 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
affects the response of the slabs. Forrest, Katona, and Griffin,él
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 PCC.

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 results from
the composite action of the PCC slab and base (Figures Al9 and A25).
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 test 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 PCC
slabs versus the traffic level at failure, and Figure A34 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 A34 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 PCC 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 AlL-A29)
are approximately equal to the minimum, or maximum, as the case may
be, value. As an example, consider the six pavements with bound
bases. If the minimum first stress invariant is selected from the
stresses computed at the locations shown in Figures AlL-A29, then
the average of these values is -1T7.T71l 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 all 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 computed at the locations shown in
Figures A14-A29. The minimum values referred to herein are the minimum
of the stresses computed at the horizontal locations indicated in Fig-

TV T T ST YT

ures A14-A29. At points some distance from the gear, stresses may be

smaller than indicated; however, maximum values of principal stress,

i deviator stress, and first stress invariant computed at the indicated
3 locations will be the maximum (or very close to the maximum) that will
i 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 A35 shows the maximum major principal stress directly
beneath the PCC slab plotted versus traffic for the test pavements
k. 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 10.40 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 T.54 psi as compared with 10.40 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
flexural 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 0.4, 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 Al. One test should be conducted at about 50 psi.

Table Ak

Recommended Maximum Stress Levels at Which to Test
Bituminous-Stabilized Materials

Temperature Maximum Stress Level in
Range, °F Extreme Fibers, psi
Lo-60 . 450
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 variasble, which makes selection of representative conditions
difficult. Figures Al6, A1T, 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 AlT7, A22, A2T, 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. 3
3 The open triangles in Figure A33 are for pavements with granular f
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 wvalues

iz

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
points in Figure A33, i.e., groups for pavements with bound bases, with
F granular bases, and with no bases. The larger the modulus ratio, the

: larger the confinement.

The open triangles in Figure A34 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 T7.33 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 ]
points for bound bases, denoted by the open circles, are higher than for I
the other two conditions. The average of the maximum values of major 4
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
10.40 psi.

For characterizing granular bases, triaxial compression tests

PPN

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, b, and 5. Plots of resilient modulus versus
first stress invariant, similar to the plot shown in Figure A28, 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 well-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 AlL4-A19 illustrate the distribution of
major and minor principal stresses in the sut;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 deviator 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 subgrade loaded
with a duel-tandem gear. Differences between the major (Figures Al6 and
A18) and the minor principal stresses (Figures AlT and A19) in the sub-
grade for pavements with granular and bound bases are similar to those
shown in Figure A20.

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 Al5, AlT, Al9, A27, and A29 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 A22 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
compressive confining stresses and compressive first stress invariants,
should be applicable to cohesionless subgrade soils.

Triaxial 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 de-
viator stress is considered appropriate for characterizing cohesive
materials, since the general trends indicated in Figures A2 and A3 have
been found 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 A36 applies to the test pavements described
in Appendix B. There are no apparent relationships with traffic and no
easily discernible differences between pavements without bases, with
granular bases, or with bound bases. The average value for pavements
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without bases is 3.69 psi, with granular bases, 3.79 psi, and with bound
bases, 3.46 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.

For characterizing cohesive materials, the triaxial tests should
be conducted at a range of stress conditions and a composite curve
established in Figures A2 and A3. Tests should be conducted at confining
stresses of 2, 4, and 6 psi, and at axial 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 be
made and a representative wvalue selected.

For cohesionless soils, the confining stress in the triaxial ‘.
tests should approximate conditions in the subgrade. The minor princf-‘
pal 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 A12 and Al3
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 A37 and
A38, 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 loca-
tions far removed from 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, 4, 6, and 10 psi and axial stresses
that result in principal stress ratios (01/03) of 2, 3, 4, and 5 should
be applied. From the average relationship of resilient modulus versus
first stress invariant, a representative modulus wvalue 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 78-75.57 This test is also designated CRD-C 16-66 in
the CE Handbook for Concrete and Cement.56 There is no ASTM standard
test for determining the modulus of elasticity of PCC from flexural

tests. The recommended procedure is contained in the CE Handbook for

Concrete and Cement56 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 recommended that the modulus of elasticity of bound base
material be determined from cyclic flexural 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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chemically 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 wvalues extracted

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
preparatigon 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 Glo) for determining representa-
tive values of moduli based 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 deterﬁined 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 0.4 for cohesive and 0.3 for cohesion-
less materials suggested by Barker and Brabstonlo may be used if test

results prove unreliable.
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APPENDIX B: DESCRIPTION OF TEST PAVEMENTS

The pavements described herein were part of eight test tracks.
7 These test tracks will be referred to as Lockbourne No. 1, Lockbourne
E No. 2, Lockbourne No. 3, Sharonville Channelized Traffic, Sharonville
% Heavy Load, Multiple-Wheel Heavy Gear Load (MWHGL), Keyed Longitudinal
? Joint Study (KLJS), and Soil Stabilization Pavement Study (SSPS). The
| pavements were constructed and tested by the U. S. Army Corps of Engi-
neers during the period from 1943 to 1973. The pavements were con-

structed under controlled conditions, 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 Columbus, Ohio.
The construction, testing, and analyses of the data from this test 3

track are discussed in References L40-42. 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 summarizes the flexural strength of the PCC concrete
and the traffic applied to each pavement. Figure Bl 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.
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Table Bl

Summary of Load, PCC Flexural Strength, and
Traffic——Lockbourne No. 1 Test Track

Flexural Strength Traffic

Item Load, kips psi Coverages Remarks
A 20 740 390+ First crack
A 37 780 L5 First crack
B 20 740 187 First crack
B 37 780 35 First crack
e 20 740 200 First crack
¢ 37 780 Ly First crack
D 20 TL40 450 First crack
D 37 780 33 First crack
E 20 Tho 430+ First crack
E 37 780 7 First crack
F 20 TL0 550+ No failures
¥ 37 780 113 First crack
K 37 780 700 First crack
K 60 735 T2 First crack
N 37 780 150 First crack
N 60 T35 9 First crack
0 37 780 573 First crack
0 60 735 T2 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 60 735 355 First crack
A

(Reconstr) 37 725 658 First crack
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Hesam0

' 74" l
WHEEL LOAD=20 KIPS
TIRE CONTACT AREA =387 IN.2
TIRE CONTACT PRESSURE =52 PSI

0 9

I-t 84" l
WHEEL LOAD=137 KiPS

TIRE CONTACT AREA =638 IN.2
TIRE CONTACT PRESSURE = 58 PSI

Qe

WHEEL LOAD =60 KIPS
TIRE CONTACT AREA = 1051 IN.2
TIRE CONTACT PRESSURE = §7 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 adjacent to the Lockbourne
No. 1 Test Track between September 194l and April 1945. A discussion
of the construction, testing, and analyses of data from this test sec-
tion can be found in References 43 and L4. The concrete test pavements
varied from 15 to 24 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 Lockbourne No. 2 Modification test section was an extension of
the Experimental Mat and was constructed between August and October 19L6.
A discussion of construction, testing, and analyses of data can be found
in References U5 and 46. This test section consisted of 12-, 15-, and
20-in. plain concrete 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. Traffic was applied with a
special loading device that produced a 150-kip load on four wheels.

Table B2 summarizes the flexural strengths of the concrete test
pavements and the traffic applied to each item. The pavement properties
used in this study are for the Experimental Mat section (Figure B3) and
for the Multiple-Wheel Modification section (Figure BL). The load
assembly in Figure B5 is for both the Experimental Mat and the Modifica-

tion sections.

Table B2

Summary of Load, PCC Flexural Strength, and

Traffic—-Lockbourne No. 2 Test Track

Flexural Strength Traffic

Item Load, kips psi Coverages Remarks
El 150 T25 97 First crack
E2 150 680 9l First crack
E3 150 q@lo] 17 First crack
Eb 150 680 203 First crack
ES5 150 695 L3 First crack
E6 150 700 2204+ No failure
ET7 150 760 2204+ No failure
M1 150 725 13k First crack
M2 150 2 2204+ No failure
M3 150 725 220L+ No failure

TR ——

llote: Items E1-E7 (Experimental Mat) loaded with single wheel.
Items M1-M3 (Modification) loaded with dual-tandem gear.
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E = 4400 PSI
v=0.4
k =55 PCI

E 4.12 x 106 PS|
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k=55 PCI
ITEM M3
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|
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SILTY CLAY v=0.4
k =55 PCI

ITEM M2

NOTE: SILTY CLAY AVERAGES
29.5% CLAY, 51% SILT,
18.2% SAND, AND 1,3% GRAVEL
Pl = 29.2% (CL-CH, CH PREDOMINANT)

Figure Bl. Description of test pavements in Lockbourne
No. 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 = 103 PS|

@ @ MODIFICATION
GEAR LOAD = 150 KIPS

TIRE CONTACT AREA =270 IN.2
TIRE CONTACT PRESSURE = 139 PSI
l 3L2§'|
Figure B5. Schematic representation of loads used
in Lockbourne No. 2 Test Track

6275"

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 19L46
and 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.

Traffic 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 pavement, used in this study including the applied load. The PCC
flexural strength was 800 psi, and the first crack failure occurred at
18 coverages.




fote e i i
J OB e E= A0 x 108 P

é % . " . . . . -
Y R SR WY
'P.'."',".'.b'.- Y '.-4' el
PAWAL ¥ ¢ WA AN L
SILTY CLAY E = 5100 PSI
AVERAGE 30% CLAY, 55% SILT, v =0.4
AND 15% SAND k=62 PCI

Pl =20% (CL -CH -ML)

@ G) GEAR LOAD =60 KIPS

7 TIRE CONTACT AREA =332 IN.2
TIRE CONTACT PRESSURE =90 PSI

Figure B6. Summary of data from Lockbourne No. 3
Test Track

SHARONVILLE CHANNELIZED TRAFFIC

Two channelized traffic test sections, one on a high bearing-
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
this test track are discussed in References 34 and 47. The two
channelized traffic test sections, designated as Parts 1 and 2, were
25 ft wide and 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 summarizes the flexural strength of the test items and
the amount of traffic applied to each. Figure BT 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

Summary of Load, PCC Flexural Strength, and

Traffic-—Sharonville Channelized Test Track

Flexural Strength Traffic
Item Load, kips psi Coverages Remarks
57 100 ) 34,650+ No failure
58 100 T4 34,650+ No failure
59 100 T30 7,600 First crack
60 100 730 1,67k First crack
61 100 730 3,867 First crack
62 100 730 10,082 First crack

i h ) i
w| Cpeg i B2 43X 0P
el SRR T

}’ CLLLA LS
HI PLAST}CITV

\\

9.2 SILTY SANDY = 40,000 PS|
-2 :9,GRAVEL ” v=03
05 (GMg) o =300 PCI

ITEM 57

= 43108 PSI

s s
Priv=02

© “SILTY SANDY" . E = 45,000 PSI
o5 GRAVEL ‘5.4 v =0.3

6" (GMg). """ k = 335 PCI
T &

Figure BT.
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E = 2,000 PSI
v =04
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Channelized Traffic Test Track
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Description of test pavements in Sharonville




37-1/2"

! l GEAR LOAD = 100 KIPS
TIRE CONTACT AREA = 267 IN.2
TIRE CONTACT PRESSURE - 187 PSI

Figure B8. 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 test site just north of Cincinnati,
Ohio. The construction of the test track is discussed in Reference Li8.
Testing and analysis of the data have not been published. Test Track 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 traffic rig. Track A was referred to as the
"plain concrete" test track. Traffic tests on all pavements were
accomplished with a 325-kip load on a dual-tandem aircraft gear.

Table B4 summarizes the PCC flexural 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 B10, the load used to traffic the pavements.

Table BL4

Summary of Load, PCC Flexural Strength, and
Traffic-~Sharonville Heavy Load Test Track

k(e

Flexural Strength Traffic
Item Load, kips psi Coverages Remarks
71 325 800 9680+ No failure
T2 325 800 9680 First crack
73 325 800 2115 First crack
B-12
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GEAR LOAD =325 KIP§
TIRE CONTACT AREA =267 IN.2
TIRE CONTACT PRESSURE = 304 PSI

62.75"

L) 0

Figure B10. Schematic representation of loads
used in Sharonville Heavy Load Test Track

MULTIPLE-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 Vicksburg,
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 transverse 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 1b per
wheel; the second part of the test program consisted of trafficking

the north paving lane with a dual-tandem assembly (B-T47) loaded to
41,500 1b per wheel.

Figure Bll shows the properties of the test pavements used in this
study; Figure Bl2, the load assemblies used to traffic the test items.
Table B5 summarizes the wheel loads, PCC flexural strengths, and the

traffic applied to the test pavements.
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Figure Bll. 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

Summary of Load, PCC Flexural Strength, and Traffic--
Multiple-Wheel Heavy Gear Load Test Track

Flexural Strength Traffic

Item Load, kips psi Coverages Remarks
3 360% 725 221 First crack
2 360% 800 4230 First crack
2 166%# T00 95 First crack
3 166%% 660 205 First crack
3 360% T00 1400 First crack
L 360% T75 180 First crack

* C-5A gear.

#% Dual-tandem gear.

KEYED LONGITUDINAL
JOINT STUDY (KLJS)

The excavation, construction of the foundation materials, and
final concrete paving phases of the KLJS 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 jJoints varied in the four test items. The rigid
pavement thicknesses of items 1 and 2 were 8 and 11 in., respectively;
items 3 and 4 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 MWHGL were left in place and used in this study.
The gear configurations used for trafficking the KLJS test items were
the same that were used in the MWHGL study (Figure Bl2).

Figure Bl3 shows 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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Table B6

Summary of Load, PCC Flexural Strengths, and Traffic--
Keyed Longitudinal Joint Study

Flexural Strength Traffic

Item Load, kips psi Coverages Remarks
1 360%* 905 54 First crack
2 360% T30 344 First crack
3 360% 810 22 First crack
N 360% 860 6336 First crack
L 166%# 860 320 First crack

* C-5A gear.
** Dusl-tandem gear.

SOIL STABILIZATION
PAVEMENT STUDY (SSPS)

Tﬁis 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
2ko xips (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 Bll shows the pavement properties used in this study;
Figure B15, the loads used to traffic the test pavements. Table BT
summarizes the concrete flexural strengths and the traffic applied
to each test item.
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Figure Blk. 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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3 Table BT

: Summary of Load, PCC Flexural Strength, and Traffic--
g Soil Stabilization Pavement Study

i , Flexural Strength Traffic

: Bk Item Load, kips _psi Coverages Remarks
‘ 3 200 900 3215 First crack

3 2ko 900 350 First crack

N 200 870 L660 First crack

L 240 870 T0 First crack

B-21,




APPENDIX C: LABORATORY PROCEDURE FOR DETERMINING
THE FLEXURAL MODULUS 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
flexural 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.

SPECIMEN 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/b-in.
specimens; however, any size mold may be used for the test. For soils
containing aggregate particles larger than 3/4 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 tn 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 ASTM Standard Procedure Designation: D 3202-73.66
If there is undue movement of the mixture under the compactor foot
during beam compaction, the temperature, foot pressure, and number of
tamping blows should be reduced. Similar modifications to compaction
procedures should be made if specimens with less density are desired.

C-1




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 3000-1b capacity electrohydraulic testing machine capable
of applying static and repeated tension-compression loads in
the form of haversine waves.

c. Load cell (approximately 3000-1b capacity).

d. Two linear variable differential transformers (LVDT's).

€. Recording equipment for monitoring deflection, strain, and

load.

Miscellaneous pins and yokes, as described in the equipment
setup below, for mounting the LVDT's.

i

&. Controlled-temperature cabinet capable of controlling
temperature within +1°F.

EQUIPMENT SETUP

CHEMICALLY STABILIZED

MATERIALS

Figures Cl1-C3 present the details of the equipment. The beam
should be positioned so that the molding laminations are horizontal.
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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an 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 horizontal 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 Cl-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 C2.
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 :;°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 Cl 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 horizontal position and
holding it at that position during the rest period. Adjustable stop

nuts installed on the flexure apparatus loading rod prevent the beam
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from bending below the initial horizontal position during the rest
period. With the device presented in Figure Ch, 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 40O 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

MATERTALS

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
Lo-60 450
60-80 300
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.

REPORTING 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

3 ‘ 2

(23R h
E-M 1+2.11(L) (c1)

where

= flexural modulus, psi

= maximum load amplitude, 1b
specimen length, in.

= deflection at the neutral axis, in.

H & Yo
[}

= moment of inertia, in.u

h = specimen height, in.
For chemically stabilized materials, 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.




APPENDIX D: LABORATORY PROCEDURE FOR DETERMINING
THE RESILIENT MODULUS OF GRANULAR BASE MATERTIALS

This procedure is designed to determine resilient properties of
granular base (subbase) materials. The test is similar to a standard
triaxial compression test, the primary exception being that the deviator
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:
& o = total axial stress.

b. 03 = total radial stress, i.e., confining pressure in the
triaxial test.

c. 04= deviator stress (o, - 0,), i.e., the repeated axial
stress in this procedurg.

d. € = total axial strain due to 94

&. ¢€p = resilient axial strain due to o3 -

f. = resilient lateral strain due to o4

the resilient modulus = cd/eR i

I m

< ™

P i .
]

= the resilient Poisson's ratio = Ez/eR d

i. = sum of the principal stresses in the triexial state of
stress (ol * 205 =04+ 303).

4. 01/03 = principal stress ratio.

k. Load duration = time interval during which the sample is

subjected to a stress deviator.

I~

Cycle duration = time interval between successive applica-
tions of the deviator stress.

SPECIMENS

For bese course materials, 6-in.-diam specimens are generally
required with the maximum particle size being limited to 1 in. The
specimen height should be at least twice the diameter. Methods for
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preparation of specimens are set forth in Engineer Manual EM
1110--2—1906.67

EQUIPMENT
TRIAXIAL TEST CELL

The triaxial cell shown schematically in Figure D1 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 résuits. Generally, the equipment is
slightly larger than most standard cells to accommodate the 6-in.-diam
specimens and the internally mounted load and deformation measuring
equipment. Additional outlets for the electrical leads from these mea-
suring devices are required.

Céll pressures of 80 psi are generally sufficient to duplicate
the maximum confining pressures under aircraft 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 displacements 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 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 loac 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
duration 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 D1. Two LVDT's are used to measure axial deformations, and two
are used to measure lateral deformations. Figures D3 and D4 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
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DRILL FOR #5-40
SCREW. TAP ONLY
INSIDE HALF OF HOLE

3-3/4" ]
1 o
i s | {
172 Q ® 'i
RIVOTS i "'I .i o S |
N &
e A e oA
1 P (e [ 2
; HINGE PIN WITH REAM
HOLE SLIGHTLY OVERSIZED,
3 MATERIAL: ALUMINUM (MUST BE A SNUG FIT)
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Figure Di., Details of bottom LVDT ring clamp
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0.2 mv/0.001 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.).

jo'

Rubber membranes (0.012 to 0.025 in. thick) and a membrane
stretcher.

Rubber O-rings.
Guide rods for positioning LVDT clamps.

io
[

Epoxy for cementing clamps to membrane.

A vacuum source with a bubble chamber (optional) and
regulator.

£. Specimen forming jacket.

.

= o s

It is also necessary to have a fast recording system for accurate
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 1110-2-1906.°7 The following
procedures describe a step-by-step account for preparing remolded
specimens. Generally, for base course materials, 6-in.-diam specimens
are required with the maximum particle size being limited to 1 in. in

diameter.
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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 24 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
density 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 COMPACTION

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 after 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 free-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 mentions vibratory compaction, vibratory compaction is only
permitted on uniform materials where segregation is not a problem. The
specimens 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 and provide a smooth bearing surface for the top

cap.




I—

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 O-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 m-tape has been found most useful for
diametrical measurements.

PLACEMENT OF LVDT

MEASUREMENT CLAMPS

Measure the diameter as accurately as possible at the location of i
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 "3jig" or gage rods have been used successfully to assist in 2
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

I, NN

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 "S5-min" 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,
+0.040-in. LVDT's are used for radial deformations, while +0.100-in.
LVDT's are used for axial deformations. Balance the vertical spacing
between LVDT clamps or check gage rods for secure contact, and 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 bte accounted for.

D-9




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 deviator stress values. Generally,
chamber pressure values of 2, 4, 6, and 10 psi are suitable. Ratios of

g, /o of 2, 3, 4, and 5 are typically used for the cyclic deviator

13
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 o35 as a seating load simulating
the weight of the pavement and ensuring contact is maintained
between the loading piston and top cap during testing.

c. 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 deviator stress (01 -
03) twice the chamber pressure can be used. 3

d. 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. After |
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 triaxial chamber.

g. Check the calibration of the LVDT's and load cell.
h

. Dry the entire specimen for determination of the water
content.

D=10
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| 2 COMPUTATIONS AND
i . PRESENTATION OF RESULTS

i COMPUTATIONS

The 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 1110-2-1906.67

1 b. The resilient modulus is computed and recorded for each
. stress state using the following formulas:

(1) Resilient axial strain e_. = AHr/Hi "

R
(2) Resilient lateral strain gy = ADr/Di s
(3) Deviator stress o4 = AP/Ao ’
(4) Resilient modulus 'MR = od/eR <
4 (5) Resilient Poisson's ratio vg = EQ/ER :
where
AHr = 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 Ho - AH .
If AH 1s small, HO can be used.

H = initial gage height or distance between LVDT's less
adjustments occurring during triaxial chamber
assembly

AH = permanent change in gage height

AP = change in axial load, maximum axial load minus
surcharge load

A = original cross-sectional area of specimen

AD_ = resilient change in diameter after specified number
r
of load repetitions

=
"

instantaneous diameter after specified number of
load repetitions. Can be calculated from Do + AD ., !

D = initial specimen diameter

AD = permanent change in specimen diameter

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 Vg Vversus the
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principal stress ratio (Figure D5). The equation of the line for

resilient modulus is M, = Kl(e)K2 where K

6 =1 psi and K2 is the slope of the line.

is the intercept when

1

YT AL T

o
z
g
log 8= log (oy + 203)
.é
£ ¢ :
®
01/03
{
Figure D5. Representation of results of é

resilience test on cohesionless soils
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APPENDIX E: LABORATORY PROCEDURE FOR DETERMINING
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. o, = total axial stress.

b. 03 = total radial stress; i.e., confining pressure in the
triaxial test chamber.

¢c. o0, =0, - 0, = deviator stress; i.e., the repeated axial
— d 1 3 ;
stress in this procedure.
d. e, = total axial strain due to og -
3 e. €g = resilient or recoverable axial strain due to 05 *
f. € = resilient or recoverable axial strain due to 05 *
! & M= cd/eR = resilient modulus.
i h. vp = eg/e, = resilient Poisson's ratio.
f & 6 = o + 203 =04 + 303 = sum of the principal stresses in
é the triaxial state of stress.
; A 01/03 = principal stress ratio.
j k. Load duration = time interval over which the specimen is

subjected to a deviator stress.

I~

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-1
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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."67

EQUIPMENT
TRIAXTAL TEST CELL

The triaxial 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
cam-and-switch control of static weights of air pistons to a closed-loop
electrohydraulic system. A load dquration 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
LVDT's are used for the measurement of axial deformation, and two for
the measurement of lateral deformation. The clamps and LVDT's are shown
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 load¢ing piston (Figure El). The load cell must

SR ———

be small enough so that no significant inertial forces are developed,
; and the capacity should be no greater than 2 to 3 times the maximum

i 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-
ment, which deforms during loading.

b. The effect of end-cap restraint on soil response is virtually
eliminated.

——s

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.

d. Rubber O-rings.

€. A vacuum source with a bubble chamber and regulator.
f. A back-pressure chamber with pressure transducers.
g- A membrane stretcher.

h. Porous stones.

It is also necessary to maintain suitable recording equipment.
It is desirable to have simultaneous recording 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
é single-chamber recorder. However, this will not permit simultaneous
recording.
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PREPARATION OF SPECIMENS AND
PLACEMENT IN TRIAXTAL CELL

The following procedures should be followed in preparing and

placing specimens:

a.

I
2

Je

In accordance with procedures specified in EM 1110-2-1906,67
prepare the specimen and place it on the baseplate complete
with porous stones, cap, and base and equipped with a rubber
membrane secured with O-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.

Extend the lower LVDT clamp and slide it carefully down over
the specimen to approximately the lower third point of the
specimen.

Repeat this step for the ﬁpper clamp, placing it at the upper

third point. Ensure that both clamps lie in horizontal
planes.

Connect the LVDT's to the recording unit, and balance the
recording bridges. This step will require recorder adjust-
ments 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.

Place the triaxial chamber in position. Set the load cell
in place on the specimen.

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.

Slide the assembled apparatus into position under the axial
loading device. Bring the loading device to a position in
which it nearly contacts the loading piston.

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 COHESIVE SOILS

The resilient properties of cohesive soils are only slightly

affected by the magnitude of the confining pressure 03 . For most

E-6
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i applications, this effect :can be disregarded. When back-pressure
l saturation is not used, the confining pressures-used should approximate
the expected in situ horizontal stresses. Chamber pressures of 2, kL,
% 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 94 * It is therefore necessary to conduct the
tests for a range in deviator stress values. Deviator stresses ranging 1
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.

y b. Rebalance the recording bridges for the LVDT's, and balance 3
the load cell recording bridge. 3

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 repetitions 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.

COMPUTATIONS 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 waterscon-
tent using the equations in Appendix II, EM 1110-2-1906.°7

b. The resilient modulus is computed and recorded for each stress
state using the following formulas:

(1) Resilient axial strain &g ™ AHr/Hi ’




(2) Resilient lateral strain £ ® ADr/Di 2
(3) Deviator stress g AP/Ao :

(4) Resilient modulus MR = od/er s

where

8H = 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 Ho - AH .
If AH is small, Ho can be used.

H = initial gage height or distance between LVDT's less
adjustments occurring during triaxial chamber
assembly

AH = permanent change in gage height

AP = change in axial load, maximum axial load minus
surcharge load

Ao = original cross-sectional area of specimen

ADr = resilient change in diameter after specified number
of load repetitions

D, = instantaneous diameter after specified number of
load repetitions. Can be calculated from D° + AD .
D° = initial specimen diameter

AD

L)

permanent change in specimen diameter

The results of the resilience tests can be presented in the form

of a summary table, such as Table El, and graphically as shown in Fig-

ure E3 for the resilient modulus.

RESILIENCE TESTING OF
COHESIONLESS SOILS

The resilient modulus of cohesionless soils MR is dependent

upor. the magnitude of the confining pressure o3 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 2qual 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, 4, 6, and 10 psi. At each
confining pressure, test at four values of the principal

E-8
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Figure E3. Presentation of results of resilience
tests on cohesive soils
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stress difference corresponding to multiples (2, 3, 4, 15)
of the cell pressure.

b. Before beginning to record deformations, apply a series 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 loaeding (beginning in Step £ below)
should be conducted in an undrained state. 5

c. Set the axial load generator toc 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 axial 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.

f. 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. Increase the deviator
stress to twice the confining pressure and record the
resilient deformation after 200 repetitions. Repeat until

a deviator stress of 4 times the confining pressure is
reached (stress ratio of 5).

&+ Repeat as in Step f above for each value of confining
pressure.

:
Vi
|
|
i

|
|
4
|
|
|

h. When the test is completed, decrease the back pressure to
zero, reduce the chamber pressure to zero, and dismantle
the cell. Remove the LVDT clamps, etc. Remove the soil
specimen, and use the entire amount of soil to determine
the moisture content.

COMPUTATIONS AND 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 EL).
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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.V. The information is published with the
expressed permission of the Shell 0il Company and Koninklijke/Shell
Laboratorium, Amsterdam (KSIA). 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 commercial purposes by
sellers of computer services nor used in any other way which results
in payment 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-
cations, to that for the program received by the WES from Shell in 19Tk.
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
from the User's Manua123
the example problem were developed at the WES, and the output given is

for the BISAR computer program. The data for

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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COMPUTATION OF STRESSES,STRAINS AND
DISPLACEMENTS IN LAYERED ELASTIC SYSTEMS
ThIS PROGRAM CALCULATES TrE FOLLOWING

STRESSES,STRAINS AND DISPLACEMENTS

1)
2)
3)
¢)
S)
6)
7) RADIAL
8) RADIAL
9)TANGENTIAL
10)
11)
12)
13) RADIAL

14) KADJAL

15)TANGENTIAL
MASTERPROGRAM

PURPUSE

THIS MASTERPROGRAM READS DATA wHICH
DETERMINE THE PHYSICAL BEHAVIOUR OF

L]
1
v
L]
1
v
AND 1
AND vV
AND V
R
7
v
AND T
AND V
AND V

THE SYSTEM OF LAYy
DLSCRIBE Tme CONFIGURATION OF THE LOADS,™AINO2HV

FUR EACH SYSTEM THE REQUIRED STKESSES
STRAINS AND DISPLACEMENTS ARE READ [N,
THEN THE COORDINATES OF EBACH PUSITION

AKE READ,

PUR A COMPLETE INPUTSDESCRIPTION StE
GROUP EXTERNAL REPORT AMSR,

MAINQOLO
MAINOORV
MaINOOSY
MAINOOUY

ADTAL DISPLACEMENT MAINDOSVY
ANGENTIAL DISPLACE™ENT MALINQOOV

ERTICAL
ADJAL STRESS
ANGENTIAL SIRESS
ERTICAL STRESS
ANGENTIAL STRESS
ERTICAL STRESS
ERTICAL STRESS
ALIAL STRAIN
ANGENTIAL STRAIN
ERTICAL STRAIN
ANGENTIAL STRAIN
ERTICAL STHRAIN
ERTICAL STRAIN

ERS AND wHICH

SYSTEMm DATA ARE OUTPUITEVL BY

1)

SYSTEM

AFTER SUBSEWUENT CALLING IN UF®

2)
3)
6)
S)
®)
7)
8)

THE STRESSES,STRAINS AND DISPLACEMENTS

MACON]
CUNSYS
MA2COM
CUNPNT
ASYMPT
GenDAT
INGRAL

ARE CALCULATED AND AFPTER SUBSEWUENT

CALLING IN OF
9
10)
1)
1¢2)

MAIN QUTPUTS UR HAS ALREADY OUTPUTTED®

oALL STRESSES,STRKAINS anD UISPLALEMENTS,
INDUCEDL BY BACHM LUAD SEPARATELY anD
ERPRESSED IN CYLINDRICAL CUMPUNENTS,

caLc
OuTPUT
JACOSB
ESURT

72

DISPLACEMENTSMAINOOTU

MAINOOSY
LYS LTI L 1]
MAINOLIOV
MAINOLLV
MAINOL 2V
MAINOLI 3V
MAINOL WY
MAINOLISY
MAINOL OV
MAINQLITU
MAINOLIBY
MAINOLIQU
MAINO20V
MAINO2IV
MAINO22V
MAINOR3V
MAINQ24U
MAINO2SU
nAINO20V
FAINVRTY

MAINO29V
PAINO3OV
MAINO3 LV
ralng32y
MAINO3 SV
MaINOSuY
MAINQ3SUY
mainp3ol
MAINOSTY
mAINO3BY
MAINO 3OV
MAINOGOV
MAINOUYV
MAINOWRV
mAINOGDY
MAlWOWGY
mAINOUSY
MAINOUOY
MAINOWTY
MAINGUBY
MAINOUSU
MAINUSOU
MAINOSIV
MAINOS2Y
MAINOS SV
MAINOSUY
MAINUSSY

eALL TOTAL STWRESSES STWAINS AND DISPLACFe MAINOSOV
MENTS EXPWESSED IN CAWTESIAN CURPUNENTS, MAINOSTV
eALL PRINCIPAL TUTAL STWKESSES AND STRAINS,MAINOSEV
wltTh THELIR PRINCIPLE OIRECTIUNS,

eALL “AXIMUM TOTAL SHEAR STRESSES AnD

nAlNOSSU
MAINOOOV

SINAINS,w]TH THEIK PRINCIFLE DIRECTIONS MAINOBIV
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C oTHE MIDPOINTS OF THE THREE ACCUMPANYING MAINOGZ2V
c MOHR"S CIRCLES, . mAINOO3V
c oTHE TOTAL STRAIN ENERGY AND STRAIN MAINQOBUY
(4 ENERGY OF DISTURTION, MAINOOSY
CoecoccccncnncocvacocrcncsconnconconorecornancnccsasscnanconvecansssncsnsMAINOHOU
LOGICAL STRESS,EPS,RLOW,AID(27)oNoLoN2sL2,NZEP,NZEQ MAINOBTV
INTEGER REWEST(27),10(3),DATE(3),ISTRSS(27),INTV(10),IVERLI(T7), MAINOOBV
+IvER2(10) mAIND69V

REAL NU,XS,MU,LOSTRS(10),HUSTR(10),LOADSINT(LT),V(15),X(10),Y(10),MAINOTOV
CA(3,3),HH(3,3),n(3),C(39),8(3,3),TEXT(20),ACCUR(3),PSI(10),AK(9), MAINOTIV

*ALR(9) MAINOTLY
ODOUBLE PRECISION CZ,ELLE, tLLx MAINOTR2Y
COMMON/ASCT/LAYER,NLAYS,M,R,Z,NU(10),ACCUR,LOAD,HUSTRS,NZEROS ,H(9)MAINOT73V
*,KS(10),EC10),AL(9),THICK(9),RANDIUS(10) MAINOTUY
| COMMON/STRDTA/STRESS(27),EPS(1T),RLOn,ST,CT,L,ACC HAINOTSY
E COMMON/CU*ST/CZoELLELELLK,ALMBDA MAINOTOV
COMMON/CNTING/FI0M] ,F100,F10),F11M2,FI1ML,F110,F111 MAINOTT7V
COMMON/TAPE /NOUT ¢ MAINOTBY
DATA NHBLANK,ISTRSS,IREF),IREF2/ MAINOTSV
*" P, R AyT B, N7 N SRR, "STT®,"S22%,"SRT","SR2","STZ","LRR"MAINOBOV
G BT 22, "ERI®, PRI, "ETL®,"UX ", "UY *,"SXX","SXY®,"SX2","SYY"MAINOBLV
o SYL "y "ERXT ,PEXVY T ,PEX2","EYVY ", "EY","LOAD","STRS"/ MAINOB2V ;
DATA REUEST/®UR ","UT ","UZ ","SRR","STT","§22","SRT","SR2","ST12", !
| 1L RR", i
| 2ETT®, "L 22", "ERT®,"ERI","ETZ","UX ","UY ","SKX","SXY","SX2","SYY",
| 3 SVYZ ", "EXR®,"EXY","EX2","EYY","EY ¥/
OATA IVER],IVER2/1,2,)3,0,7,13,14,4,5,8,9,10,11,12,15,16,17/ MAINOB3IV

DATA IDENT/"LOAD"/

c---........-...--...............-.-0-.......—...........-...-..--.-.-.-N‘lﬁou.v

; c THeSt ARE THREE ACCURACIES MAINOBSY
5 (4 ACCUR (1) IS USED FOR TESTING SEVERAL MAINOBOV
b (4 VARIAHLES AGAINST EACH OTHER, MAINOBTV
c ACCUR(2) 1S USED FOR ADBSOLUTE ACCURACY MAINOABY
(4 OF THE INTEGRATION PROCEODURE MAINOBAOV

' [ ACCUR(S) IS USED FOR RELATIVE ACCURACY MAINO9OV 5

E 4 OF THE INTEGRATION PROCEDURE MAINOILY ;
c NIN MAINO9QRV
(4 NOUT ARE SYMBOLIC NAMES FOR INPUT AND MAINOO3V
1 c OUTPUT PMEDIA KESP, MAINO9UY
; Ceecccccvccocsconccccoccococvacoccane coves cescsceacecsccnccvaaMAINOISY
ACCUR(1 )] ,0E=04 MAINOOQOV
ACCuR(2)3)] ,0E=a HAINO9TV
ACCUR(3)s1,0E=3 MAINOOBY
ACCsACCUR(Y) MAINOSQU
NINsS MAINLOOV
NOUTsE mAINLOLY
vas),u14214 MAINLORV
, wRITE (NOUT,9000) MAIN]O3U
C o consmvscsavonsessnssvacannscasaeMAIN] 0G4V
c READ TEXT AND DATE CARD MAIN]OSY
C ecce e cesssesessvesccssesssavesnssencnsncsesnsncncMAIN]OOY

READ(NIN,9010)TEXT i
wRITE(NOUT ,9020)TEXT 3

c.....-.-..-..-............-...-.........--..-..-..-.-...-....-.-......‘"‘lNl090

c READ NUMBER OF SYSTEMS AND SET LOUP MAIN3100
[ T T P P P Y T T Y P T T ) soe - MAINTILLV
READ(NIN,9330)NSYS ;
800 FONMAT(V) . |
00 460 1SYSs1,NSYS MAINLL SV |
Cecscecnconccvacs o cessce scesvecscscccsscscecsaccscMAN] LUV %
4 READ NUMBER OF LAYERS AND THEIN PARAMETERSMAINIISY |
1
|

F-3 |

|
b




c"““"""'"."""."""‘..."."'.'.°"°"".....'..-.--COO---.-."‘IN‘100
READ(NIN,Q030)INLAYS, ISHQ,IRED
IF (NLAYS,EW,1) GO TO 10 MAIN] LBV
MENLAYSe] MAINILIOU
DO 31§ I3)l,m
313 READININ,Q0SO)EC(I),NUCI),TRICK(I),AK(])
10 READ(NIN,90SO0)E(NLAYS) ,NU(NLAYS)

CecennccevecccrcancocnvorcncsrnsrrncrsroncncorsccrssccnanccrccnnccnsvsenasMAINI 220V

c READ NUMBEKR OF LOADS AND THEIR PARAMETERS MAIN123V
CecacccncvenccccccrncnsacccasnsressssonsscsernscnrsserncnsnsscacncvscnaeMAIN] 240
READ(NIN,9030)INLOAD

N2EP = ,FALSE, MAIND 20V

NZEQ = FALSE, MAINI2TV

00 30 I=1,NLUAD MAIN]28Y
READ(NIN,90SO)ILODSTIRS (1), RADIUS(I)¢X(1)eY(1),HOSTR(I).,PSI(1)

PSI(1)=2,0174S33ePSI(]) MAIN] 3LV

IF (LOSTRS(1),GT,ACCUR(1)) NZtP s ,TRUE, MAIN] 32V

16 (HOSTR(I),GT ,ACCUK(L1)) NZEQG = ,TRUE, MAIN]3 3V

IF(IDENT EU . IREFL) GO TO 20 MAIN] 34V

IF (IDENT (NE,IREF2) WRITE(NOUT,9040) LDSTKS(I),HOSTR(I]) MAIN]3SU

60 10 30 MAIN] 36V

20 LOSTRS(I) 3 LUSTRS(I)/(3,141592RADIUS(I)«RADIUSC(I)) MAIN1370

HOSTR(JI) 3 MOSTR(1)/(3,14159+RADIUS(])2RADIUS(I)) MAIN] 380

30 CONTINUE MAIN] QU

CrccnvaccnvenscscccvocsernccrsccsvrrrccvosnnonavrcenacssrsenacsasanasnssesasMAIN]IULU

c TEST ON UHVIOUS MISTAKES IN SYSTEM"S DATA=MAINLALL
c CARDS, MAINjaYe
c WHEN:- JRED X 0 THE REOUCED SPRINGCOMPLIANe MAIN14LS
[ Ct wAS WEAD, 3 mAINIULA
c A NUNeVANISHING SLIPRESISTANCE 1S SUBSTIe MAIN]WRV
c TUTED TU PREVENT RIGID=BODY MOTIOUN OF THE MAIN14G3V
[ TOPLAVYERS MAINJUGU
CecocvcnnevscacnsscnvncocnsrosnsanrrsrncccrsacsonvsesvoccasvransncsavssnscsccasMAN]USY
DO SO J = 1,NLAYS MAINT UGV
IF(C(1,0enNU(J)) LT ACCUR(1)) GO TO 410 MAIN14G!
IF(E(J)oLT,ACCURC(CL1)) GO TO 420 MAINLdGE

IF(J EQ,NLAYS) GU TOU SO MAINLULS

1F {IRED,EW,0) GO TO O MAINLUOY

ALK(J) = ax(J) MAINI UGS

1F (ALK (J)oLT,1000,0,0R, ,NOT,N2EQ) GO TO SO MAIN]UGL

ALK(J) ® 1000,0 MAINLUGT

AK(J) & 1000,0 MAINldo®

60 10 S0 MAINLUTV

a0 ALK(J) 8 AK(J)eE(J)/(1,0eNU(J)) MAINTAGT]

IF (ALR(J),LY,1000,0,0R, ,NOT ,NZEG) GO TO SO MAINLATC

ALK(J) = 1000,0 ! MAINLWTS

AR(J) = ALK(J)*(1,0eNUCJ))IZECJ) MAINIGTG

So CONTINUVE MAINY4BY
Crreerrrcerenernrnrterereserncsesrrsaracaracesacssvascssnse eccccaeeMAIN]LOV
c QUTPUT OF ALL PHYSICAL DATA OF SYSTEM MaIN1SOV
c AND LOADS BY CALLING IN SYSTEM, MAINISTIV

c...--.-.....-...--....-.-.o..--.-—.---.-....-.-..o-.-....---..-...--.-."ll~l§20

CALL SYSTEM(ISYS,E ,NU,THICK,AK,NLAYS,M,NLOAD,LOSTRS,HUSTR, ALK, MAINLIS3UV

¢ RADIUS,X,Y,PSI,ISMU,IRED) RAINLSGU

1F ( NOT,NZEP AND, (NOT NZE@) GO TO 430 MAINISSY
(eecccnccnscccccscscccssnccvecssscncsssssavesanennsrsanssssssncaveccacacasMANISOV
4 CALCULATION OF CONSTANTS USED [N SUHROUe MAINISTV
[4 TINE MATRIX TO BUILT UP VARIOUS MATRICES MAIN1ISBV
¢ BY CALLING IN MACOND, b fpind

(eccccccccncccvococcccsrnsssscsornosssncencasanncssasancasnsvanccnncacesMA[N]60V

CALL MACONI(ISMO,ALK,NEWSYS) mAINLBLY




60 IF(NEWSYS,EW,0) GO Tu 70 mAINTO3V
CALL SYSTEM(ISYS,EoNU,THICK,AR,NLAYS, M, NLOAD.Lostﬂs,nosta.ALu, mAINLGWY

* RADIUS,X,Y,PS1,ISM0,IRED) MAINLOSY
c...-......--......-.....-...-...u.....-...--....-..--...-.-------...--.P‘lﬁl°°°
c READ STHESSES,STRAINS AND DISPLACEMENTS MAINGOTV
(4 TU BE CALCULATED, MAINiOBY
Cc cea o ecses eccesvcssecocnncenvessencncnccccassMA[N]OIV

70 CONTINUE .
00 90 Is1,27 MAINLTIV
IF (REQEST(I),FEQ,NBLANK) GO TO 80 MAINLT2V
IF(MEQEST (1) ,NE,ISTRSS(I)) wWRITE(NOUT,9070) ISTRSS(I) MAINIT3V
AID(I)s,TRUE, . MAINL T4V
GO Y0 90 mAINL TSV
1} AlD(1l)s,FALSE, MAIN]TOV
A1) CONTINUE mAINLT TV
CeeccccccncocnccsccccccncccncnsnsnccnccseconccsesovasansaacscasnansacsscasMAIN] 780
c CONSYS DETERMINES FOR EACH SYSTEM wHICH MAINLTOV
c STRESSES,STRAINS AND DISPLACEMENTS wWILL mAINIBOV
c B CALCULATED, MAInN1BIV
CreccnrnnnccneerccrrerrererrrrensrrornronccrororovanassscasennconsosscsaMAN]§2V
CALL CONSYS(AID,NZEP,NZEG,N,L) MAIN183V
CreccanccncccocancovnccecscronvonscrcncanonscsossasnscsnasssssossscsascscsnceMA N84V
C READ NUMBER OF POSITIUNS AND SET LOOP MAINLBSV
(4 cwce csccccoovecancsaccece ceascas eceMAINiB00

100 READ(NIN, 9050)"903

00 400 IPOS=1,NPOS mAINL BBV
N2 B N MAINLBOV
L = L MAINLOQV
00 110 I=3,3 MAIN1910
00 110 Js=1,3 MAIN]92V
110 4(1,J)20,0 MAIN1930
Co= eee ove osccsee cacMAINIOUY
C READ pO!N‘ COORUVDINATES AND LAYERNUMHER, PAINLOSHY
c ece csocssscsvsssccnes ccea cowase saMAIN] 9OV
READ(NIN,9060)LAYER,AX,AY,DEPTH,ETA :
ETAS, 01745330174 MAINLOBY
IF(NLAYS,EU,1) LAYERs] MAIN1990
wkTE(NUUT ,9090) IPOS,LAYER,AX,AY,DEPTH MAINROOV
TMINs] ,0E*10 MAIN2OLV
IF(NLAYS,EU,1) GO TO 130 MAIN202V
JESLAYERe} mAIN203V
JEMINO(J,N) MAIN204GY
00 120 Is1,J MAIN20S0
IFCTHICK(I) LT, TMIN) THMINSTHICK(]) mMAIN200Y
120 CONTINVE MAIN2OTV
130 uUxs0,0 MAIN2080
Uvs0,0 PAIN2OOV
Uls0,0 mAINZ2100
MUSNU(LAYER) MAIN211V
FTa(1,0eMU)/E (LAYER) MAIN2120
Cecccccnccccnacnccsacosssvsccvoncsscscascs scae eaMAIN2] 3V
c SET LOOP FOR NUMBER OF LUADS, MAINZYIGY
Ceccceccccconcccccsccs cosvesse - cescesce e “AIN21ISY
00 330 Is},NLOAD LIPL TS 1)
00 140 J=1,17 nAIN2LTY
160 INT(J)20,0 LISET Y 1)
0V 150 Jsi,27 mMAIN21IOV
150 STHESS(J)2AID(J) mAINZ20V
IF(NLAYS,EQ,1) GO TO 100 mAIN221Y
Ceccccccccccccccscses oo - ecoaMA N2V
c CALCULATION OF CONSTANTS NEEDED FOR THE MAINZ23V




c EVALUATION OF THE CHARACTERISTIC FPUNCTIe MAIN224U

(4 ONS IN MATRIX BY CALLING IN MA2CON, MAIN22SV

(4 MA2CUN, MAIN2ZOV

c.-......-----.--..--------....-.----....-.-...-......-.....---.--....--HA1'18270

CALL MACON(TMIN,I,ISMU,ALK) MAIN226V

CeecnccncnacacssoncevecnscrnnccevercsenrerencnesrrsanvscnesesncnccsnvancaaMA [N229V

C DETERMINATIUN OF PUINY COURDINATES IN THE MAIN23OV

(4 CYLINORICAL COORDINATE SYSTEM wlTH LOAD= MAINR31LV

: c AX]S AS AX]IS OF SYMMEIRY, rAIN232Y

; (eocccnnsavsvecsrnaccncccccrrrerernenscrressreravecavoneccnsarncnvssnanasMA [N2 4§30

’ 160 IF(XCI)bU AR AND,Y(L) EU,AY) GO TO 170 MAINZ 34UV

' THETAZATANZ ((AY=Y(I)),(AX=X(])))=PSI(I) MAIN23SY

GO To 180 MAIN230V

170 THETAZETA=PSI(]) MAIN23TV

3 180 RADDIS=SART((AXeX(I))#a2¢(AYaY(1))an2) MAIN23BU

wRITE(NOUT,9100) 1,RADDIS,THETA MAIN239V

RIRADOIS/HADIUS(]) MAIN24OV

Z=DEPTH/RADTIUS(T) MAIN2ULV

IF(NLAYS,EW,1) GO 10 230 MAIN2UW2V

190 IF(LAYER,GT,1) GO TO 210 MAINZU3V

1 (2,6T7,*ACCUR(1),AND,Z,LT,(H(1)¢ACCUR(1))) GO Tu 230 MAINR4UVY

200 wRITE(NOUT,9110) MAIN24SY

60 YO 400 MAIN2UEV

2310 IFCLAYER,LT NLAYS) GO TO 220 MAINZ4TV

IF(2,6T,(H(M)=aCCUR(1))) GO T0 230 MAIN2UBU

GO TO 200 MAIN24OV

220 IF(Z, 6T (MILAYER=1)=ACCUR(1))oANDZoLT (H(LAYER)®ACCUR(])MAINRSOV

* J) GO 70 230 MAINZSIV

GU 10 200 MAIN2S2V

230 HADIaRADIUSC(]) MAIN2S3V

LOAD=LDSTRS (1) MAIN2SUWY

HOSTwSEH0STR(L) MAIN2SS5V

RLOwW=R,LT,ACCUR(]) MAIN2SOV

STESIN(THETA) MAINRSTV

CT2COS(TRETA) MAINESBU

(oeecvcccccscacacscecvevscsacasevescnsnavecasccnctenencsaveccsnansssranesMAIN2S9V

(4 CONPNT OQETERMINES FOR £ACH POINT=LOAD MAIN2BOO

¢ CONFIGUWATION wHICH INTEGRALS HAVE TO BE MAIN2e1V

c CALCULATED, MAIN2b62V

c-......--.-----.---..-......-..........--...-.......---...--..-.---...-HA1N2°30

CALL CONPNT(R,HUSTRS,LOAD,Z,N2,L2) MAIN2OUY

IP(LAYER,NELL) GO TO 250 MAIN26SV

CZ s DBLE(2) MAIN2OOV

IF(Z,LT,ACCUR(1) . AND,ABS(Re1,0),LT,ACCUR(1)) GO TO 240 MAIN2670

(eocccccncscncvsavevacccracascsscacecvovnusnsasenstacesessacanancsssssncacMA]N2OHBY

c ASYMPT DETERMINES THE LIPSCHITZamANKEL MAIN2O9V

c INTEGRALS NEEDED FUR THE ASYMPTOTIC PART MAIN270V

{4 UF THE INTEGRALS,FUR PUINTIS IN THE TOPe MAIN2TIV

Cc LAYER ONLY, : MAIN2TRV

(rrencncreranererceccrcccnancrersrsrcoratesraescrrrsarsaccsasaancsssvavnnnnMA [N2T 5V

CALL ASYMPT(R,ACCUR(1)) MAIN2T WY

GO 10 250 MAINZTSY

(ecocaccncscsacecevessnssncrerarsssonocsstacarsonsencssnsessnsasnsvsnccachA [N2TOV

c FOR POINTS AT THE RIM OF THE LOAD ThE MAIN2T7TY

E 4 LIPSCHITZ=MANKEL INTEGRALS CAN BE GIVEN MAINZT8V

& c DIRECTLY, MAINZTOV

& (vecccccsavavocecncccnnscnescravosncsssatasacosssessscassssssassesvaccasMA [N2BOV

7 240 Flom1 = 0,63062 nAINZB10

; 100 s 0,5 nAlN282V

- Flimg = 0,5 MAINZA3Y

§ Fl1I1M2 8 0,424413 MAIN2BUY
§
£
s
éj

1,




B S P o N MNPy L TR

Fi101 s 0,0 MAINZBSY
F110 = 0,0 MAIN2HOU
Fi11 = 0,0 MAINZBTV
c-.-..-...........----.---....-o..-.....--...-.....-.-.---..-.-.....-.-.N‘l~ab‘“
c COMPUTATION UF THE REQUINKED INTEGRALS HY MAINZBIV
c CALLING IN GENDAT AND INGRAL MAIN29OV
CecvenconcrccrcncccccccnccvrscrnerconcnsccnsrovecscscccccsncassncasascnacMl [N2OLV
250 INTT 8 O MAIN292V
DO 260 J 3 1,17 MAIN2O3V
INT(J) = 0,0 MAINZOuY
260 CONTINUE MAIN29SY
D0 270 J 3 1,10 MAINZ290V
INTV(J) = O MAINZ97V
K = [VER2(J) MAIN29BY
IF(NOT,EPS(K)) GO TO 270 MAIN299V
INTV(J) 8 K MAIN3OOV
INTT 3 INTTe) MAIN3OLV
270 CONTINUE MAIN3ORV
IFCINTTY EG,0) GU TO 280 MAIN3O3V
IF (NLAYS,NE,1) CALL GENDAT(1,NZEROS,R,ACC) MAIN3OGY
CALL INGRAL(2,INTV,INTT,INT) MAINSOSV
280 INTT = 0 MAIN3OOV
00U 290 J = 3,7 MAIN3OV
INTV(J) & O MAIN3OBY
K & [vERi(J) MAIN3OOV
IF((NOT,EPS(K)) GO TO 290 MAIN3LOV
INTV(J) 8 & MAINIILV
INTT & INTTel MAINSI2V
290 CONTINUE MATN3Y SV
IFCINTT EQ,0) GO YO 300 MAIN3 LGV
IF(NLAYS NE, 1) CALL GENDAT(Q,NZERQS,R,ACC) MAINILISY
CALL INGRAL(1,INTV,INTI,INT) MAINSIOV
300 PS10 = PSI(1) MAIN3LTO
CevocnoncevacrorcccncascrcorncnsovscnsosroscvosnccnsnaverancavacscncscacseMANSI 8V
(4 CALC COMPUTES AND UUTPUTS THE STRESSES, MAIN3LQU
o STRAINS AND DISPLACEMENTS, INDUCED BY EACH MAIN3Z00
c LUAD SEPARATELY, MAIN321V
CercecancncovaccoccscncrccconnncsreccvrecsanccsvensscaracvsanasncsssscssnassaMANI220
CALL CALC(INT,V,R,MU,RAD],FT,L0AD,HOSTKS,PS10,2) MAIN3230
IF(,NUOT,N2) GO TO 330 MAIN3 24V
Ce econce eerccnccesscrcsacsscsancswnssttcenanacessavensesssasssMANI2SV
c COMPUTATION AND SUMMATION OF CARTESIAN MAIN320V
[ CUONUINATES, THE USED COORDINATE SYSTEM IS MAIN327V
(4 THE ONE wHEREIN POINTCOORDINATES wERE MAINS28V
Cc STATED, MAIN3I29V
c oom oeece escvcee cevecsccnmcavecasencacanMAINIIOV
u2 suZev(3) MAIN33LV
IF (ABS(RADDIS),LT,ACCUR(1)) GO TO 310 MAINS32V
cr 8 (AXeX(]))/RADDIS MAIN333IV
st 8 (AVeY(1))/RADDIS MATN33aV
G0 T0 320 MAIN3 ISV
310 (4] SCOSCETA) MAIN3 SOV
st SSIN(ETA) MAIN33TV
E 320 €12 s=CTeCY MAIN33BY
sT12 2STeST MAIN33OV
STCY s8STeCY MAIN3WOV
ACIo1)SA(1,1)eV(U)aCTR2eV(S)aSTR2=2,0aV(7)aSTCT MAIN3ULY
A(1,2)80C3,2)ev(T)e(CT2eST2)o(VIG)aV(H))eSICT MAIN3ZL2V
‘AC1o3)8A(1,3)0v(8)eCTavV(9)aST MAIN3G 3V
A(2,1)8A(1,2) WAIN3 WAV
A(2,2)BA(2,2)0V(4)a8TR2eV(S)eCTR262,0aV(T7)eSTLT MAIN3USO

F=T7




A(2,3)84(2,3)eVv(B)aSTev(9)eCT MAIN3UOV

A(3,1)8A(1,3) MAIN3UTY

A(3,2)80(2,%) MAINSGUHBY

A(3,3)8a(3,3)ev(n) MAIN3UQV

ux. BUXAV(]1)eaCTev(2)eST MAIN3SOV

uy BUYeV(1)eSTev(2)eC? MAIN3SIV

330 CUNTINUE MAIN3S2V
TRACEZA(1,1)0A(2,2)¢4(3,3) MAINISSV

AR (1,00MU)/E (LAYER) “MAIN3SUY

AC SMUSINACE /E (LAYER) MAINISSY

00 350 I3t,3 MAINISOV

D0 340 J=1,3 MAIN3STV

B(I,J)2A80A(],J) MAIN3SEY

IF(1.NELJ) GO TO 340 MAIN3ISQU

i B(le,Jd)sb(l,J)eAC MAIN3OOUV
i 340 CONTINUE MAIN3BLY
| 350 CUNTINVE MAIN3B2V
K Ceececcecccacrcscacascvncnccrocancsscacacsasss --....HAIN!O)U
i c OUTPUT FUR TUTAL STRESSES,STRAINS AND MAIN3OUY
E c DISPLACEMENTS HY THREE TIMES CALLING IN MAINSOSY
' c QuUTPUT, s nAIN3OOY
[ ) bocacen - wecvcscaMAIN3IOTV

wRITE (NOUT,9120) MAIN3O8Y

EPS(1)aSTRESS(18) MAINSOOU

EPS(2)=STHESS(21) nAINSTOV

EPS(3)3STRESS( o) MAIN3TIV

EPS(u)=STRESS(22) MAIN3T2V

EPS(5)=STRESS(20) MAIN3TSV

3 EPS(6)2STRESS(19) MAIN3 740
C(1)=A(2,1) MAINST7SV

C(2)za(2.2) MAIN3 7OV

C(3)34(3,3) HAINITYY

C(u)za(e2,3) MAIN3T8V

C(h)zAa(l,3) MAINDITIOV

C(o)=A(1,2) MAIN3BOV

CALL OUTPUT(EPS,C,0,1) MAIN3BLV

EPS(1)sSTRESS(23) mAINSB2V

EPS(2)sSTRESS(20) “AIN3B 3V

EPS(3)=STRESS(12) MAINSBGU

EPS(4)3STRESS(27) MAINSBSY

EPS(5)=STRESS(2Y) MAIN3IBOV

EPS(0)SSTRESS(24) MAINSBTV

Ct1)sB(1,1) MAIN3BOY

C(2)en(2,2) MAIN3BOV

C(3)2B(S5,3) MAIN39OV

C(u)sB(2,3) MAINSOLO

C(S)sR(1,3) MAINIORV

Co)sh(1.2) MAINSIZY

CALL NUTPUT(EPS,C,6.2) MAIN3OGV

EPS(1)8STRESS (1) MAIN3OSY

EPS(2)2STRESS(17) MAIN3OOV

EPS(3)=STRESS( 3) MAIN3OTV

C(1)syux MA N3OSV

C(2)suy MAIN3OOV

C(3)su MAINGUOOV

CALL OUTPUT(EPS,C,3,58) MAINGOLY

3Jo0 IF(,NUT,L2) GU TO 40O nAINEORY
c..-.‘................O...-...... - ......."‘l”.o’o

[ JACUB]I COMPUTES PKINCIPAL VALUES AND MAINGOWY

¢ DIRECTIONS OF TOTAL STRESSES AND STRAINS, MAINGOSV

c TME PRINCIPAL VALUES ARE SORTED ACCONDING MAIN4OGY

F-8




c TO MAGNITUDE BY CALLING IN ESORT, MAINGOTY

CeccccvenconcncecracrrccavocncvecccnccccnncsoracevoncsccnancsanncsvsacsasMANU(OBY

CALL JACUBICA,MH,3,3,1,m,1Q) MAINUOSY

CALL ESORT(A,HH,3,3,1,w,1I0) MAINULIOV

CemeconvccncncoccrpecacacorrrrarrransrececcsscsvacavncsncancavsascssascsssasMAINUILY

(4 DETERMINATION UF Max ,SHEAR STRESSES AND MAINGUL2V

c STRAINS w]TH THEIR ODINECTIONS AND DETERMIeMAINGLZV

(o NATION UF MIDPOINTS UF ThE MOHR"™S CIRCLE, MAINULGV

CerrenrernrrrnerrrenerrrrrcrrerteeerrenercesrrecsvocccarsvocnanavesasassaMA Ny ]SV

00 370 Js=i,3 MAINGLOV

cw JzABRA(J,J)=AC MAINGLTY

C(Je S)2(MN(J,1)=MH(J,3))/Vve MAINGLBY

C(Je 9)x(Mn(Jo1)emn(J,3))/VR LTSLTRE 1]

CJotuds(MM(J 1) onn(Jo2))/VR HAlhG20V

ClJ*18)=(Mn(J,1)enH(Js2))/VR MAING2SV

C(Je23)3(MH(J 2)onn(JeS8))/VR rAINGR2V

C(Je27)(HH(J,2)emN(JoS8))/VR HAING23V

370 CONTINUE MAING2UY

CC 4)30,50(A(1,1)=A(5,3)) mAINU2SY

C( 9)20,52(A(1,1)+4(3,5)) MAING20V

C(13)30,5+(A(1,1)=4(2,2)) MAING2TV

C(18)20,52(A(1,1)e¢n(2,2)) mAING28Y

C(22)30,54(a(2,2)°A(3,3)) mAING29V

C(27)20,5+(A(2,2)¢A(3,3)) mAING3OV

CC 5)=0,5¢(C(1)=C(3)) mAINGSYY

C(14)30,5¢¢C(1)=C(2)) MAING32V

C(23)80,5+(C(2)=C(3)) MAING33V

IF(C(13),67,C(22)) GO YO 390 MAING 3GV

0V 380 21,9 mAINUISY

C(l1e30)3C(le¢12) HAING3OV

C(let2)uC(le2y) MAINGSTV

C(1¢21)3C(1+30) MAINGIBY

380 CONTINUE (YT 1Y

[ R L L L L T T Y T Y Y Y T P L e T ST LT L

c OUTPUT FUR PRINCIPAL STRESSES,ETC,mAXImyUM MAINUGLY

c SHEAR STHRESSES,ETC AND STRAIN ENERGIES,  MAINGGRV

Ce .-.-...-.'..--..-...-...-........--.---...--..H.lNu.lo

390 '“l't(NOU' 9130)A(1,1),CU1)MH(L,1)pmH(201)0RH(3,1), MAINGAuY

* A(R202)sC(2)oMH(1,2) MR (2,2) oMM (35,2)0 MAINUUSY

* A(S,3),C(3),mn(1,5),mH(2,3),MN13,8), malnudeb

¢ (C(1),124,30) MAINGUTY

B 8 (AC1,1)6C(1)eA(2,2)9C(2)¢4(3,3)2C(3))0,5 MAINGUBY

BY 8 O,00bb007¢ABe(CLU)aC(4)eC(13)2C(13)eC(22)2C(22)) MAINGGIY

wRITE(NOUT,9200) BX,8Y mAINGSOV

400 CONnTINUE MAINGSIV

GO 10 weo0 MAINUS2V

410 wRITE(MNOUT,9340) J mAINGS IV

GO 10 4e0 mAINGSUY

420 wWRITE (NOUT,9380) J MAINGSSY

60 70 «eo MAINGSOV

a30 WRITE (NOUT,9190) “AINUSTV

Coce - - csecncscenssestosavesenscesnsccanesnssssssvscannasMANUSAY

c FUK SYSTEMS FOR whiCH 1T IS CLEAR THATY MAINGSOV

c MISTAKES OCCUR IN Twk INPUTLAKRDS, THE MAINGOOV

¢ REWUEST AND PUINT INPUT CARDS AKE SKIPPED,MAINUGLV

Cc PROGRAM PROCEEDS bY TARING NEXT SYSTEM, LIYLTTY L)

[ T L L T T P P P e T LT Y L

440 READ (NIN,9150) LI LT T

READ(NIN,9050) NPOS HAINGOSY

00 4S0 I=1,~nPOS LIRLT T

S0 READ (NIN ,9150) maINGOTY
F=9

NERTTN RS



400 CONTINUE

T T T O A e T VT T T ) e

MAINGULBY
wWRITE(NOUT,9160) MAINGOIV
STup MAINGTOV
9000 FORMATCIME 17X, 0RC"B™),SX,"111",5%,18("S5"),6X,9("A%"),5X,11("R")/ MAINGTIV
* 18Xo12(™B") o dX,"III",4x,12("S") )X, 11 ("A"),4X,12("R")7 MAINGTRV
*18X,"HH",H8X, "HEy I11 SSS", 140X, "AAA", TX)"AAA" KR",8X,"RRK"/ MAINGTIV
*18x,"88",9X,"B8 111 SS",1SX,"AA",9X,"AA RR®, 9%, "RR*/ MAINGTGY
*+18x,"B8",7x," 6068 111 SSS", 14X, "AA",9X,"AA RR", 8K, "RR"/ MAINGTSY
3 CIBX, 11 ("B ), SN, RLI",dX, 11 ("S"),SX,13("A"),3X,12("R")/ MAINGTOV
4 S8R, LI ™), S, TII ", OR, 11 ("S"),4X,13("A"),5%,11("k")/ MAINGT TV
3 *18x,"dR", 7%, "UbY 11I1%,14Xx,%SSS AA",9X,"AA RR",SX,"RR"/ MAINGTBY
+18%,"88",8x%,"88 111%,15%,"SS AAY, 9K, AA RR®,0X,"RR"/ MAINGTOV ;
+18x,"8H",7X, "6HE8 I11%,14X,"SSS AA",9X,%AA RR®,TX,"RR"/ MAINUBOV 3
18X, 12("B™) o uY, 111", 3X,13("S"),4X,"AA",9X,"AA RR",8X,"RR"/ MAINUBLIV
3 CIBX, 1L ("B") 5K, ®TII",3X,12("S"),SK,"AA",9X,"AA RR®,9X,"RR"//// MAINUBRV
? STSK,"THIS ""BISAN"" PKUGRAM HAS BEEN UBTAINED FROM™ /89X, "SHELL RESMAINUBSY
¢EARCH B,V "/789X,"FPUk ThHE SOLE uSEt UF"//T70X, MAINGBUY
4 ¢"SHELL OIL COMPANY"/T76X,"HUUSTON, TEXAS® MAINUBSY
4 . 7/76X,"ALL RIGHYS ARE HESEWVED,MAINUELY
=2 ¢ USE OF THIS PROGRAM™/ToX,"HY UNAUTHORIZED PERSONS ]S PRUMIBITED")MAINUARTY
9010 FOKMAT(20A4)
] 9020 FORMAT(1M1,25(/)015%,20A4)
: 9080 FORMAT(12,13,11) MAINUSOU
3 9040 FORMAT("™ NUTE THAT ",E12,6," AND ",E12,6," WILL BE CUNSIDERED TO BMAINW91O 3
ot LOADS IN STKRESS UN]ITS®) MAINGO2V

9050 FONMAT(6F10,0)

Q9060 FORMAT(12,8Xx,4F10,0)

Q070 FOWMAT ("™ NOTE THAT INCORKECT SPELLING HAS NOT STOPPED THE EVALUATIMAINGESO
¢ON OF STRESS",4x,A3) MAINUOOV

9080 FORMAT(I2,u4E12,6) MAINUOTV

Q090 FORMAT (1ML ,/7/52%,"POSITION NUMBER ",12//54X,"LAYER NUMBER ",12//mMAINULYE0

*SSx,"CUURDINATES /740X, X", 1 R,"Y",11X,"2"/40x,3E12,¢) MAINUOQU
9100 FORMAT (/21%,"DISTANCE TO LOAD=AXIS(™,12,")" 3UR,"THETA®/25%,E12,4,MAINS000
*uIX,EN2,42) MAINSOLU
9110 FURMAT(//,30KX,"TrHIS PUSITION HAS BEEN OMITTED SINCE THE LAYER NUMHMAINSORV
¢ER 1S INCORRECT") MAINSOSY
9120 FORMAT(/30K,"XX®, 00X, YY" QUX,"ZZ%,10X,"YZ", 10X, "XZ",10X,"XY",10X%X,MAINSQUV
S UX®,10X,%UY",10X,%U2") MAINSOSV |

k. 9130 FONMAT(/" P R [ NC 1 P AL VALUES AND UDIRECT I U NMAINSOBY
: ¢S OF TOT AL STRESSES AND STRATLNSP/ISX, "NOMAINSOTY
SRMAL" 9%, "NORMAL ", 9K, "SHEAKT p 10X, "SHEAR® J 13X, "X, 14X, ™Y™,14X,"2"/1MAINS080
eSS X, "STRESS", 92, "STRAIN® , QX ,"STRESS” ,9X,"STRAIN",9X, "COMPONENT®,6X,MAINSOOV
S COMPONENT® ,0X, "CUMPONENT®/™ MAXIMUM®,2E15,3,30X,5F15,3/7" MINIMAX"MAINS]IOV
02815,3,308,3F1S5,3/7" MINTMUM®,2E15,5,30X,3F15,3/7% mMAXIMUM®,30X,2E1MAINSTILV
*5,3,3F19,3/78K,B19,3,45x,3F15,5/7" MINIMAX",30X,2E15,3,3F15,37bX, mAINSL2V
GBI 3,45X, 8F15,3/% MINIMUM® , 30X,2E15,3,3F15,8/8X,E15,3,45%,8F15,3)MAINSL3V

i Q1U0 FOWMAT(™ TMk PROULE® CANNOT Bt SOLVED,NU(",12,%") EQUALS UNE™) MAINST GV
; 9150 FORMAT (/) mAINSISU
9160 FORMAT(1M]) MAINS16V
Q170 FORMAT(AU,6K,6510,0)
9180 FORMAT (™ THE PROBLEM CANNOT BE SOLVED,E(",12,") EQUALS ZERO") MAINS18V
9190 FORMAT(™ SYSTEM SKIPPED ND LUADS®) MAINSIOQU
9200 FUNMAT(1M0,13x," STRAIN ENERGY",E11,4/" STRAIN ENERGY UF DISTORTIOMAINS20V
*N",ELL,4) MAINS21V
EnND MAINSZ22V
SUBROUTINE SYSTEM(ISYS,E,NU,THICK,AK,NLAYS,M,NLOAD,LDSTRS,HOSTR, SYSTOO01V
JALR ,RADIUS ¢ X, Y,PSI,ISM0,INkED) systooev
c-.--..-......o..........---.....-.--...-.--o--..-.---.-......----..--..sVs'0030
! C THIS SURBROUTINE OuUTPUTS ALL PHYSICAL DATA SYSTOO4V
§ C OF THE MULTISLAYERED SYSTE® AND ALL DATA SYSTOOSV
¢ ¢ ON CONFIGURATIUN AND MAGNITUDE OF THE SYST006V

*
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C LOADS, SYS1007V

c-.-...-..-..-...-.......-...--......-.-..-O.......-...-.-.-..-.--.....‘s's To080

INTEGER ROUGH(2)eSMUOTH(2),ISMTH(2) SYSTO009Y
REAL E(10),NUCI0),THICK(9),)AR(9),ALK(Y),LDSTRS(10),HUSTR(IV), svsTolov
IRADIUS(10),X(10),Y(10),PS1(10) SYSTO11V
CUMMUON/TAPE/NOUT sYSTo2v
DATA ROUGH,SMOOTH/"ROU","GH ", "SMHO","0TH"/ SYST0130V
wRITE(NOUT,1001) ISYS SYSTO014V
IF(IREDEW,0) WHITE(NUUY,1002) SYSTO015V

IF (IRED NEL0) WRITE (NUUT,1007) $YS101S1
IF(NLAYS,EU,1) GO TU 4O $YSTO0loV

00 30 I=z),mM SYSTO17V
IF(IS™0,EQ,1) GO TU }0 SYSTO018V
ISMTH(1) = ROUGH(]) SYSTO0190
1SMTH(2) = ROUGH(Q) SYST020V
IF(ALK(I)oLT,100,0) GO TO 20 SYST021V

10 ISMIM(L) & SMOUTM(Y) SYSTo22v
ISMTH(2) B SNO0TH(2) SYSTUR25SV

20 RRITE(NOUT,1003) T,ISMTH(1),ISMTH(2),E(1)sNUCT)oTHICK(I),AK(]) SYSTO24V
30 CONTINUE ; SYSTO02%¢Y
40 WRITE(NOUT,1004) NLAYS,E(NLAYS),NU(NLAYS) SYSTO26V
wRITE (NOUT,1005) SvYS§T0_27V

00 SO I = |,NLOAD SYSTO028V

50 WRITE(NOUT,1006) I,LOSTRS(I)sHOSTR(I),RADIUS(I)oXC(I)oY(]),PSI(I) SYSTO29V
1001 FORMAT(1H1,10(/),52X,"SYSTEM NUMBEK®,3X,12) SYSTO30V

1002 FORMAT(S(/)o8X,"LAYER",uX,"CALCULATION",2X,"VOUNG""S8",4X,"PUISSON"SYSTO3IV
18", 3%, "THICKNESS®, X, "INTERFACE"/8X, "NUMBER", 3K, "ME THOD", 7X, "MODUSYSTO32V

2LUS"™ yuX,"RATIU®, 182, "SPRINGCOMPL"?) SYSTO3 5V
1003 FORMAT(10X,52,5%,285,3x,4k12,4) SYST034V
1004 FURMAT(10X,]12,14%,2E12,4) SYSTO3S5¢

1005 FORMAT(//7/78%,"LOAD® ,SX,"NORMAL", TX,"SHEAR®,Sx,"RADIUS OF ", 7X,"L0OADSYSTO30V
1 © POSITION",0X,"SHEAR®/BX, "NUMHER® ,3X,"STRESS", 7X,"STRESS" ,6x, SYST1037v
Q"LOADED AKEA®,0X " XK" ) 11X " YY", TX,"DIRECYION"/) SYST03AY

1006 FORMAT(10x,12,2X,06E12,4) SYSTO39v

1007 FORMAT(S(/)o8x,"LAYER" ,ux,"CALCULATICN®,2X,"YOUNG"*S" ,uX,"POISSON"SYSTOWOV
198", 3%, THICKANESS®,3X," REDUCED™ /78X, "NUMBER™,3X,"METHOL™,7X,"MODUSYSTOGLY

2LUS® o ux,"RATIO®, 18X, "SPRINGCOMPL"/) SYSTOuW2v
RE TURN SYSTOoudv
EnND SYSTOwuY
SUBROUTINE MACON] (ISMO,ALK,NSYS) MACOOO1V

Ceccsnccvrcccccacrsnncvcrncscncsccssscaavease - - cseesMA(00020

THIS SUBROUTINE CALCULATES CONSTANTS USEND ™ACOOO3V

c
c InN SUBROUTINE MATRIX T0 BUILD UP vARIOUS MACO0O4WY
C MATRICES, MACO00OSY
C THE CONSTANTS ARE STORED IN MACO0060
(4 CGMMON/ZINDATA/Z, MACO0007v
C NUMERICAL STABILITY OF SOLUTIONPROCEVURE ™ACOOOBY
c FOK THk SYSTEM ]S TESTED BY CALLING IN°® mACLOOO9Y
Cc MA2CON, naCoo10v
[ 4 MATRIX MACLOL 1V
(4 nHEN INSTABILITY HAS TO Bt EXPECTED THE maCoo12v
[ 4 SMOOTH CALCULATIUN PROCEDURE 1S CHOSEN My mMACO013V
c TAKING ISMU = | AND NSYS ]S SET EWUAL | , mACOOLGV
REAL K, %2,K8(10),%u(30)snS,k0oNU»]I,LOAD,ACCUR(S) ALK(Y) nACOOl OV
COMMON/ASDT/LAYEN ,NLAYS M, K, Z,NU(10),ACCUR,LOAD,HOSTRS,NZEROS,H(9)MACNYLTV
1o89(10),EC10),AL(9),THICR(9),KADIUS(10) mACuOtev

CUMMON/INDATA/ZRMAK, AJ(9),B81(9),C1(9)sD(9),BE(9),F(9),6(9),M1(9),nACL019V
111(9),m1(9),%2(9),K0(10),6E(9),BU(9),BUU(Y),bMU(Y),B82U(9),82VU(9),mAC0020V
2J2(9),J1,72(10),55(2,10),6012(9),6021(9),6022(9),6122(9), nACO021V
3M012(9),H022(9),H122(9),0012(9),0022(9),C011(9),C012(9),E012(9), maCOO22V
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c
c
c

30

UFO012(9),F112(9),F022(9),CL(U,2,9),00(2¢2¢9)¢FF(2,2:9),G6(2,2,10), MACUO23V
SHH(2,2,10),kR(4,2610),002(9),620(9),621(9),H20(9),H021(9),662(10),MACL024Y
6Mne (10),0011(9),0111(9),0012(9),0112(9),0212(9),0022(9),Q122(9), MALOQO2SV
TGFO(9)»uF1(9),2088,2111,2211,2012,2132,2212,2812,2021,2121,2022, MACOO26V

82122,2222.%4
CUMMUN/TAPE/NOUYT

NSYS = 0

IF (NLAYS,EQ,1) GO T0 10
66(1,1,1) 3 «},0
66(2,3,1) 3 1,0
GG(1+2¢1) 3 1,002,0eNU(1)
6G(2,2,1) = 2,0eN0(1)
HH(1,10)) 2 1,0

HH(1,2,1) 3 GG(1,2,1)
nwH(2,101) = 1,0
nH(2,2,1) 2 =GG(2,2/1)
RR(1eleNLAYS) = 0,0

RR(1,2,NLAYS) = 0,0
RR(2,1oNLAYS) 8 0,0
RR(2e2.NLAYS) = 0,0
QR(3,1,N0LAYS) 3 1,0
RR(3,2,NLAYS) s 0,0
RR(4o1oNLAYS) = 0,0
RR(4,2,NLAYS) = 1,0
SS(1,NLAYS) 8 0,0
$S(2.NLAYS) = 1,0
662(1) = 1,0

“.‘a(l’ "‘.o
KS(1)=1,0=2,0enU(L)
IF(NLAYS,EQ,1) GO TU 70
x =2 0

"ol(l1) = 4,0e(1,0enU(1))

00 30 Jai,m
KICJIISEL ,0eNUCI*1))oE(I)/CC1,0NULI)IREL(IOY))
K2(J)=]l . 0ex] ()
K3(JIENU(Jel)eNU(J) KL (J)
K4(J)28,0eNU(J)eNU(Je1)
RS(J)=1,0=2,0eNU(J)
Ko(Jel) = G, 00(),0eNU(Je]))
Al(J)s Ko (J)en2(J)
81(J)s K2(J)exi(J)eko(Jel)
Ci1(J)=2,0%Kx2(J)
0 (J)s K2(J)*(1,0=4,0=NU(J))
EE(J)a K2(J)e(l,0eRu(J))=0,00aK3(J)
F (J)s A1 (J)=B1(J)
G (J)s K2(J)e(1,0=nu(J))e2,00K3(J)
HI(J)BU,00K2(J)e(NU(Jel)eNUC]))
11(J)s 0(J)eni (J)

CONTInNVE

RS (Me))8) ,002,00NU(Me])

IF(ISH0,tv,1) GO TO 7V

00 40 I 8 1,
IF (ALK(]) LT,300,0) GU TO S0

CONTINUE

GO0 Y0 70

mACO027V
MACU028V
MACO0290V
- MACOO0SOU
MACOOSIV
MACOO032V
MACVLO3 SV
MACDO34V
MACO0350
HACQOO036V
MACO037v
MACOO38V
MACUO39V
PACOO4OV
MACOUULY
nACOOu2Y
MACOO43L
MACOO04UY
MACULO04USY
MACOOUOY
MACOQ4TY
MACOOWBY
MACOOQ49V
MACOOSOV
MACOO0S51v
MACO0Sev
MACUOS3V
MACOUSUV
MACO0SSY
MACDOSevV
MACUOSTV
MACOOSBY
MACOOS9V
mACOOGO0V
MACOOGLV
MACLOGR2Y
MACUOB IV
MACOOGUY
MACOOLSY
HMACOObOY
MACOO067V
MACUOGBY
MACLOOOY
MACOOT0V
MACO0710¢
MACOOT72V
MACNOT73V
MACOO74v
MACO075¢
NACUQTeV
MACOO7T7V
«eMACOO78V

S0

CALCULATIUN UF CONSTANTS ONLY NEEDED N MACUOTOV

MATRIX FOWR STABILITY TEST,

mACOO80V
cocesMALOOBIV

THIN 8 1 ,0E¢10
NTELL 8 2

F-12
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IF(ALD(20),AND, MOT NZEG) AJU( G)=,TRUE, COnNSO0300
IFCAIDC 0),AND, ST NZEP) AJD(12)E,TRUE, CuUnSO31IV
IF(AID( 4)) CALL LUGSET(JARGL(L, 6),A1D) CuUnSOSe2v
IF(ALID(10)) AlD(1))s,TRUE, CONSOS3Y
IFCALIDC S)) AID(NY )=, TRUE, CONSO034v
IF(AID(12)) Al0( o)3,TRUE, CUNS035¢
IF(ALOC 8)) AlD(14)3,TRUE, CONSO030V
IF(AID(14)) ALO( 8)=,TRUE, CONSO37V

IF (AID( S),AND,AIO( 6)) CALL LUGSET(JARG(1, 7),AID) CUNSO38Y
IF(AID(11),AND,ALD(12)) CALL LOGSET(JARG(1, 8),AlD) CUNSO3QUV
LF(,NOT  NLEW) GO 10 20 CONSVOuOV
IF(AIOC 7)) AlD(33)3,TRUE, COnSOulv
IF(AlIO(33)) AlOC 7)s,TRUE, CONSOu2Y
IF(AIDC 9)) AlD(15)=,TRUE, CONSVa sV
IF(AID(1S)) AINC 9)s,THRUE, CONSQuaY
IF(ALIDC S),AND,AINC10)) CALL LOGSET(JAKG(1, 9),A10) CONSOuSY
IF(AIDC ©),aND,AID(10)) CALL LOGSET(JARG(1,10),A1D) CUNSO4oV

IP (ALDC 1),AND,ALD( 2)) CALL LUGLSET(JARL(L,11),A10) CONSO47V
IF(AIDC 4) ANDLATIDC 7)) CALL LUGLSET(JARG(1,12),8]D) COUNSOuBY
IF(AIDC 7),AND,AID(10)) CALL LOGSET(JAKG(1,13),A10) CONSO49V
IF(AID( 8),AND,AID( 9)) CALL LUGSET(JARG(1,14),A10D) CONSOS0V

GO0 10 30 CONSOS1IV

20 IF(AI0D( 1)) CaLL LOGSET(JANG(1,11),A10) CONSO0S2v
IF(ALDC 4)) CaLL LOGSET(JARG(1,12),A1D) CONSOS 3V
IF(AIDC 8)) CALL LOGSET(JARG(1,14),A1D) CONSOSWY
JON = .F‘L‘t. CONS OS5V
L = ,TRUE, CONSOSov
IF(A1D(3),0R,AJ0(06),0R,AID(12),0R,AID(16),0R,AJO(17)) N8, TRUE, COnSOSTY

00 50 I = 14,27 COnSOSOV

1# (A0(1)) GO TO &0 CUNSOS9V

L =  FaLst, CUNSO6O0V

GO T0 %0 COnSOo1V

40 ~ = ,TRUE, CUNSOo2Y
SO0 COaTINUER CUNSOO 3V
RE TURN CUNSObUY
EnO CUNSO&SY
SUBROUTINE LOGSET(1,LUG) LUGS001V
Ceccvecvacorcrvcncnscncccncscnncvcveverae case ccacsccassssncnes, 065002V
THIS SUBROUTINE,CALLED IN HY CONSYS AND LOGSo03V

CONPNT,SETS THE LOGICAL VARIABLES LOG(x) LOGSOOWY

TRUE FUR THE KoVALUES,STORED IN THE ARGU= LUGSOOSY

HEMNTY I, LOGSO000V

- o eeorccsscscncsncecenasLVES007V

LOGICAL LOG(}) LOGSo08Y
INTEGER (1) LOGSoOoYv

00 10 L=}, LUGSO10V
IFCI(L),E0,0) GO Tu 20 LUGSO11V
xsl(L) LoGSot1ev
LOG(X)s,TRUE, LOGSO13V

10 CONTINUE LOGS03 ey
20 RETURN LOLSOLSY
EnD LOGSO10V
SUBROUTINE Ma2CON(TMIN,1,15M0,ALK) na2C001V
cece - escesesscsveene ecosaaMA2C002V

OOOOOOON

THls SUB“OU'!N! CALCULATES C 0~31ANIS USED mA2CO03V

IN SUBKUUTINE mMaTw]IX TO BUILO UV vaklIOuS
MATRICES, THESE COUNSTANTS ALL DEPENDENT
ON ALR(J) AND 7 OR RADIUS(I), ARE STOWED
IN COMMUNZINDATA/Z,

nA2CO0GY
mA2CQO0SV
nA2C006V
nAgCtoo?v

- Ty oo veve caeMA20008V

WEAL K1,K2,Kk4(10),%5, KOo!llollloNUolloLU‘DaICCUﬂ(l)olLl(')

naCooov




ey

”3&thf

DuMMY = 0,0 MACOOB4Y

LAYER 3 NLAYS MACOOASY
T2(NLAYS) = 0,0 MACOOHOV

00 60 x 3 | ,™ MACOOBTY
IF(TRICK(K) LY TMIN) TMIN 3 THICK(K) MACOOBBY

DUMMY 2 DUMMYeTHICK(K) MACOO89V

T2(K) 3 2,0sTHICK(X)/RADIUS(]) MACLO90V

H(K) 3 DUMMY/RADIUS(1) MACO091V

60 CONTINUE HACOQGQ2Y
CALL ™MARCUN(TMIN,1,ISMU,ALK) MACOO093V

TX 2 6,6eRADIUS(L)/ININ MACUO94Y

XMAX 3 Txe},0 MACUO9S5Y
CorenccavacaccnncronncncrrorccorovonscncnnvsccnavrsvsccarcvecnnnncsvaasaMACOQ96Y
c TEST ON NUMERICAL STARILITY OF THE SOLUe ®ACOO097V
C TIUN=PROCEDURE TO BE FOLLOWED FOR THIS MACOQ9HY
c SYSTEM BY CALLING In THE MATRIX SUHRUUTI= MACOOS9V
c NE wITW NTELL B 2 , MACULO00V
c AFTEW TEST THWE SMUUTH OR ROUGH CALCULATIe MACO101V
(4 ON PwOCEDUKE 1S CHOSEN, naCOD102V
c TEST IS ONLY NECESSARY [F NOT DIRECTLY mACOLOSV
c THE SMOUTH CALCULATION PRUCEDUKE HAS WEEN MACO31O04Y
C CHRUSEN bY [SMUa}, MACOL0SY
Cerecvocceconcnvocorccavosvossacvrsccsvenvsscsse eoe MACO1 00V
CALL MATRIZ(TX,3,NTELL) MACOLO07V
IF(NTELL,,EQ,2) GO TO 70 MACOJ 08V

IS%0 = |} MACO109V

NSYS s | MACULLOV
wRITE(NOUT,13001) MACUL1LV

70 RETURN mACOl 120
1001 FORMAT(® THE MORE STABLE SmOOTW CALCULATIUN PROCEOUNE HMAS BEEN CMOMACOL13Y
1SeN,®) MACO1 14V

EnD MACUL1ISY
SUBROUTINE CONSYS(AID NZEP(NZEW(N,L) COnS001V

c.......-.....q..-.-o....’..-....--..-...-.--..-- - eccceccsa(UNSQOV

THIS SUBWUUTINE DETERMINES FOR EACH SYSe CONSOO3V

(4
c Te™ THE CYLINDRICAL CUPPONENTS NEEVED FOR CONSOOWVY
c COMPUTATIUN OF THe REQUIRED CARTESIAN CONSQOSY
[ 4 COMPUNENTS OF STRESSES,STRAINS AND DISPLA=CONSOOOV
Cc CEMENT, GIVEN THIS SET UF CUMPONENTS A CONSOO 7V
[+ FURTHER SELECTIUN 1S PELRFORMED ON THE CONSOOBY
[ 4 COMPONENTS TmAT CAN BE COMPUTED wlTH THE CONSOO9V
(4 INTEGRALS, CONSO 0V
4 CUNSYS CALLS XN SUBROUTINE LOGSET CONSOl 1V
c .---.........-..O-......o-..-.-..o...-..-...-..-......CUNSO‘20
LUGICAL AJO(27)/NZEP,NZEWQ,EPS(S),N,L CONSO13v
INTEGER JARG(G,14) CONSOl 4
DATA JARG/ CONSO1SV
1 6, 5, 7,18,19,21, 8, 9,20,22, 0, O, 10,11,13,23,24,20, CONnSOleV
2164,15,2%,27, 0, O, 1, 2416,17, 0, 0, $,10,12, 0, 0, 0, CONSO3TV
3 4,10,12, 0, 0, O, 4, $,10, 0, 0, ©, 4, ®,12, 0, 0, 0, COnSOj8V
4 4, S,12, 0, 0, O, 16,17, 0, 0, 0, O, 18,19,21,23,24,26, CUNSO19V
$23,24,206, 0, 0, O, 20,22+25,27, 0, 0/ CONSO20V
EPS(L) = AID(I8), 0K AID(19),UR ALID(21) CONSO021V
EPS(2) = AJD(20),UR,ALID(22) CONSOR22V
EPS(3) = A]1D(28),0W,AID(20),0R,ATD(20) CUNSOV23V
tPS(¥) B AID(2S),UR,AID(2Y) : CONSO24V
EPS(S) s Al0(1e),0R, AL0(LT) v CONSO25Y
00 10 1 = 1,5 CONSO20V
IF(.NUT,EPS(I)) GU TU 10 CONSO0270V
CALL LOGSET(JARG(1,1),A1D) CONnSO28V
10 CONTINUE CONSO029V
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" COMMON/ASDT/LAVER ,NLAYS ™R, Z,NUC10)¢ACCUR(LOAD,HOSTKRS,NZERDOS,1(9)MAR2COL0V
1oKS(10),E(10),AL(9),TH]CR(9),RADIUS(10) mA2CO031Y
COMMONZINDATA/ZXBAX, AL(9),01(9),CL(9)oV(9),EE(9),F(9),6(9),M1(9),MARLOLRY
JI1(9)oK1(9),%2(9),%0(10),bE(9),HU(9),BUU(Y),BMU(9),H2U(9),B2VUL(9),M82C013V
2J2(9)0J1,72€¢10),85(2,10),6012(9),6021(9),6022(9),6122(9), MA2COQuY
SHO12(9),H022(9),M122(9),0012(9),D022(9),C011(9),C012(9),L012(9), ™A2CO1ISV
4F012(9),F112(9),F022(9),CC(4,2,9),00(2,2,9),FF(2,2+9),6G(2,2,10), MA2COL0V
OSHM(202¢10)RR(4,2,10),002(9),G20(9),621(9),H20(9),H021(9),662(10),M02C087V
OMKN2(10),0011(9),0111(9),0012(9),0112(9),UW212(9),0022(9),0122(9), ™mA2CO18V
TOFO(9),0F1(9),2011,4111,2211,2002,2112,£212,23132,2021,2121,2022, MA2C019V

82122,2222,k4 nA2C020V
XMAX 36,5¢RADIUS(I)/THIN MA2C021V
Ks o0 nA2C022V
00 30 J 8 3, MA2C02350
AL(J) 8 ALK(JIZ(RADIUS(I)eaLK(J)) nA2CO240
Kl2 2 1,0eAL(J) ma2C025v
V0I1(J) 3 ni2eBI(J) mA2C0260
R111(J) = 2,02AL(J)eNU(J¢1) MA2CO027V
W0l12(J) sen)2ekE(J) nA2C028Y
U022(J) s x3129sa3(J) MA2( 029V
R122(J) 8 AL(J)enS(J) mA2CO300
QFO0(J) s K12ea1(J)eb1WJ) naA2CO310
QF1(J) B 2,00AL(J)2(1,00NU(J)e(1,0ehU(Je]))ex](J)) MA2CO32V
IF(ISMO,EQ,1) GO TU 20 mA2COS530V
IP CALK(J),GE,100,0) GO TO 20 nA2CO34Y
HE(J) 8 AL (J)/(),0eAL(J)) MA2C035V
BUCJ) & HE(J)e2,0eNU(JeY) na2C03eV
BUU(J) 8 BU(J)IeKS(J) nA2CO0370
BMU(J) 3 BE(J)exS(J) nag2co3ev
B2U(J) & BE(J)e(RS(J)=2,00NU(J*1)) nA2CO39V
BEUU(J) B BE(J)e(KS(J)e2,0eNU(J*L)) MA2COQ0V
60 10 30 na2Couyv
Kifl & 2,00(NU(J)NU(J*Y)) "A2CO0W2V
K8 Kel- MA2C0uIV
Je(x) s J MA2C0uUuY
66(1,1,%e1) 8 R2(J) MA2COUSY
6012(X) = K)jek2(J)e(2,0=4,0eNU(Je¢1)) na2CoueV
G021(r) sen)2eK2(J) MA2CUUTY
G022(n) s (Kjlex2(J))ek]2 MAZCOWBY
Gl22(K) 3«2,0eNU(Jel)eAL(J) MA2COW9V
MMl loRel) 803, 006,00NU(J)eK1(J) na2CosSov
HOL2(K) 802,042,00NU(J)¢6,0eNU(Jel)oRE(J)a(2,0d,08NU(Je]))n »A2C0S10
| Ri(Jd) ma2cosav
HO21(K) & WH(],1,Re))eK] nACOS3V
HO22(X) Sen]2e(],022,0aNU(J)eb,0aNU(Jel)eRU(J)K]1(J)) ma2COSev
WiI22(N) & 2,0¢AL(J)eNULJ*L) . me2COSSV
00(l,8on) sexo(J) nA2COoSeV
0012(n) seke(J)axS(J) na2C0STV
00(2,1,K) sexj2ene(y) nA2COS8V
D022(X) senU(J)e2,0000(2,1,K) »A2C0590
COLI(X) me],004,0eNU(J) na2C000V
CO12(R) 3 4,0eNU(J)eKS(J) magCoelv
CCl2,1,0) 32,0 Ma2C002V
E012(x) mexy] na2C0e3V
FOL2(K) 8 KaA(J)e2,0e(NU(J)eNU(JeL)) na2Co0uY
Fl12(K) 8 2,008012(K) LIYI{4T 3 1
FO22(K) 8 ],0=4,0eNU(Je}) MagCoaoV
PF(2,1,%) 8 2,0 nA2COO TV
0D2(K) s 2,0eK12/01(J) MACO0NY
G20(R) 8 R12a(]1,0e),0/R1(J)) mA2CO0OV
G21(K) & AL(J)20,S5/r1(J) nA2CO700
F=15




i | H20(K) 3 K12e(1,0¢]1,0/K1(J)) mMACOT71V

3 ; 30 CUNTINUE MA2C0T72Y

3 ! Ji = K MA2COT730

OumMMYZ0,0 MA2COT74V

T2(NLAYS) 2 0,0 MARLOTSY

00 40 x 3 §,m MA2COT6V

OUMMYZDUMMY e THICK (K) MA2COTT7V

12(X)32,0eTHICK(K)/RADJUS(]) mA2LOLT78V

H(R)SDUMMY/RADIUS(]) MA2COT9V

K12 = 1,0 AL(K) MA2C0AQV

Q112(K) 3 oKj2eb (K)aH(K)+Q111(K)*KS(K) mA2CO081V

Q212(X) 8 AL(K)ar(K)a(2,0eNU(K+])=KS(K)) MA2C082Y

40 CONTINUVE MA2CO83V

IF(LAVER,EQ ,NLAYS) GO TO SO MA2C084V

CreecvacaccnccscccrrrrrvocmcncrccerasroncrcrcnsncvonasccsnssrvansscvnnssasMA2C08%0

i C THESE CUNSTANTS AKRE USED FUR THE ASYMPTNe MA2CUB6Y

1 c TIC EVALUATION OF THE CHARACTERISTIC MA2C087V

c FUNCTIONS IN MATKIX, MA2CO88Y

Cevevecccsccvcnvvecrccrncserronavrcncconsoncacscer eooe voascecMA2COB9V

J 3 LAYER nA2C0900

RK] 2 2,0eNU(Jel)eCl(J) na2Lo91V

RK2 2 2,0eNU(JeL)eAL(J) MA2CO92v

RR3 = 2,0eNU(Je1)9D(J) MA2CO0930V

2021 = WOl1(J)+CI(J) MA2CO094Y

RKu = 2021eM(J) MA2CO9SV

K12 = 1,0°AL(J) MA2C0U9% vV

2011 = WU11(J)*DCJ) MA2CO97¢

2111 3 AL(J)*(RR3eG(J)okS(J)eB1(J))=RK4 MA2CO98Y

2211 3 AL(J)en(J)a(BL(J)=]11(J)ekK]) MA2CO99V

2012 = =K12¢(D(J)*EE(J)*A1(J)*G(J)) MA2C100V

112 3 Q322(J) 2 (RR2=G(J)eRRSPEE(JI)IoN120H(J)o (AL (J) MA2ClO1V

1 M1(J)*C1(J)eEE(J)=D(J)eF (J)) MA2ClO02V

2212 = «AL(J)en(IIn(RS(IIn(HRIORI(I)*ITLI)IeRRDIEE(I) e MA2C103V

1 RK2¢G(J))omruen()) MA2C10uY

2312 s AL(J)en(Jiam(J)a(BI(J)=RKRY=]1(J)) nA2C105Y

2121 = AL(J)e(RRIeBI(J)*11C(J)) MA2Ci0ev

2022 3 Kl2e«(AL(J)all(J)=EE(J)aCL(J)) Ma2CioTv

2122 = AL(J)#(RR2+EE(J)enS(J)a(RR1¢11(J)))eRRY MA2C108V

222 = T121sn(J) MA2C109Y

S0 RETURWN Ma2ciiov

EnD LITiSREL

SUBROUTINE CONPNT(R,HUSTRS,LUAD,Z,N2,L2) CONPOOLV

c....-.............-.........-..........................----o-.--.-....-cuN90020

c THIS SUBROUTINE OETEWMINES FUR EACH PUINT=LUNPOOSY

[ 4 LOAD COUNFIGUNATION SEPARATELY THE CONPOOUY

C INTEGHALS NEEDED FOR COMPUTATION OF THE CUNPOOSY

Cc VESI~ED COMPUNENTS OF STRESS,tTC, COUNPOQOOV

c FUR PUINTS AT TME RIm OF THE LOAD SO™E CUNPOOTV

C COMPUNENTS CANNOT Bt CALCULATED HECAUSE  CONPOOBV

c OF SINGULAR BENAVIOUR, A MESSAGE IS CUNPOO9SV

[+ PRINTED, COnPO10V

Cecocncocvecococnscnvrccncovocncnnsscvsne eoe eose - e UNPOI IV

LOGICAL STRESS,EPS,RLON,N2)L2 CONPO RV

i REaL LOAD CONPOL 3V

! INTEGER 1ARG(6,12),KARG(6,4),JJ(12,19) CUNPOL GV

i COMMUN/STHDTA/STRESS(27),EPSL17),RLOW,ST,CT,L,ACC CONPO1SV

£ COMMON/TAPE/NOUT CONPOlOV

§ DATA ARG/ CUNPOLI TV

§ 1 7,112,417, 0, 0, O, 12,14,17, 0, 0, O, 10,11, 0, 0, 0, 0,CONPOLBV

4 27, 8, 9,12,14,17, Te 9,12,14,17, O, 8, 9, 0, 0, 0, 0,CUNPODISV

5 3 7,12,14,15,17, 0, ©0,10,16, 0, 0, O, 10,113,106, 0, 0, 0,CUNPOQROV
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4 7, 8,12,14,17, 0, Te12,14,17, 0, O, 8, 9, 0, 0, 0, 0/COUNPO21IV
DATA XARG/ CUNPO22V
| i 1 1o 20 4, 0, 0, 0, 2, 4, 0, 0, 0, O, 1 2o 0, 0, 0, 0,CONPO23V
| | 2 4o S,10,11,12, O/ CONPOR4Y
DatTa JJ/ CONPO25SV
1 1, 0, O, 0, O, O, O, O, O, O, O, O, CONPO20V
2 0o 1y 0, O, 0O, 0, O, O, O, O, 0, O, CONPORTV
31,1, 0, 0o 0, &, 0, 0, O, O, O, O, CONPO2BYV
a4 1, 0o 0, 0, O, 0, 0, 1, O, O, 0, O, CONPO29V
| ’ S 0, 1o 0, 0, 0, 0o 0, O, 1, v, O, O, CONPO SV
i 6 1., ¢ 0, 0, O, 00, O, 1, 1, O, O, O, CONPO SV
| 7T 10 00 1o=10=1y 0, 0, O, 0,=1, 1,=1, ConPO 32V
I 8 0, 1o 0, O, 0, Op=1, O, O, O, 0, O, CONPO 33V
9 1e 1y 1s=1s=1, 0p=l, 0, O,=1, 1,=), CONPO S4Y
Y 1o 00 16 20 1,0, 0, O, O, 1, 1, 1, CONPO3SY
1 0, 4, 0, O, O, O, 2, O, O, O, O, O, CONPOQ36V
2 1o 10 10 15 1, 0, 1, 0, O, 1y 8, 1, CONPO3 TV
E 3100, 1o 3, 1, 3,0, 8, 0, 1, 1, 1, CONPO 3BV
t 4 0, 1y O, 0o O, 0, 1, O, 1, O, O, O, CUNPO3IV
S 1o 10 30 10 00 30 15 16 1o 10 1, Y/ CONPOUOV
; NERR 8 0 CONPQALY
E 00 101 = 1,17 CONPOWRV
EPS(I) = ,FALSE, CUNPOU SV
10 CONTINUE CUNPOUUY
Js) CUNPOUSY
1F(ABS(ST),LT,ACC) Jsi CONPOUBY
1F CABS(CT),LT,4CC) Jse CONPYUTY
IF(HOUSTRS LT, ACC) GV Y0 2¢ CONPOGBY
: IF (RLU=) 60 10 3¢ CONPOQUIY
i IF(2.LT,ACC) GU 10 4o CONPOSOY
iIsdely CONPOSIY
G0 70 SO CONPQS2V
20 Is2 CUNPOS 3V
1F (RLO®) 131 CONPOSUY
60 10 SO CONPOSSY
3 30 13JeS : CONPOSOU
' JIF (Z.LT7,4CC) jsle} CONPOSTV
3 60 T0 SO CONPQSHY
40 JzJeid CONPOS9OV
IF (ABS(R=1,0),LT,ACC) is]l=3 CONPOOOV
SO JF(STRESS( 4),UR,STRESS(10))CALL LUGSET(XARG(1,1),EPS) COnPOOILY
5 IF(STRESS( $5)) CALL LUGSET(KARG(1,2),EPS) CONPOGRY
1 IF(STRESS( 3)) EPS( 3)s,TRUE, CUNPOO3IY
JF(STRESS(11)) EPS( 4)=,TRUE, CONPOOUY
! IF(SIRESS(12)) CALL LOGSET(RARG(1,3),tPS) CONPOOSY
IF (STRESS( 6),aND,(2,6T,ACC)) EPS( 1)3,TRUE, CONPOOOV
IF (JNOT ,STRESS( 8)) GU 10 &0 CONPOO TV
IF(2.,L7.4CC) GO T0 &0 CUNPOOBY
IF(R,GT,ACC) EPS(S)s, TRUE, CUNPOOIY

60 IF(I,LT7,3) GO 10 180 CONPOTOV |

00 90 J = 3,12 COnPOT1V |

1F(NOT, STRESS(J)) 60 10 %0 COnPOTRV ‘

1F(JJtJ,1=2)) 70,90,80 CONPOT SV |

70 NERR 8 | CUNPO T4V 1

. STRESS(J) & ,FALSE, CONPOTSV |

L2 = FaLSE, CONPOTOV |

GO Y0 90 CUNPOTTV ‘

80 CALL LUGSET(IARG(1,J),EPS) conPOTOY ]

. 90 CUnTINUE CONPOTOV {

IF (NERN) 160,160,100 CONPOBOV |

100 JF(J=10) 110,130,120 conPOBLY {

|
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110 wRITE(NOUT,9000) conpPOB2V

GO Y0 140 CONPOUBJIY
120 wRJTE(NUUT,9020) CONPLBGY
STRESS(13) = ,FALSE, CUNPOBSY
GO 10 1w CUNPOBOV
130 mRITE(NOUT,9010) CUNPOBTV
STRESS(13) = FALSE, COnNPLBBY
IF (SIRESS(12)) GO YO 1S0 CUNPOBIY
140 IF(STRESS(3),0R,STRESS(6)) GO TU 150 CONPLOOV
JE(STRESS(10)) GO TU 150 COnPUOLY
IF(STRESS(17)) GO 10 150 CONPO2V
JIF(STRESS(20)) 6O TO 1S0 CUNPOO 3V
JIF(STRESS(22)) GO TO 1S5S0 CONPOOGY
1F (STRESS(2%)) GU 1O 150 CONPOOSY
: IF(STHESS(27)) GO 10 1S5S0 CONPOSOV
: N2 = ,FALSE, CONPOOTY
: 150 STRESS(18) = ,FALSE, CUNPOSBY
| STRESS(19) = ,FALSE, CONPOOOV
STRESS(21) = ,FALSE, CONPLlOOV
STRESS(23) = ,FALSE, CONPIO)V
< STRESS(24) = ,FALSE, COnPl02Y
1 STRESS(20) 3 FALSE. CunPlOlV
i 160 IF(LOAD,GT,ACC) GO TO 180 COnNPIOWY
. 00 170 J = 1,5 CONPLOSY
170 EPS(J) 3 FALSE, CONPLIOGY
180 RETURN CONPIOTV
Q000 FORMAT(™ AT THIS POINT SRi,STT,ERR AND E22 mMAVE A LOGARITHMIC SINGCUNPLIOBY
TULAREIYY®) COnNPI OOV
9010 FORMAT(®™ AT THIS POINT SRYT aND ERT MAVE A LOGARITHMMIC SINGULARJTY®CUNPIIOV
1) CunPiLLY
Q020 FORMAT(® AT THIS POINT SKR,STY,SRY,ERR,EZ2 AND ERT WAVE A LOGARITHCONPII2V
1MIC SINGULAR]ITY®) CONPLI 3V
END COnPLIGV
SUBKOUYINE GENDAT(N,N2ERDS,R,ACC) GENDOO1V
c-‘....-...---‘...........-.......’.........-..-...-..-‘.........-....-‘Gt ~D°°2°
c THIS SUBROUTINE GIVES THE ZEROS UF TwHE GENDOO3V
(4 PRODUCTS JO(XR)®J1(X) AND JI(XW)*JI(X) IN GENDOOWY
c THE KIGMT ORVDER, THE SUBSELQUEN! ZERDS ARE GENDOOSY
c STOKED IN ZEKOS FOR USING THEM IN INGRAL, GENDOOOV
Cc Ttk ZERUS UF JO AND J1 AKE STORED AS GENDOOTV
c BZERUS IN TwE HBLUCK DATA, GEnDOOBY
c....-...-.-..-..........-.....-.....--.....-.-.-........-.’........-.--Gt“uoo’u
COMMON/GEDATA/BZERUS(149,2),LER0S(298) GENDOLOV
IF(RGLT,ACC,0R,ABS(KR=1,0),LT,ACC) GO TO &0 GENDO11Y
18t GENDO12V
Jsl GENDO1 3V
D0 20 x=1,298 GENDOL WY
IF(1,6Y,149) GO 70 30 GENDOISV
IF(J.GT,149) GO YO 30 GenDOlOV
I1F (BZEROS(I,2)4LT,BZEROS(J,N+1)/R) GO TO 10 GENDOL TV
2EROS(XK) & BZERUS(J,N*1)/R GENDOJ OV
JaJel GENVOI9V
GO 10 20 GEnDY2OV
10 ZEROS(R)SBZERUS(I,2) GEnDOR1V
18]} GEnDOR22V
20 CONTINUE Gernbo23V
30 NZIEROS = Re) LGenDO24Y
Re TuRw GENDU2SVY
40 IF(R,GT,ACC) GO TO 70 GLNDO20V
50 00 60 I=1,149 GEnNDO2TV
ZEROS (1 )=BZERUS(1.,2) GEnDO28Y
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60 CONT[NUE
N2EROS®149
RE TURN

70 IF(N,EG,1) GO TU SO
DD 80 x=),149

ZEROS (2#Ke] )=BZEROS(K,1)

TERUS (22x
80 CONT[NUE
NZERUS=298
RE TURN
END

SUBROUTINE ASYMPI(R,ACC)

evecescesccscenerssarccascccccecacsensssvesnsesASYMO02V

Coeew -

J2BZEROS(K,2)

GENDOROV
GenDO30U
GENDO3V
LGEnDO32V
GENUO S SV
GENDO34V
GENDO SISV
GENDO3OV
GENDO3TU
GENDOSBY
GENDO3OV
ASYMOOQV

(< THIS SUBROUTINE ORGANIZES THE COMPUTATION ASYMDO3V
c OF TrE ASYMPTOTIC PAKRT OF THE INTEGRALS ASYMQO4Y
c AS USED FOR THE TOPeLAYER ONLY, ASYMOQSV
c ASYMPT CALLS IN SUBRUUTINE ASS ASYMOOOUV
c ASYMPT CALLS IN FUNCTIONS FLLE ASYMQOT7V
C FLLK ASYMOOBV
Cc FLMBDA ASYM0090
CeccovsccroncscccnccccncrescraccecscvssncnccsnonevesonancansessancanersavaenhSYHN)OL0V
DOUBLE PRECISION DR,XACC2,C,ELLE,ELLX,FLLE,FLLK ASYMO110
COMMON/CONST/C,ELLEJELLK,ALMBDA ASYMO120V
IF(R,LT,ACC) GO Y0 10 ASYMO13V
OR3DBLE (R) ASYMO14Y
KACC22((1,0D0«DR)*(] ,0D0=DR)+C*C)/((1,0D0+DR)*(1,000¢DR)+C*C) ASYMO1SV
ELLx=FLLK(KACCR) ASYMOL6V
ELLEsFLLE(KACCR) ASYMOL TV
ALMBDA 3 FLMBLA(DR,C,ELLK,ELLE,xACCR) ASYMOL 80

10 CALL ASS(ACC,R) ASYMOL9U

RE TURN ASYMO20V

END ASYHMO21V
DOUBLE PRECISION BUNCTION FLLRIKACCR) FLLXOOLV
CrcccccavnccvocvoncscacecsnncccorocnrranssessscestavascnssancscnansvsssassfLLRU02V
(4 THIS FUNCTIONSUBRUUTINE EVALUATES THE FLLROO3Y
c COMPLETE ELLIPTIC INTEGRAL OF THE F]IRST FLLXOOWY
(4 KIND FRUM A SERIES=EXPANSION ACCOKRDING TO FLLKOOSY
(< BYKD AND FRIEOMAN,HANDBOOK OF ELLIPTIC FLLXOOGY
(4 INTEGRALS FOR ENGINEERS AND PHYSICISTS, FLLROOTV
c PORMULA 900,00 FUR KACC2.,6k,0,5 FLL®xOOBY
c FORMULA 900,06 FUKR RACC2,LT,0,S FLLKOO9V
DOUBLE PRECISIOM KACCR2,XA,M],XKACC FLLKOLIV

KA & 1,000ekACC2 FLLROL2V
IF(XA,GT,0,500) GO YO 10 FLLKOI3V

FLLKZ] ,000eKA2(0,25004KA0(0,10002500¢KA2(0,0976562500¢KA2(0,070768FLLRKOIUY
1066U00¢XAR(0,0005021 538D0+%AR(0,050889015000e%A2(0,0u38787937D0exAFLLROISV
22(0,0385065346500¢kA2(0,0343993306400¢nA(0,051045401200¢KAR(U,02828FLLROTIOY
37235300¢KA0(0,029979074300¢KA#(0,024019115200¢KA0(0,022334101200eKFLLROLITV
4Ae0,020869976800)))))))))))0)))

G0 T0 30
10 KACC3DSQRT(xACC2)

IF (RACC.LT,1,00=04) GU 70 20

Mis=DLOG(RALC)

FLLROJ OV
FLLXOIOV
FLLXO20V
FLLRO21V
FLLKRD22V

FLLRKEM] % (] ,000eRACC22(0,25D00¢KACC2%(0,14062500¢%xACC24(0,0976562500FLLRO23V

JeKACC22(0,0707680664N0¢KACLR2+(0,0005021335800+4nACC22(0,050R88901S

NELLRO24V

20eKACC2#(0,0438787937 DO+KACC20(0,03856535u65 NU+KACC24(0,034399336FLLK02SV
34 DO+RACC20(0,0510054012 NOKACC22(0,0282872353 DO+KALC24(0,025979FLLKRO26V
40743 DO+RACC24(0,0200191152 DUexACC2#0,0223341012 D0)))))IIIIIIINNIFLLKO2IV
5¢1,3802943600¢KACC2%(0,0965785903004KACC24(0,N030885144500¢KACC2ac0FLLROOY
©,0149376004D0eKACC22(0,0087066312200¢RALL2#(V,00575UBBTTDOIRACC2e(OFLLRO2OV
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7.004004658500eKALC2+(0,0030225465004KACC2%(0,0023351572D0+nACC2a(0FLLRO30V
8,0018580705D04xACC2*(0,001513511600¢KACL2*(0,0012565911D0¢KkACC2o(0FLLKOS]V
9,0010599297D0+%ACC22(0,0009000596N0+RACC220,0007854118ND0)))))IIINIFLLKO32Y

) FLLKO33V

FLLK = 2,000eFLL&/5,141592653500 FLLKO34Y

GO0 T0 30 FLLKO3SY

20 FLLK = 0,000 FLLKO3oV

30 RETURN FLLXO37V
END A FLLKUSBY
OOUBLE PRECISION PUNCTIIOUN FLLE(KACCR) FLLEOO)V
Crecevevsrccccnrcorerncrccncnccorosssunnrnercecnsracscansarcsrancsnssenee=l LLEQO2V
THIS FUNCTIONSUBROUTINE EVALUATES THE FLLEOO3V

et 0 caaEone iy oL e g choathe o

c
c
(4
c
c
c
[
c

C
[+
c
4
4
(4
C
C
c
c

R T—

COMPLETE ELLEPTIC INTEGRAL OF THE SECOND FLLEOOWY
KIND FROM A SERIES=tXPANSIUN ACCORDING TO FLLEOOSY

BYRD AND FRIEDMAN,nANDBUUK UF ELLIPTIC FLLEOOGY

INTEGRALS FOR ENGINEERS AND PRYSICISTS, FLLEOOTV

FORMULA 900,07 FOR nACC2,6E,0,S FLLEOO®V

FORMULA 900,10 FOR ®ACCR2,LT,0,S FLLEQOOV
cecevecscacsnrcncevenrcere et TeE et e rRereatesrEe T sessvneraanasssrsssnnsel LLEO]IOV
OOUBLE PRECISION KACCR2,XACC,KA FLLEOL13O

XA = 1,000=xACC2 FLLEOLI2V
1F(XA,GY7,0,500) GO 10 10 FLLEO13V

FLLE=1 ,0N0=KAa(0,25N04KAe(0,04087%00¢KAR(0,0195312%D0¢xAn(0,010681FLLEVIGY
11523D0+¢xA2(0,006729126000+KA«(0,0040262741D0+XAx(0,0033752918D0+xAFLLEOLISY
2*(0,002571023100¢%XA*(0,0020234904D0+KAR(0,001633968500exA20,001347FLLEOLOY

3011200)))))))))) FLLEOLITY
GO T0 50 PLLEOIBY

10 KACCSDSURT(KACC2) FLLEO19V
I1F(XACC,LY,1,00-00) G0 10 20 FLLEO20V

FLLE=),000-0,50000/ACC22DLOG(RACC)*(3,0004%xACC22(0,37500¢xACC2n(0 FLLEOR1V
1,23437500e%ACC2#(0,)170898437500exACC20(0,1345H25196D0exACC22(0,111FLLEOR2V

20305786004KACC2~(0,0945081711004KACC2e(J,082272738200¢KACC20(0,0T72FLLEQRSY

38456530N0+XACC2*(0,005358739300e¢naCL22(0,059268u93100¢KACL2#(0,054FLLEORUY
42172011004KACCR4(0,049959760600exACL20(0,040322580200+RACL200,0031FLLEDRYY
57926£3D00))))))))))))))¢0,2500enaCC20(],77256872200¢kACL2#(0,227220FLLEOROY
0770700+nACC22(0,087325UB17DO+RACC2*(0,0401780B56004xACL2#(0,02R5nBFLLEORTVY
7001200+kACC22(0,01941B9733N0+KACC2*(0,034058751R00¢RALC2*(0,0106uBFLLEO28Y
89434D0exACC2%(0,0083455B95D00+4KACC24(0,0067166757004KACC2#(0,005522FLLEOR9V
9288800¢KACC2#(0,0046206930D0+RACC22(0,0039229304D0¢KACC22(0,003372FLLEO3OV

T254900+xACCR220,002929929800)))))))))))N))) FLLEO3IV
FLLE = 2,000+FLLE/3,1415926535D0 FLLEO3RV

GO TO 40 FLLEO33V

20 FLLE = 2,000/3,141592053500 FLLEO34WY
30 RETURWN FLLEO3SY
END FLLEOS3OO
FUNCTION FLMBDA(OR,C,ELLK,ELLE,xACCR) FLMB0040
c.....-.----...--......--....-..--......---..-..--.-..----.....-.o--.-..F LMB002V
THIS FUNCTIONSUBROUTINE EVALUATES THE FLMBOO3V

HEUMAN"Se_ AMBDA FUNCTION FROM A SERIELSe FLMBOOWY

EXPANSION ACCORDING TO FLMBOOSY

HYRD AND FRIEOMAN,HMANDBOOK OF ELLIPTIC FLMBOOQGY
INTEGRALS FOR ENGINEEKS AND PHYSICISTS, FLMBOOTV
FORMULA 904,00 FLMBOOAY
USt 1S “ADE OF THE COMPLETE ELLIPTIC INTE=FLMBOO9V
GRALS UF THE FIRST AND SECOND KIND BLLK " FLMBOL1OV

AND ELLE EVALUATED HY FLLK AND FLLE, FLMBO11V

.........-..-....................o-..----.-..........---...-.......--.-FLHbO 1 dU

OOUBLE PWECISION OW,OASIN,SUM,PHI,DS,0C,A,T,A],KACC2,TWA],DAR,ELLKFLMBO]3V

1,ELLE,E,x,C FLMBO14U

DAR = DAKBS(]1,0D0=DR) FLMBO1ISY

IF(C.LT,DAR) GO TO 10 FLMBO16V
F=20




10

20
30

a0

So

DASIN = DAR/C

Prl = 1 ,57079632e400«DATAN(DASIN)
GO YO0 so

DASIN = C/DAR
IF(C,LT,(0,10=098DAR)) GO TO 20
PH]l = DATAN(DASIN)

GO0 10 30

Pru]l 3 0ASIN
1F(DABS(PNI=1,570796326800),671,1,00=6) GO TO 40
FLMBOAZ],0

GO T0 &0

OS=DSIN(PH]I)

DC2DCOS(PH])

£ = ELLE

K = ELLK

FLMBDAZPH] ok
720,500¢(PH]<DSeDC)
A30,500axACC2
SUMZAeTe(2,0002K<E)

1F (SUM,LT,1,00=07) GO 10 &0

Is}

FLMHDA = FLMBDASREL (SUN)

1s]e})

Als]

Twalz2,000eA]e1,000

730,500 2TnAl/A]«0,500+DCo(DS*aTwAl)/A]
A30,500%80(TwAal=2,0D00)exACC27A]
SUMZAT»(2,0D000AloneTRA]AE)
1F(SUM,GT,1,0D0=07) GO TO S0

RE TURN

END

SUBROUTINE ASS(ACC,R)

FLMBOL TV
FLMAO BV
FLMBOL9V
FLMBOR0V
FLMBO21V
FLMBO22V
FLMBO23V
FLMBO24uV
FLMRO25V
FLMbO2oV
FLMBORTV
FLMBO2BY
FLMBOR9V
FLMBO3OV
FLMBHO31V
FLMBO3R2V
FLMBOS SV
FLMBO34U
FLMBO3SU
FLMBO36V
FLMBO37V
FLMBO3BY
FLMBO3IV
FLMBOWOV
FLMBOWIV
FLMBO0W2V
FLMBO4G SO
FLMBOGWY
FLMBOWSY
FLMHOUOY
FLMBOGTV

ASS

CeovovaccccnnnccccacnsccvsranccncercavssvncsrcsanssrcevscancancacasecacsassASS

AN NONHNNNONN

THIS SUHRUUTINE COMPUTES THt LIPSCHITZe

HANKEL INTEGRALS I(J,J,X) FRUM EXPRESSIe
ONS IN EARLIER EVALUATED ELLIPTIC FUNCTIw
ONS OF THE FIRST AND SECOND KIND,ELLK AND
ELLE,AND HEUMAN®SeLAMHDA FUNCTION,ALMBDA,

REFENENCE

EASON,NOBLE AND SNEDDON,CERTAIN INTEGRALS
OF LIPSCHITZeHANKEL TYPE INVOLVING PROe
NUCTS UF BESSEL FUNCTIONS,PHILOSOPHICAL
THANSACTIONS,VOL 247,SERIES A93S5,APRIL

1955,PP S29-S4e,

Flomi=sl(1,02-1)

F100 =21(1,020)
Flo1 =1(1,021)

Flimes[(1,12=2)
F1imMiz](1,12=})

F110 =J(31,120)
Fi111 sj(1,171)

COMMON/CONST/C,ELLEJELLK,ALMBDA

COMMON/CNTING/F10M] ,F1.00,F101,F11M2,F1LIMI,F110,F111
DOUBLE PRECISION DR,C,DEPR,DEMR,0C2,0RT12,0RT,DAD,DR2,DRC2,DRRT,
10EMRR,ELLE,ELLK

EC = SNGL(C)
IF(R,LT,ACC) GO TO 20
EMR 8 | 0N

EPR 8 | ,0¢R

C2 s EC+EC

F-21

ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS
ASS

D T T T T L T T T T T T Y T P T T T T T ey ¥ 1.

ASS
ASS

‘ASS

ASS
ASS
ASS
ASS
ASS
ASS

001V
002v
003V
004V
oosv
006V
007V
oosv
009UV
010V
011V
012V
013V
0140
0159
0lev
017¢
018v
0190
020V
021V
022V
023v
024V
02sv
o026V
027V
o8y
029V
030V




[

s

29

Y o e B

20

30

RT2 = C2¢EPHReEPR ASS 0310
RT = SQRT(RT2) ASS 082V
R = ReR ASS 0548V
EMKR 3 |,0eR2 ASS 034V
Ok = VBLE(R) ASS 038V
DEPR = ] ,0D0¢DR ASS 03evV
DEMR = 1,000<-DR ASS 0370
NE2 = CoC ASS 038v
DRT2 = DC2+DEPRADEPR ASS 049V
DRT = DSQRI(DRT2) ASS 04ov
DAD = DC2+DEMReDEMR ASS 041V
DR2 3 DRaDR ASS 042V
DRCZ = NDR2+0DCe ASS 043V
DRRT = DR#*ORT ASS 0Qayu
DEMkR 3 1,0D0«DR2 ASS 04SV
F101 = 0,S00a(ELLE®(3,000=DRC2)/ (DADADRT)¢ELLK/DRT) ASS 04V
F110 = ORTa(ELLK2(1,0D0¢DRC2)/DRT2=ELLE)/(2,0D0aDR) ASS 04V
Fi11) = Co(ELLE~(1,000+DRC2)/DAD=ELLK)/(2,0002DRRT) ASS 0usv
F10ml = Q0,500+ LLE*DKT ASS 049v
F100 = «0,5002CoELLR/DRY ASS 050v
F11M2 = «Ca(CrELLEsURT/(4,000eDR)=CabLLKa(] 000+DR240,5D002DC2)/ ASS 0510V
1(2.,0009DRRT))/3,000¢DRe (DRTSELLE/2,0D0+PEMRKaELLK/(2,00040RT))/ ASS 052v
23,000¢(ELLE*DFT/(2,0D04CR)=DEMRR2ELLK/ (2,0002DRRT)) /3,000 ASS 054V
Fiiny = 0,5002(0,500abLLE-CDRT/ODReELLK2C2(1,00000R2¢40,50000C2)7s ASS 054v
{ORRT) ASS 05%¢
HLP = R ASS 0560
IF(k,GT,1,0) WLP=2]), 0/K ASS 057V
IF (ABS(EMR),LT,ACC) GO TO 10 ASS 0S8v
FLOMy = FLIOML40,5+ (SNGLIELLK)REMRR/RT4SIGN(ECaALMBOA,EMR)) ASS 059v
F100 = F100¢0,5+SIGN(ALMEDA,=EMR) ASS. 060V
F11M2 = FIIM2=ECHALMBUACSIGN(]1 ,0,EMR)SEMRR/ (4,02R) ASS 061V
F1I1M2 = FIIM2eECa(HLP/2,04NLP)/3,0 ASS 0Oe2V
FLiM] = FI1MIeSIGN(0,25,EMR)*EMRNRALMBDA/R®0,SaNHLP ASS 0630
IF(R.GT,1,0) GO YU 40 ASS 0640
FI0M] = FJOM1=EC ASS 0OoSV
F100 = F100¢1,0 ASS 060V
G0 70 350 ASS 0e7V
FLOM] = FLOMle0,5+EC ASS 0680
F100 = F30040,5 A58 0oV
Flimg = F1I1M2=0,5+EC ASS 070V
F1IM] 2 FIIM1e0,5«MLP ASS 0710
60 T0 30 ASS 0720
AD = 1,0¢ECeEC ASS 073V
RY = SORY(AD) ASS 0740
ADRT 3 AD#RT ASS 075v
F101 = §1,0/ADRT ASS 076V
F110 = 0,5/A0RY ASS 077v
F111 = 1,50EC/ (AD#ADRT) ASS 0780
F1UM) = RTeEC ASS 0790
F100 = 1,0etC/RY ASS 080V
FlimMe = 0,S5«(RT=EC) ASS 0810
F1IM] 3 0,50(1,0-EC/KHT) ASS 08y
WHE TURN ASS 083V
tND ASS 08wy
SUBROUTINE INGRALC(IL,INTV,INTT,INT) INGROOLV

c-...--..-.-...............-....--...-..-.-......-...-.-...-.----—-.....lNGROOZU

anoaan

G2 ¢
.

THIS SUBRUUTINE CONTROLS Twk SIMULTANECOUS INGHOO3U
COMPUTATION OF A GWROUP OUT OF THE 17 INTE«INGKOOWV
GHALS, INGROOSY
ILE1, THE GROUP wlTh JO(XR)IJI(X) IN INTEGR,INGROOGV
IL22, THE GROUP wlTH JI(XR)JI(X) IN INTEGR,INGHOOTV

F-22




THE ELEMENTS OF INTv ARE THE NUMBERS OF INGHOQOBY

REWUIRED INTEGKALS UF THE GROUP, INGHUOIY
INTY IS TreE TOTAL NUMBER OF REGQUIRED INTE=INGHOL10V
GRALS IN THE GROUP, INGROLLV
THE SET OF COMPUTED INTEGRALS IS DELIVEe INGKO12V
RED IN INT, INGRO] 3V

ACTUAL INTEGRATIUN BY MEANS OF A GAUSSe INGHO 4V
WUAOKATURE IS5 PERFORMED BY CALLING WUAD, INGRO1SV
INTEGRATION PROCEEDS HY QUADRATURE UVER INGHO1®Y
INTEKVALS FRUM ONE HESSEL ZEKO TU TmE INGROL TV
NEXT, FROM THE ORIGIN TO THE FIRST BLSSEL=INGKOIBV
ZERO A LEGENDRE=GAUSS QUADRATURE OF OROE®R INGRO19V
B,0BTAINING DESIRED ACCURKACY HBY SUBSE~ INGROROV
GUENT SUBDIVISION OF THE INTERVAL, INGRO23V
FROM THE FIRST BESSELZERO ON A JACUBle INGROR22V
LAUSS GUADRATURE,UBTAINING DESIRED ACCU= INGRORSV

OO0 OONOOOONOOOOONNNONOODNHNN

RACY HY SUBSEWUENT RAISING THt OWDER INGRO2UY

STARTING wlTH THE 4TH ORDER, INGROZSV

INTEGRATION STUPS AS SOON AS Tw0 SUHSEe INGRO260

QUENT INTERVALS (0 NOT CONTRIBUTE INGROR2TV

SIGNIFICANTLY, INGRO28Y

INTEGRATION STOPS PREMATURELY IF* INGRO29V

eIN THE FIRST INTERVAL MORE THAN 30 SuBe [INGRO3ZOV

ODIVISIONS ARE NEEDED, INGRO3 IV

oIN THE FOLLOWING INTERVALS EVEN THE 15TW INGRO32V

OKDER IS NOT ACCURATE ENOUGH, INGRO3 SV

ek VEN THE 149«TH(298 TH)INTERVAL DOES INGRO34WV

GIVE A NUNeNEGIGIBLE CONTRIRUTION, INGRO3SY

crescrocrrrIeTDTLER® - ooe - -e e w [NGRO}QU
INTEGER ALFA,ORDER,INTV(10),INTVR2(10),INTVI(20),KK(10),BETA INGRO3 TV

REAL MIDPNT,LOSER,LOAD,NU,ACCUR(3),xS5,COMP(10) .FIRST(10), INGRO S8V
1SECOND(10),INT(17),RESCL0) . INGHO39V.
CUMMON/ASOTZ/LAYER,NLAYS M ,®,Z,NU(10),ACCUR,LOAD,HUSTRS,NZERUS,m(9)INGROUOV
1,XS(10),E(10),AL(9),THICX(9),RADIUS(10) INGROGL VY
COMMON/GEDATA/BZEROS (149,2),2ERNS (2%0) INGROWRY
COMMON/CNTING/F 101 ,F100,F101,F1LM2,F 111 ,F110,F111 INGROG 3V
COMMON/TAPE/ZNOUT INGROGAQY
NTELL 3 O INGROWSY

NINT 8 7 INGROUOY
IF(IL,EQ,2) NINT = 10 INGROWTV

00 1000 I = 1,NINT INGROWBV
KK([) = 0 INGROWSO

1000 CONnTINUVE INGROSOV
IF(LAYER,NE,1) GO TO 2000 INGROS1IV
Covovoccnvacnsvesnsces cnece sscew coccvncscasescscsvenseccas] NGROS2V
c CALCULATIUN OF THE ASYPPTOTIC PARY OF THE INGKOS3V
(4 INTEGRALS,FOKR PUINTS IN THE TOPLAYER ONLY,INGROSGY
Ceccvnsccnvoccncnces L o ..-.o-.-...-.....-.-.--...--..-.....l~G“°ss“
DO 1190 § = §1,NINT INGROSOHO

K 8 INTV(D) INGRQSTV

1P (x,EQ,0) GO TO 1190 INGROSBY

GO 10 (1010,1020,10%0,1040,1050,1060,1070,1080,1090,1100,3110, INGROSOV

1 1120,1130,1140,1150,1160,1370),K INGROSOV
1010 INT(K) & F100¢20F 101 INGROOLY
GO0 10 1190 INGROGRV

1020 INT(X) & F100 INGROG 3V
GO 10 1190 INGROOUY

1030 INT(K) 8 ©2,00(1,0eNU(L))2FLOMLe24F100 INGROGSY
GO0 70 1190 INGROOOV

1040 INT(R) 8 (1,002,0eNU(1))0F11MIeZeb110 INGROG TV
GO 10 1180 INGROGBY
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IFC(INTVE(J),EQG,0) GO TO 2090

InGRi30V

1F (ABRS(COMP(JIR. LT ACCUR(2)) GO TO 2080 INGRL STV

IF (ABS ((CUMP (J)=F IRST(J)=SECOND(J))I/CUMP(J)) LT, ACCUR(S)) INLHY 2V

1 G0 T0 2080 INGRI3 SV

60 Y0 2090 INGR)34V

2080 INTTY = INTT3e} INGRIZSY
IF(LORER,GT ,ACCUR(1)) GU TO 2090 INGR] 36V

INTT2 = INTVT2e} INGR1370

INTVI(J) 3 0O INGR1 S8V

2090 CONTINUE INGR139v
IF (INTT3 EQ,0) GO TU 2110 INGR14OV

ALFA =2 0 INGRL4YV

LOWER = MIDPNT INGRIG2V

DELTA 3 0,5+DELTA INGRIA3V

HETA = BETAe} INGR1U4G4U
IF(BETA,GY1,30) GO T0 2150 INGRIUSY

Coe - esae -.-.-...---.-.-.--..--r----,----..-..---o.---‘NGRl“b”
c ARRIVAL HERE MEANS THAT THE INTEGRAND 1S TOO INGRIGTV
[ JIRREGULAK T0 GEY INTEGRATED OVER THE REGION FROM INGRI4BY
Cc THE ORIGIN VO THE FIRST HESSEL ZERO, INGRIGOY
Crevecscvocncncnrccnarnersrrossronsocrcnrdutetnesnrsocneveersesassccssaees ] NGR1S0V
IRES s INGRISIV

DO 2100 J 3 1oNINT INGR1S2V
COMP(J) s SECOND(J) INGR1S30V

RES(J) = FIRST(J) INGR1S40.

2100 CONTINUE INGRISSV
INTTY & INTT2 INGRISOV

G0 T0 2070 INGH1ISTV

2110 D0 2120 J s 1,NINT INGR]1S8V
% s INTV2(J) INGR1S9V
1F(x,EQ,0) GO Y0 2120 INGR1IGOV

INT(K) 3 INT(K)*FIRST(J)eSECOND(J) INGR161V
IFCINTVI(I) N, 0) GO YU 2120 INGR62V

INTV2(J) 3 0 INGR16 SV

2120 CONTINUE INGRI6UWY
UPPER = LOwER INGR16SV

INTT3 3 INTT? INGRiGOV
IF(ALFA) 3000,2140,2130 INGRIO TV

2130 DELTA = DELTA2,0 INGK168Y
BETA 3 BETAe} INGR169V

2160 ALFA = ALFAO] INGR1T0V
G0 T0 2020 INGRITYIU

2150 wRITE(NOUT,9040) INGRIT2V
GO 10 3180 INGR173V
Cececvccncncsvgscncocanscncroorvavooscrscsarnosasesnss coscans [NGRL T4V
c : INTEGRATIUN OVER THE REMAINING INTERVALS, INGR1750
Crocccccccncccaca - essescvsccces ] NGR]T7HV
3000 IFIN = NZEROSey INGRLTT70
DO 3°10 J s 1,NINTY INGR] 78V
INTV2(J) = INTV(J) INGRITOV

3010 CONTINUE INGR180V
INTT2 3 INTT INGRIBLV

00 3130 IHESS = {,IFIN INGR1B2U

D0 3020 J 3 J,NINT- INGR]IB3Y

INTVS(J) 8 INTVR2(J) INGK184U

FIRST(J) = 0,0 InGRIASY

3020 CONTINUE INGR1BOV
INTTS & INTTR2 INGRIARTV

PO 3070 OROER = 4,1S INGR1BYY

CALL QUAD(IL,INTV3,ZEROS(JBESS),2ZEROS(IBESS+]1),0RDER,SECOND, INGR]IBOV

1 NTELL)
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1050 INT(K) s ZeF111 INGROG9V

GO T0 1190 INGROTOV

1060 INT(K) & F100=20F10} INGHOTIV

GO T0 1190 INGROT2V

. 1070 INT(R) 3 ©2,00(),0=NU(1))eF)0MT14Z2F 100 INGRO 73V
3 y GO T 1190 INGRO 74V
1080 INT(K) 3 «2,08(),0°NU(1))2F110¢2eF)1) INGROTSV

GO T0 1190 INGHOT OV

: 1090 INT(K) = «F)1)0 INGROT TV
¥ GO T0 1190 INGROT8Y
: 1100 INT(K) 3 Flinge2aF110 INGROTOV
5 GO To 1180 INGROBOV
% 1110 INT(K) = FRiNg INGROBIV
( GO 10 11680 INGHOB2V
3 1120 INT(K) 8 «2,00(1,0=NU(1))eF|IM2e2eb M) INGROB3V
- GO T0 1180 INGROAWY
: 1130 INT(K) = oF100 INGROBSY
: GO T0 1190 INGROAOY
- 1140 INT(K) = Flomy INGROBTIV
: GO T0 1190 INGROBBUY
§ 1150 INT(K) = #3110 INGROBOV
: G0 Y0 1190 INGKO90V
' 1160 INT(K) 3 =F )M} INGRO91V
GO T0 1180 INGRO920

1170 INT(K) = F1gmQ INGR0930

2 1160 IF(R,GE,ACCUR(1)) INT(K) = INT(K)/R INGRO94Y

: 1190 CONTINUE 1NGROOSV
3 IF(NLAYS,EQ,1) GO TO 3140 1~GRO96V
3 (4 ow oo eose semeen . - ;RU97V
(4 INTEGRATION PROM THE ORJGIN TO Tht INGRO9BY

: (< BESSEL ZE U, INGRO99V
3 [ seecce scave e ewece econeccc-asa[NGRL{OOV
2000 INTT2 = InTY INGR1010

INTTS = INTT INGR1020

{ 00 2910 J = L1,NINT INGRI03V
4 INTV2(J) 8 INTV(J) INGK104Y
: INTV3I(J) 8 INTV(J) INGR]OSV
2030 CONTINUE INGRI OBV

UPPER = ZEROS(1) INGRIOTV

BETA 3 0 INGRLOOV

ALFA 3 0 INGRIOBY

IRES = 0 INGR1 10OV

DELTA = 0,942€ER0S(1) INGR11LV

2020 LOWER s UPPENSDELTA INGRY IV

1F (LO=ER<ACCUR(1)) 2030,2030,2040 INGRI13V

2030 ALFA = ) INGR) LGV

LORER = 0,0 INGH]1ISY

2040 IF(IRES,EQ,1) GO TO 2050 InGrifev

CALL QUADCIL,INTVI,LURER,UPPER,16,COMP,NTELL) INGRIS IV

IF(NTELL,ME,0) GO TO 3180 INGRI 18V

60 0 2070 INGR] 19V

205000 2000 J = 3§ ,NINT INGRI20V

COMP(J) s RES(J) INGRI21V

2000 CONTINUVE INGRI22Y

- IRES = 0 INGRL23V

2070 MIDPNT 8 0,5¢CLOWENSUPPER) INGRY 24V

CALL WUAD(ILoINTV3,LOAER,MIOPNT,J6,FIRST,NTELL) INGRIZSY

IF(NTELL,NE,0) GO 10 3180 INGRIZ0V

CALL QUADCIL,INTVE,MIOPNT,UPPER,10,SECOND,NTELL) INGRIZIV

IF (NTELL NE,O) GO TO 3180 INGR] 20V

DU 2090 J 3 1, ,NINT INGRL 29V




f
£
¢
I3
2
i
¥
&
5

IF(NTELL,NELO) GO TO 3180 INGRIGTY

00 30600 J = 1 ,NINT INGK 92V

Xz INTVI(J) INGRI9SY

IF(R,EN,0) GO TO 3060 INGH]194Y

LE (ARSCINT(H)), LT,0,01) GU YO 35030 INGR1950

1F (ABS((FIRST(J)=SECOND(J))ZINT(K)),LT,0,12ACCUR(3)) INGRI96V

1 G0 10 3040 INGRI9TY

GO T0 3050 : INGR] 980

3030 IF (ABS(FIRST(J)=SECOND(J)),GE,0,1¢ACCUR(2)) GU TO 3050 INGRI99V
3040 INTVI(J) 2 0 INGR200V
INTTS 2 [NTT3el INGR2OLV

GO 70 3000 INGR202V

3050 FIRST(J) = SECUNL(J) INGR203V
3000 CONTINUE INGR204Y
IFCINTT3 . 6Q,0) GO TO $080 INGR20OSY

3070 CONTINUE INGR2OGY
wRITE (NOUT,9020) INGRCOTY

wRITE (NOUT,9050) ZERUS(IBESS) INGR2OBV
c........-.-..--.-.-.-...--.-.--‘.-......-......- -.....--‘.-.-....-‘...-1~G“2°°0
[ ARRIVAL HERE MEANS THAT THE OELSIRED ACCURACY CANNOT INGRZ1IOV
c HE MET BY MEANS OF THE AvAlLABLE GAUSSeJALOBI INGR21 3V
c POLYNOMINALS, INGRR212V
‘-.-..’-.-.---........-......-..0..--..-.--.o-....--....--..‘..-.-...--.‘Nnﬂa‘50
GO 70 3140 INGR214V

3080 DO 3120 J = 1 ,NINT INGR21SV
K = INTV2(J) INGR21 6V

IF(%,EQ,0) GO TO 3s12n INGR21 TV

INT(R) = INT(x)eSECOND(J) INGR2180V
IF(ABSC(INT (X)) LT,0,01) GU TO 3090 INGR219V

IF (ABS(SECUND(J)/ZINT(R)) LT,0,1*ACCUK(3)) GO TU 3110 INGRR20OV

GO 10 3100 INGRR21V

3090 1F (ABS(SECONMD(J)),LT,0,12ACCUR(R)) GO TO 3110 INGRR22V
3100 KR(J) 3 0 INGRR23V
60 10 3120 INGR224WV

3110 KR(J) 2 xK(J)el INGRR2SV
IF(kx(J),LT.,2) GO TO 3120 INGR2206V

INTV2(J) = O INGRR2TV

INTT2 3 INTT2e] INGr228Y

3120 CONTINUE INGH229V
IFCINTT2,EQ,0) GO TO 3140 INGR230OV

3130 CONTINUVE INGR2SIV
wRITE (NOUT,9050) InGk2 382V

WRITE (NOUT,90%50) ZEROS(IFIN) INGR23 SV

C o ecsecveosvoen LY T ...--........o.......-l~Gna,‘°
(4 ARRIVAL MERE MEANS THAT ALL AVAILABLE BESSEL ZEROS INGR23SV
4 HAVE BEEN EXMAUSTED HECAUSE UOF ILL CONVERGENCE OF INGRZ36V
4 = THE INTEGRALS, INGR24TV
c-.-...............-....-.-...........cn. eoesoscoee oseeces lNGﬂZ!G“
GO 10 3180 INGR23OV

3140 D0 3170 J 3 1,NINT INGR24OV
K 2 INTV(J) INGRRULV
IF(n,tW,0) GO TO 3170 INGRUWRV

1F(x=S5) $150,5150,3160 INGRR4U SV

3150 INT(X) 3 INT(X)e_0AD INGHRUWY
GO 10 3170 INGRRUSY

3160 INT(X) 8 INT(K)eHOSTRS INGR24oV
3170 COnTINUE INGRRATV
RETURN INGW2uBY

3180 wRITE(NOULT,9010) (INTVI(J),J81,NINT) INGR24OV
GO 10 3140 INGR2SOV

9010 FORMAT(® DURING CALCULATION OF INTEGRALS",1013) INGRES1V
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9020 FORMAT (™ SUSPEND PRUGRAM GAUSS POLYS EXHAUSTEL™)
Q030 FORMAY(® SUSPEND PRUGKRAM BESSEL 2EROS EXMAUSIED™).
Q040 FONMAT (" SUSPEND PROGRAM STEPSIZ2E FINST INTERVAL TOU SMALL™)
9050 FORMAT(™ AT THE VALUE “",Ell,4," FUNR THE INTEGRATION VARIABLE")
END
SUBROUTINE QUAD (IL,INTV,ALU,UP,NGAUSS,FSC,NTELL)

INGR2S20V
INGR2S3V
INGRZSUV
INGR25SV
INGRZSOV
WuaLoOOg L

CA T T T Y X I R L L L LR L L P R R Y Y P Y T Y Y ) sececscserecry secscscececceas=BUADOOZY

THIS SUBROUTINE CALCULATES FOR THE SET
INTV THE INTEGRALS UF THE CORNESPONDING
FUNCTIONS JGRAND BETWEEN ThE LIMITS ALO
AND UP BY USING A GAUSS QUADRATURE OF
ORDER NGAUSS,
oFOR NGAUSSE16 A LEGENDRE=GAUSS QUADRATU=
RE OF ORVER
oFQOR NGAUSS,LT,16 A JACOBI=GAUSSQUADRATU=
RE o
THE ABSCISSAE AND wEIGHTS OF BOTH ARE
STUORED AS AGAUSS AND HGAUSS IN THE HLOCK
DATA,
THE SET OF INTEGRANDS IS CUMPUTED DURING
SUbBSEQUENT CALLING IN UF*
SUBRUUTINES MATRIX
FPIGRA
AND FUNCTION 1GRAND
THE SET OF KESULTING INTEGRALS IS
DELIVERED IN FSC

INTEGER INTV(10)
REAL IGRAND,FSC(10)
COMMON/GAUSS/AGAUSS(16,106),H6GAUSS(16,16)
NINT 3 7
IF(IL.EQ,2) NINT = 10
00 10 J 3 1,NINT
K = INTV(J)
1F(x,EQ,0) GO 10 10
FSC(J) = 0,0
10 CONTINUE
LABEL = 0
IF(IL.tQ,2) GO TO 20
IFCCINTVI1)OINTV(2)OINTV(3)),GT,0) LABEL = LABEL+!
JFCCINTV(U)SINTV(S)),6T,0) LABEL = LABEL+2
IFCCINTV(O)4INTV(T)),GT,0) LABEL = LABEL<+4
G0 10 30
20 IFCCINTV(1)@INTV(2)),6T,0) LABEL = LABEL+]

QUADQO3V
QUADOOUY
QuADuOSY
QUADOOBY
QUADOOTY
WUADOOBY
QUADOO9Y
QUADO10V
QuADOl 1tV
QuADO12V
QUADO SV
QGUADOL4Y
QUADO1ISY
QUADOL eV
QUADOL TV
wUADOL8Y
WUADO19V
QuADOROV
QuADOLY

cecsvacesscscesncrssrcoacensenesavesscsssnncceacsnsseslUADO22V

QuaADORsv
auabo2ev
QUADOR5V
GUADO2aV
QuUADO27V
WUADO28V
QUADO29V
QUAD0300
QUADO SV
QUADO 32V
QUADO3 SV
WUADO34Y
QUADO SSY
QUADO 36V
QUADO3TV
QUADO38V
QUADO39V

TFCCINTVIS)OINTV(U)OINTV(S)QINTV(O)CINTV(T)) 6T,0) LABEL s LABEL+20UADOWOV

TFCCINTV(B)OINTV(9)INTV(10)),6T,0) LABEL = LABEL+4
30 F1 3 0,52(UP=ALD)
F2 = 0,5¢(uP*ALD)
16GAUSS & NGAUSS
IF (NGAUSS ,€0,10) 16GAUSS=S
DO SO0 I = 1,1GAUSS
X 8 FieAGAUSS(I,NGAUSS)oF2
CALL MATRIX (x,LABEL,NTELL)
1P (NTELL,EWU,1) RETURM
CALL FPIGHA (JL,X)
00 40 J 8 | ,NINT
% s INTV(J)
IF(8,£0,0) GO TO 40
FSC(J) 8 FSC(J)eMGAUSS(]INCGAUSS)*IGRAND(X,K)
4“0 CONTINUVE
S0 CONTINUE

F=27

QUADOWYLV
QUADOGeY
YUADOW3V
QUADOWWY
QUADOWSY
QUADOQueY
WYUADOWTY
QuALOuaY
QUADOWSO
QuADOSOV
QUADOS1V
QUADOS2V
QUADOS SV
QuADOSavY
QUADOSSY
QUADOSeV




DO 60 J 3 1,NINT WuALOSTV

K = IntV()) WUADOSHBY
1F(X,€Q,0) GU TO 60 QUADOS9V
FSC(J) s FSC(J)*F1 WUADOBOV

60 CONTINUE wUADOGIY
70 RETURN WUADDB2Y
END WUADUB3Y
SUBROUTINE MATRIX (X,LABL,NTELL) MATRQOLV

CesncvovoncronacnconvoncnncsscnvosnrsccssrccansrevocnncncvaccanncssnsnasaasMATRO02V
TH41S SUHROUTINE CUMPUTES ThE SET OF CHAe MATROO3V
RACTERISTIC=FUNCTIUNS TO,v0,S0,U0,T1,Vl, MATROOWV
S1,U1,701 AND SGf FOR TWHE VALUE X OF TWE MATROOSV

INTEGRATIONPARAMETER, USE 1S mADE OF MATROOGV
CONSTANTS CALCULATED IN MACON] AND MARCON,MATROOIV
THEY wEWKE STOREL IN COMMON/INDATA/, MATROOBY
CHARACTERISTIC=FUNCTION VALUES ARE DELIVE=MATROOQU
RED IN CUMMON/IGRANY/, MATROLOU
LABL DETEKMINES wHICH CHARACTERISTICe MATRO1 1V
FUNCTIONS ARE NEEDED™ MATROL2V
oL ABL=21"10,v0,80,U0 MATRO1 3V
oLABL=2"T1,V1,S81,Ul MATRULGWO
oLABLE3"TO,v0,50,U0,T,VL,S1,Ul MATROLISY
eLABLE4"TH1,S50) MATROLOU
«LABLZ5"T0,Vv0,S0,U0,7Q},S01 MATRO170
eLABL=6"T1,v1,S1,Ul,TQ1,S0u} MATROIBV

oL ABLE?*TO,Vv0,50,00,71,V1,51,U1,7Q1,50) MATROLOV
SUBROUTINE ]S INTEXRUPTED AND RETURNED MATRO20V
WITH ANTELL=1 whEN SULUTIUN BECOMES T00 MATRO210
INACCUKRATE BECAUSE UF ILL MATRIXeCCND]e MATRO22V
UN DURING INVEKRS]ION, MATRO230
-..-.'....-..-Q.....-.........C.-........-..’-.......-....-.-O.---.-..."‘ Tﬂoeao

REAL LOAD ,NU,w(U,4,9),P(4,2),PP(2,2)9K1,K2)KS,K6,11,NJ(2+2/)9),KK0,MATRO2SV

OOAOONNOOOOANNAOONOONN

1ACCUR(3), VP (2,10),NJ2(9),P3(2),NP2(10),K4(10) MATROOV
COMMONZASOT /LAYEN  NLAYS M 0, Z ,NUC10),ACCUR,LOAD,HDSTRS ,NZEROS,H(9)MATRO2TV.
1oK9(10),E(10),AL(9),THICK(9),RADIUS(10) MA KO8V

COMMON/INDATA/ZXMAX, AL(9),H1(9).,C1(9),0(9),EE(I),F(9),6(9),H1(9),MATRO29V
111(9),K1(9),K2(9),K6(10),BE(9),hU(9),BUU(Y),BMU(9),B2U(9),B2UU(9),ATRO30V
2J2(9)+J1,72(10),55(2,10),6012(9),6021(9),6022(9),6122(9), MATRO3ZMV
3H012(9),1022(9),~122(9),0012(9),0022(9),C011(9),C012(9),t012(9), MATRO3ZV
QF012(9),F112(9),F022(9),CC(U4,2,9),D0D(2,2,9)¢FF(2,2,9)0s66(2,2,10), MATRO33IV
SHM(2,2,10),RR(4,2,10),D002(9),620(9),621(9),H20(9),H021(9),G662(10),MATRO3UV
6MMH2(10),G011(9),Q111(9),6012(9),0112(9),0212(9),0022(9),0122(9), MATROSSV
TOFO(9),UF1(9),2018,2111.2211,2012,2112,2212,2312,2021,2121,2022, MATRO3oV

82122,2222,%4 MATRO3TV
COMMON/IGRAN/TO,V0,80,U0,T1,V1,S1,ULl,TU1,;SQ1,FPIGR,EXL,EXR MATRQ3MU
COMMON/TAPE/NUUT MATRO3V
LABEL = LABL MATROGOV
IF(LABEL.LTY,4) GO YO 1000 MATROGIV
IF(X,LT,xMAK) GO YO 100 mATROGV

Ce cosccn T T Ty T P L T L T T T - eaMATHOG3V

C ASYMPTOTIC EVALUATION UF TQY1 AND SQ MATHOGUY

c FOR X GE o XMAX, MATROUSY

(eeconccccrsvoccncnccncccccacsrsscssrnavesnrasesstcsessnvavsecasanasscasvaMATROUOY

101 = 1,0 MATROWTV

IF(LAYER,EQ,1) GO TU 30 MATROGBY

J = LAYERey MATROWSV

00 20 kx 3 1,J MATWHOSOV

TQIZTUA1#2,00(1,00AL(K))I/((1,00AL(X))a(l,04KL(K))e0,SnAL(K)ax) MATROSIV

20 CONTINUE MATROS20V

30 SO1=TAI#(0,5¢AL (LAYER)aXe(1,0oAL (LAYER))AK2(LAYER))/((1,0eAL(LAYERMATROSSV

1 )) 8(1,04K 1 (LAYER))*0,5*AL(LAYER)2X) MATROSAV
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LABEL = LAHtL=4 MATROSSY

s ———————

GO0 70 1000 MATROSoY
c eesw ccovencncerevncsnreceerenvesvenssnesswssasssvsasensMATROSTV
c CALCULATION OF Tul AND 501 FOUR X, LT XMAX MATKNOSBY
c.-..-........-?.......--.o..---o---....o..o.-.-.-.-:.-.-.---.-..-.---..".'“0590
100 IF(J1,E0,0) GO 7O 120 MATROGOV
00 110 J s 1,J1 MATROO1LV
GG2(Je1) = G20(J)=G21(J)aX MATRO62V
HN2(Je1) B HRO(J)+623(J)ex MaATROOIV
110 COMTINUE MATRUBAGV
120 PO 150 x = {,M MATKOLSO
IF(J1,E0,0) GO TO 140° MATROBGV
DO 130 I = 3,J1 MATRQO IV
IF(J2(1),E0,x) GO 7O 3150 MATROGBY
130 CONTINUE MATHOO9V
140 wi 8 0,50(1,0eK1(K)) MATROT0V
w2 3e0,%5en2(R) MATHOTIV
w) = BE(K)20,252X MATROT2V
NJ(1,1,K) B njen} MATRO73V
NJ(1,20K) & w2en} MATROT74Y
NJ(2,1,%) & w2en} MATROTS50
NJ(2,2)K) = wien} MATKOTOV
150 CONTINUE MATHOT TV
JS 3 Jied MATROTOY
00 300 mm 3 1,JS HATROT790
NS JSejenn MATROBOV
1F(N=]) 100,160,170 MATROMLV
160 J3 = § HATROAV
GO 70 180 MATHOB3V
170 J3 8 J2(Nel)el MATROBGY
180 1F (JSen) 190,190,200 MATROBSU
190 Jo s MATHOBOV
60 10 210 nATKROBTV
200 JUé 8 J2(N)ey mMATROBAY
210 1FCJ5,67,J4) GO TO 260 MATROB9V
00 230 JJ 3 J§,Je MATHOOOV
IX 8 JaeJ3=]1J MATHRO9IV
IL 8 Ine) MATHOO2V
EXPOS=xeT2(IL) MATRO93V
IF(EXPO,LT,=70,0)G0 YO 212 MATRO93)
EXPISEXP(EXPO)*SS(1,1L) mATKO93e
G0 10 2te MATRO093)
212 €ExP1s°,0 NATRU93&
2164 00 220 Isi,2 MATKO94U
220 SS(I,IR) 8 NJ(1,1,IR)eEXPLONI(I,2,1K)0S8(2,1IL) MATNOOSY
250 CONTINUE MATRO9eV
260 NN 8 Nef MATRO9V
LaPOsx2T2(JS) MATROOQT
IF(EXPO,LTV,=70,0)G0 TO 242 mATRO97¢
ExP2stXP(EXPO) MATRO97S
60 Y0 288 nATROG TS
262 €xP230,0 FATRO9?S
244 PROUSGG2(N)e8S(1,J3)etxP2 MATRO980
P2 8 PROD+HM2(N)*88(2,J3) PATROOOV
. [ 4 - cecew ecece RATRLOOV
4 TEST MATRIXeCOND]ITIUN BEFORE INVERS]ION, HATRIOJV
c e - cevnessssee MATRI02V
IF(ABS(PR) LT ,1,0E=72a8S(PROD)/ACCUN(S)) GO TU 2000 MATRLIO3Y
P2 8 1,0/P2 MATK]O0G0
IF(N,EQ,1) GO TO 310 MATR]OSV
NJ2(NN) = PP2eDDR2(NN) PATRI OOV
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270

300
310

350

360
380
390

DO 270 I = 1,2
P3(1) 2 SSCI,J3)aNJ2(NN)
PP23PI(1)+ERP2=PY(?)
$S(1,J8e1) = PP2¢1,0
$S(2,J3%1) 2 1,0
CONTINUE
IF(NTELL,EQ,2) RETURN
NP2(1) = «PP2
1F(J1,£Q,0) GU TO 390
00 3%0 1 = 1,J1
J 3 Jiege]
TF(LAYER,GT,J2(J)) GO TO 360
CONTINUVE
Js = 1
GO 10 390
00 380 1 3 1,J
NP2(1+1) = NJ2(1)aNP2(1)
CONTINUVE
JS = Jeo
J = LAYER
S$01 = SS(1,J)«NP2(JS)
TQ1 = S$S(2,J)*NP2(JS)
LABEL 3 LABEL-4

MATRIOTV
MATHIOBY

- MATRIO9V

HATR]ILO00
MATRITU
MATRELV
MATWL] 3V
MATR]131
MATHYL4V
MATHLLISV
MATK]16V
MATRLLTU
MATR]18V
MATRILIOV
MATR120V
MATR1Z21V
MATHL22V
MATR123V
MATR124V
MATR125V
MATR]206V
MATHIZTY
MATR128V

(,..--..-.-...-........-..-.-.....-..-..---.-.-.-..-.-.-....---.----.--..HAYR1290

c
c

ASYMPTUTIC EVALUATIUN OF T0,v0,S0,u0,Tt,

V1,51 AND Ul FOK X,GE,XMAX,

MATR130V
MATRIZ10

CrewcccococvccrnccaccsncccrenccrecnccccnccccssanssncantoonssessevseacsasasaMA TR132V

1000

1010
1020

1050
1040

1
1050

1000
1070

IF(LABEL,LQ,0) RETURN
IF(a,LY x*ax) GU 10 1100
L 8 LAYER
X2 = AnX
X3 = x2ex
IF(L.EU,NLAYS) GO TO 1010
211 3 Z0L1exe211)ex2e221})
212 = 20)Pexe2112ex242212¢X32023)2
221 = 1021+¢xe212})
222 = l02¢4xel122+4x202222
IF (LABEL,GT,1) GO TO 1030
1F (LABEL,EW,0) RETURN
NP(1,1) 3 2,0&NU(L)
NP(2,1) 3 1,0
GO Y0 1040
NP(1,1) 8 1,002,08NUC(])
NP(2s1) 3 @),0
PO 3 1,0
1IF(L.EQ,1) GO TO 1060
00 1050 x = 2,L
J s Ka)
POt = PQFexs(J)/7(QFO0(J)*QF1(J)eXx)
wl 8 <Al (J)ex
w9 3 H(J)eX
NP(1,K) 3 NP(1,J)2(Q011(J)eR111(J)eXen]nn9)enP(2,J)*(0012(J)
+0112(J)*x¢0212(J)ex2en]an92a9)
NP(2,K) 8 onlaNP(],J)eNP(2,J)0(0022(J)¢0122(J)xXen]*n9)
IF (L NEGNLAYS) GO 1O 1000
$ 20,0
s 0,0
GO 10 1070
S B (NP(1,L)L11eNP(2,L)2212)02PUF7(QFO(L)*UF](L)2X)
Uus (NP(l.L)GIZlONP(loL)ylla)-?OFI(UFO(L)OUFl(L)!l)
T 2 NP(],L)ePUF
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MATR]13 SV
MATHW] S4U
MATRL3SU
MATR] 30V
MATK137V
MATH] S8V
MATKR]ZQU
MATRIWOV
MATWIWV
MATR] 42V
MATRIWSY
MATRIGWO
mATRIWSY
MATRI GGV
MATRIGTV
MATRIGBY
MATRIWOV
MATRISOV
MaTRISIV
MATRIS2V
nATKEIS3IV
MATHESWY
MATRISSY
MATR1SoV
MATRISTV
MATRISHY
MATRISOV
MATRIGOV
MATRIGLIV
MATRI®2Y
mATRIO3Y
MATRIOWY
MATRIBOSV
MATRiGOV




V 3 NP(2,L)*PUF
1P (LABEL,G6T,.1) GO TO 1080

$0 = 8
Uo s v
o a7V
VO 3 v
RETURN
1080 8§ = 8
Ul = v
11t =7
Vi = V

GO TO 1020

c
c

LABEL 3 LABEL-2

UL FOR X LT XMAX,

(4 - ome

X s J2aW)

CC(1,10J)
CC(1,2,4)
CC(e2,2,J)
4 00(1,2.J)
00(2,2,J)
FF(1,1.J)
FF(1,2,J)
FF(2,2,4)

1110 CONTINUVE

1130 CONTINUE

LIS TR YLD
wile2.K)
wilodek)
nilol,n)
n(20len)
n(2,2,K)
ni2e3on)
W(2,0,%)
w(3,1,%)

1120 DO 1150 xs),™
1F(J1,t0,0)

00 1130 1 = 1,J1
IF(J2(1),t0,x) GO TO 1150

66 (1,2/J¢1)
66(2,1,J¢1)
GG(2,2,J¢8)
HH(l,29J0¢))
HN(2,10J08)
HH(2,2,d¢8)

MATRIOTIV
MATHiOHUY
MATRIO9V
mMATK]ITOV
MATRETIV
MATKETRV
MATRIT73V
MATRL T4V
MATR]TSV
MATR]I 76V
MATRITTV
MATR] 780
MATR]I 79V

c..-..-...-...............-..-.-........-.....-.-.......-...--.-..-.--..NAYRlOOU

CALCULATION UF TO,V0,S0,U0,T1,V1,81 AND

MATR181V
MATH]IBRV

- cove - esecraceoncnccscancvrcssnscncecnccnsMAT ]SV

1100 IF(J1,EQ,0) GO 7O 1120
00 1110 J s 1,01

wi seAL(X)aX
N9 = H(K)eX

CO11(J)+2,0em9

C012(J)+2,02m9am9

COL1(J)e2,0em9
D012(J)*DD(1,1,J)2n9
0022(J)+0D(2,1,J)2n®

=C011(J)=2,00n9
FOLI2(J)*F112(J)*0n0=2,04092n9
FO22(J)¢2,0en9

8 6G012(J)¢66(1,1,J¢1)0N9

8 G021(J)en)

2 6022(J)*(GO021(J)wN(R)eGl22(J))IeXeh]2n9
8 MO12(J)eMN(1,10J001)ew0

8 HM021(J)ew)

8 HO22(J)oH021(J)om9en122(J)aKen] an®

GO 0 1340

1140 nl 8 BMU(KR)eX
" 8 H(K)eX
nNi0 8 wOax
w2 8 wi0eBE(K)
ni) s wdead
w) 8 w9eCl(K)
w8 8 BE(KR)eX
wS 8 BulKk)ex
w0 8 BUU(K)ex
w) 8 Ci(X)rw9en9

AJ(R)emion

oEb(R)eb (K)onQenBeBRU(R) N 0mY Y
D(K)en3enjen?

eG(R)eH] (K)en9eBUU(K) #RanT+B2UU(K) anlOan]]
"y

Bi(K)enwSen

Citxk)oma

J1(K)en3onSene

D(R)ew3eniond
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MATRIB4Y
MATRIBSY
MATH]IBOV
MATRIBTV
MATH]BBY
MATRIB9V
MATRI90V
NATREI9LY
MATRIO2v
MATRI93V
AATRLI94Y
MATHIOSV
MATRI960
MATRLIOTY
MATRIOBV
MATRI990
MATRR00V
MATRR01V
MATR202V
MATKR203V
PATRR04G4V
MATR20SV
MATR200V
MATR20T7V
MATK2080
MATR209V
nATRZ10V
MATR2110V
MaTR212V
MATR2130
naTR214V
MATR215V
MATR216V
MATRZLITV
MATR218V
MATR219V
MATR220V
MATR221V
MATRZ22V
MATR223V
MATR224V
MATR22SV
RATRZ2260
MATR227V

P




n(3,20K) 2 GIR)enl(K)aw9enlen/=B2UU(R)An]10en]] MATKR228V
wW(3,38,K) = Al(X)=a]en? MATRR29V
w(3,4,k) 2 EL(R)+F (R)anQeageBU(K)anw]O0en]] MATH230V
W(d,1on) 3 =Cl(R)eny MATR23IV
w(d,2,%) 3 TI(X)en3ensene MATRZ2 32V
w(d,4,0) = w4 MATHK233U
W(U,4,%) 3z BL(X)enSemw2 MATK234V

1150 CONTINUE MATR23%V
JS = J1e} MATR230V
Prxe = 1,0 MATRZ37V

D0 1300 MM 3 1,J% MATR2380V

KK 3 1,0 MATK2390

N 3 JSelenunm MATR24OV

1F(N=1) 1160,1160,1170 MATKRULV

1160 J3 = 1} MATRRUQV
GO 70 1180 MATR243V

1170 J3 = J2(Nel)e} MATR244U
1180 IF(J9=N) 1190,1190,1200 MATHUSUY
1190 Jag = m MATR2UbY
60 70 1210 MATK24TV

1200 JU4 = J2(N)el MATRZUBY
1210 IF(J3,6T,J4) 60 T2 1240 MATR249U
D0 1250 1J = J3,J4 MATHZSOU

Ix 2 Jyedideld MATR2S1V

IL 3 Iney MATR252V

KK6 = KKoemp(IK) MATRZ2S3V
IF(IR,EiJ,LAYER) PKKO 3 ®xKé MATR2S4Y
EXPOsexeT2(IL) MATR2S4]
IF(EXPOLLT,=70,0)G0 TO 1212 MATR2S4Z
ExP1SEXP(EXPO) MATR2S4S

GO T0 1214 MATR2SUG

1212 ExP130,0 MATRZ2SUS
1214 DO 1220 I=1,4 MATR2S50
00 1220 x = 1,2 MATR2SOV

1220 RE(T " IR)IZ(W(I,1,IK)0RREL K, IL)¢W(],2,IK)aRR(2,K,IL)IMATHESTY
1 SEXPLem(l,3,IK)eRR(S, R, JLIOw(I, 4,IK)*RR(U,x,IL) MATR2SBV
1230 CONTINUE MATRR260V
1240 NN B Nel MATR2610
ExPOzexaT2(J3) MATR2011
IF(EXPU,LTY,=70,0)60 TO 1242 MATRZb)2
LXP2SEXP(EXPO) MATR2O1S

GO 10 1244 MATR261 Y

1242 ExP2s0,0 MATR201S
1244 00 1250 I=1,2 MATRZ62V
DO 1250 »« = 1,2 MATR20 SV

1250 P(IsX) & (GG(I,1,N)oRR(],K,J5)¢GG(I,2,N)nRR(2,K,J3)) MATR264UYV
1 L APRoMM (L, 1, N)eRR(3,K,J3)4HH(],2,N)2RR(4,K,J3) HATR265Y
PROD 3 P(1,1)eP(2,2) MATR26OV

DET = PRQD=P(1,2)2P(2,1) MATRZOTV

Coeme eva= ecccsvcaccessescnscnccncases .o ccccccaMATR2680
c TEST “aATRIX,CUONDITIUN BEFORE INVERSION, MATR269V
CeccccnccnccccrcccscsscnsscrscnsscosssantacssscastecencsssssssssansnacnaesMATR2TOV
IF(ARS(OET) LT,1,0E=72ABS(PROD)ZACCUR(3)) GU TO 2000 MATRRTIV

QrRKo = KKo/DET MATR272V

PP(1,1) = P(2,2)*0"Ke MATRR73V

PP(1,2) s «P(],2)slUxKe MATRR74V

PP(2,1) =2 «P(2,1)8unKs MATR2TSV

PP(2:2) = P(1,1)00Kns MATRE2 70V
IF(N,EU,1) GO TO 1310 MATRZTTV

DO 1260 I = 1,2 MATR278V

DO 1260 x = 1,2 MATR2T9V
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1260 NJ(ToKooN)2PP(1,1)000(LsKoNN)GPP(],2)0DD(2,K,NN) MATR280V

00 1270 | = 1.8 MATRZBIV

DO 1270 k = 1,2 MATRZB2V

1270 Pll,k) SCRR(T1,1,J3)aNJ(1,K NN)SRR(T,2,J3)aNJ(PeK NN))/XKEMATRZBSY

DU 1280 § 3 1,2 MATR2B4V

PPLoL)B(P(1,0)0L012(NN)RP(2,1))*EXP2¢FF (1,1,NN) MATR285V

1 eP(3,1)ebFL1,2,NN)eP(4,]) MATR280V

280 PP(2,1)SP(2,1D0EXP24FF (2,1 ,NN) P (3,1)eFF (2,2 ,NN)aP(U,1) MATR2BTV

00 1290 | = 3,2 MATR28B9V

DU 1290 « = 1,2 MATR290V

1290 RR(JoKoJ3e1) 38 CC(I,KyNN)*PP(],K) MATR291V

RR(3,1,J3~-1) = 1,0 MATR292V

KR(35,2¢J3e1) = 0,0 MATR2930V

KR(4,1,J3-1) = 0,0 MATR294Y

RR(4,2,J3"1) 3 1,0 MATR29HV

1300 CONT]INUE MATR290V

1510 IF(NTELL,EQ,2) GO TOU 100 MATR2970U

IF (LABEL,GT,1) GO 10 1330 MATR2971

1320 1F(LAHEL,EQ,0) RETURN MATR298V

NP(1,1) = PP(L,1) MATR299V

NP(2,1) s PP(2,1) MATR300V

GO 70 1340 MATRIOLV

1330 NP(1,1) = PP(1,2) MATR3O02V

NP(2,1) = PP(2,2) mATR3O03V

1340 IF(J1,EQ,0) GO YO 1390 MATRSOWU

00 1350 I = 1,J1 MATRIOSV

J 8 Jieje] MATH3IOOV

IF(LAVER,GT ,J2(J)) GO TO 1360 MATR3IOIV

1350 CUNTINUVE MATR3IOBY

JdS s ) MATe30 ¢

GO Y0 1390 MATKR3ILOV

1360 00 13080 1 = {,J MATR3110

In s Jef MATR3120

00 1370 x = 1,2 MATRIL SV

1376 NP(X,IM) 8 NJ(K,1,]1)aNP (L, 1)eNJ(K,2,1)aNP(2,1) . MATRIIGUY

1380 CONTINUE MATRSISY

JS 8 Je} MATRELOV

1390 J = LAVYER MATRILI TV

S B(RR(1e1,J)0NP(1,J9)¢RR(1,2,J)aNP(2,J5))/PKKD MATRSI8Y

U B(RR(2,1,J)NP(],J5)eRR(2,2,J)eNP(2,J5))/PKKe MATRSIOV

T B(RR(3010J)ENP(1,J5)¢RR(3,2,J)aNP(2,JS))/PKKS MATRS20V

V S(RR(U,1,J)aNP(1,J05)¢RK(4,2,J)aNP(2,J5))/PRKD MATRS21V

6P CLABEL,GT,1) GO TO 1400 mATR3220

f0= ¢ nATR S35V

$0 = § MATR324Y

Vo s y MATR32SV

vo s v nATRI200

RETURN MATRS27V

1800 81 = 8 MATRI280

fte? nATR3290

Ut = u MATRSSO0V

vy s v MATRIZIV

LABEL = LABEL=2 MATRISV

GO 10 1320 naATRES3Y

seccccssscvovorncenececensnarcnnscssrananaccsesMATRIIWV

AWMKIVAL WERE MEANS THAT SOLUTION OF TwHE MATRS3ISV

CHARACTERISTIC PUNLTIONS HAS BELN STOPPLD MATRSSOV

PREMATURELY BECAUSE OF TLL ™ATRIX CUNDJe ®MATRISTV

TION MeT DURING SCLUTION PROCESS, mATRIZNY

- oo eoseos ‘..-.--.....C-...0..--.....‘--..-.-."."’s.v
2000 WRITE (NOUT,9000)
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NTELL = | MATR341V

RETURN MATR3I42V

9000 FORMAT(®™ ILL=CONMDITIONED DETERMINANT FOR X®",E15,7) MATR3G3V
END MATR34AGY
SUBROUTINE FPIGRA (IL,X) FP]GO010

Cee - - S o SecenrnesncsvsececnancovscescsvesseefP]G0020
c THIS SUBROUTINE COMPUTES THE BESSELFUNCe FPIGOO3V
(4 TIONPART OF THE INTEGRANDS FOR THE FP1GOO4Y
(4 INTEGRALS COMPUTED IN INGRAL, FP1G00S0
c FOR ILs1 THIS PART IS™ JO(XR)eJ1(X) FPIGOOGY
(4 FOR ILs2 THIS PART IS® JI(XR)eJ1(X) FPIGOO7V
(4 COMPUTED RESULTS ARE DELIVERED A8 FPIGR, FP1G0080
c EXP1 AND EXP2 IN COMMON/IGRAN/ FPIGOOSV
c THE SUBROUTINE CALLS IN FUNCTION BESS, FP1G0100
Coeovoccnnoscvsccveosscccecrconanss one - e cecceesfFP G011V
REAL LOAD,NU,ACCUR(3),KS FP1G0120
COMMON/ASDT/LAYER,NLAYS ,M,R,Z,NU(10),ACCUR,LOAD,HOSTRS ,NZEROS,H(9)FPIGO13V
1oKS(10),E(10),AL(9),THICK(F),RADIUS(10) - FP160140
COMMON/IGRAN/TO,¥0,80,U0,T1,Vv1,51,U1,701,301,FPIGR,EXP1,EXP2 FPIGO1SV
IF(LAYER,NE,1) 60 TO 20 FPIGO160

T0 a T0e2,04NU(}) FPIGO170

V0 = V0el,0 FP1GO18V

Tl & Tlel,0¢2,000U(1) FPIGO1I9Y

Vi 3 Vie}],0 FP160200

T01 & TQle1,0 FPIGO210V

20 IF(R,LT,ACCUR(1)) 60 TO 49 FPIG0220-
IF(IL.EQ,2) GO TO 30 FP1G0230

FPIGR 3 BESS(O0,X*R)*BESS(1,X)/X FPJGO240

G0 T0 60 . FP1G02SV

30 FPIGR s BESS(1,X*R)2BESS(1,X)/(X2R) FPIGO260

GO 70 60 FP1G0270

40 IF(IL,EQ,2) GO TO SO FP1G0280
FPIGR 3 BESS(1,X)/X FPIGO29V

GO 10 &0 FP1G0300

50 FPIGR 3 0,S+BESS(1,X) FPIGO0310

60 IF(NLAYS,EQ,LAYER) GO YO 70 FPIGO32V

1F (ABS(Xe(2,02H(LAYER)®Z)),6GT,70,0)G0 TO 70 FP1G0330

EXP1 8 EXP(eXa(2,00H(LAYER)=Z)) FP1G0340
1F((X*2),67,70,0)G0 TO 90 PPIGO3SV

EXP2 ® EXP(eXal) FPIGO3eV

GO 10 100 FPIGO3T70

70 IF((X*2),67,70,0)G0 YO 80 FP1G0380
ExPy 3 0,0 FPIGO3OV

EXP2 8 ExP(eXe]) FP1G04OO

G0 70 100 FPIGOWLV

80 ExP) s 0,0 FPIGO42V

90 ExP2 = 0,0 FPIGO43V
100 RETURN FP1G0440
END FPIGOUSO
FUNCTION BESS(N,X) BLSS0010

THE BESSEL FUNCTIONS JO(X) AND Ji(X) ARE BESS0030
EVALUATED FROM THEIR CHEBYSHEV SERIES, BESS0040
(SEE CLENSHAW,MATH, TABLESeVOL,S, BESS00S0
CHEBYSHEYV SERIES FOR MATH, FUNCTIONS . BESS0060
NPL=DSIR), BESS0070
THIS PROGRAM SELECTS THE APPROPRIATE 8ESS0080

CHEBYSHEV CONSTANTS ACCORDING TO WHMETHER BESS0090
NS0 OR Ns] AND WHETHER X IS GREATER OR BESS0100
LESS THAN 8,0 AND CALLS IN FUNCTION CHEB BESSO11V
70 SUm THE SERIES, BESS0120

OODOOONOON
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c..-....oo.-.-........-.-...-..-.-.--..-...-...-g......--..---...-.-...-BE530130
DOUBLE PXECISION B(12,2),BP(5,2),BQ(5,2),Z BESS0140
DATA B /e,3De8,,76D=7,2,176205,,324600=4,*,4606260=5,,4819180D0+2,B8E880150

10,348937690°1,,158067102040,%,370094994D+0,,265178613D4+0, BESS0160
2+,87234420%2,,3154559430D¢40,=,1D8,,290=7,=,762Deb,,15887D<4, BESS0170
3,260444D=3,,3240270002,+,291755250=1,,177709117040,=,661443934D¢0BESS0180
4,1,287994100¢0,-1,191801160D40,1,29671754D+0/ BESS019v

OATA BP/,20+8,+,520=7,,307505,=,536522D=3,1,99892070D+0, BESS0200
1=,2D°8,,620«7,+,3987De5,,89899003,2,001806080+0/ BESS0210

DATA BQ/e,iDe8,,1807,°,741Dvb,,683850=4,=,311117090=1, BESS0220
1,1028,2,210e7,,9140=b6,,962770=4d,,93555574D=1/ BESS0230

M 3 Ne¢t BESS0240
IF(x=8,0) 1,1,2 BESS0250

1 2 8 XaX#0,062522,0 BESS0260
BESS = CHEB(B(1,M),12,2) BESS0270
IF(N,EQ,1) BESS = 0,125+X#BESS BESS0280
RETURN BESS0290

22 3 256,0/(X*X)e2,0 BESS0300

X] 3 Xe0,78539816 BESS0310
IF(N,EQ,1) X] = XJe1,5707963 BESSO032V

BESS 3 (0,797884a56/SQRT (X)) 2 (CHEBIBF(1,M),5,2)2COS(X])=8,02 BESS0330

1 CHEB(BQ(1,M)sS,2Z)aSIN(XI)/X) BESSO340
RETURN BESS0350

END BESS0360
FUNCTION CHEB(A,N,2) i CHEBO0030
c......‘.O-.........’.-.....-.......-..ﬂ--..I............-O---‘--...--..cHE.oozo
c THIS SUBPROGRAM EVALUATES THE CHEBYSMEV  CHEBOO3V
c SERJES USING THE RECURRENCE RELATION CHEBOO0GV
c YECHNIQUE (SEE CLENSHAW NPL MATH, TABLES CHEBOOSV
(4 VOLUME S PAGE 9), CHEBOO®Y
:......-....-....-.-...I.-......-...-......O..'.-.’...-’.-...----....--..c“t‘aoo’u
DOUBLE PRECISION A(1),B(14),2 CHEBOOBY
8(1)20,0040 CHEB0090
8(2)%0,0040 CHEBO100

00 | I=i,N CHEBO11V
B(l¢2)sZaB(lel1)=B(I)eA(]) CHEBO12V

1 CONTINUE CHEBO130
CHEB & 0,5002(B(N¢2)*B(N)) CHEBO140
RETURN CHMEBO1S0

END CHEBO16V

REAL FUNCTIOM IGRAND (X,LABEL) IGRAQO10
Crecocvcncnvasccrvcnsscnnnpunsnncancseresrorsasespansoscasscasascransssvecan]GRAQ020
¢ TH1S SUBROUTINE COMPUTES THE INTEGRANDS IGRA0030
c FOR THE INTEGRALS COMPUTED IN INGRAL, IGRA0OQO
(4 USE IS MADE OF THE RESULTS OF FPIGRA AND ]GRA00SO
c MATRIX STORED IN COMMON/IGRAN/, JCRAD060
c....’.......-Q...'.....".-.........-.....--.’..-....U-....‘-.....-....‘Ga‘oo70
REAL LOAD,NU,ACCUR(3),K5 IGRAQOOBY
COMMON/LSDT/LAYER,NLAYS,M,R,Z,NU(10),ACCUR,LOAD,HOSTRS,NZEROS,H(9)IGRAC090
$,KSC10),E(10),AL(9),THICK(9),RADIUS(10) IGRA0100
COMMON/IGRAN/TO,V0,80,U0,T1,V1,51,U1,T01,501,FPIGR,EXP1,EXP2 1GRAOLV

GO 10 (10,20,30,40,50,60,70,80,90,100,110,120,130,140,150,160,170)IGRA0120
1,LABEL IGRAO13V

30 IGRAND =FPIGRaX#((UOR(KS(LAYER)=X%Z)=30)EXPI¢(TO+VO(KS(LAYER)¢xa]GRAD14D
12))#ExP2) 1GRAO150
RETURN 1GRAO160

20 IGRAND SFPIGRaX«(UOREXP1eVOEXP2) 1GRAOLITV
RETURN JGRAOLBV

30 IGRAND sFPIGRA(LUO*(2,0eKS(LAYER)=X#Z)eS0)EXP1e(TO¢VOR(2,04KS(LAYIGRAO1OV
1ER)ex0Z) ) eEXPR) 1GRAO200V
RETURN IGRAO210




40 IGRAND SFPIGRA((SO+UOn(],00X02))0EXPo(VOn(]l,0eX22)eT0)2EXP2) I1GRAO22V

RETURN JGRAO230

SO IGRAND SFPIGRaXaRA((SOeUOX(2,aNUCLAYER)+X#Z))*EXP1¢(TOsVOR(XnZ2e2, #IGRAO240

INUCLAYER)))*EXP2) IGRA02S0

RETURN IGRAQ260

60 IGRAND 2FPIGReXa((S1eUIR(2,08NUCLAYER)#X2Z))*EXPLIo(T1oVin(Xa2e2 0aIGRAO2TV

INUCLAYER) ) )=EXP2) IGRAO280

: RETURN IGRA0290
; 70 IGRAND 3FPIGRa((S1eUIn(1,0¢X0Z))0EXPIO(VIn(],0=X02)eT])+EXPR2) IGRAO300
] RETURN IGRAO3 VU
80 IGRAND aFPIGRaXaR®((S1oUl2(1,0¢XnZ))REXPie(VIn(],0exaZ)=T]1)EXP2) JGRAO320

: RETURN IGRAO330
: 90 IGRAND sFPIGRa#XaR2(UI®EXPIevLeEXP2) IGRAO340
: RETURN 1GRAD3S0
E 100 IGRAND =FPIGRe((S1+Ula(2,oNU(LAYER) #X22))2EXPLI+(T1oVin(XnZe2,sNU(LIGRAO3SY
. 1AYER) ) ) *EXPR) IGRAO37V
RETURN IGRAO38Y

110 IGRAND sFPIGR=(UI#*EXPleV]*EXPR) 1GRA0390

RETURN IGRAO4OO

120 IGRAND 3PPIGRe((S1eUln(1,¢XAZ))sEXPle(Via(l,=X2Z)aT])EXP2)/X IGRA0410

RE TURN IGRAO4U20

130 IGRAND 3FPIGRaXa(SO1*EXPeTQ1*EXP2) IGRAO43V

RETURN IGRAO44V

140 JGRAND sSFPIGRa(SQI«EXP1eTQL#EXP2) IGRAOGSY

RETURN IGRAO4G4GO

1S0 IGRAND =FPIGRaXaRa(SOI+EXPI+TO1REXP2) 1GRAQUYV

RETURN IGRA04A0

160 IGRAND SPFPIGRa(SQJ*EXP1«TQl*EXPR2) JGRA0490

RETURN IGRAQSO0

170 IGRAND SFPIGR=(SQI*EXP1¢TQL1=EXP2)/X IGRAOS10

RETURN 16GRA0S20

END IGRAOS3IO

SUBROUTINE CALC(INT,V,R,"U,RADI,PT,LOAD,HNOSTRS,PS10,2) CALCO010

c.....-....o.o..--...-.o..--....o..--..--...-..o..ooo.-.-...----........cALCOOIO

c COMPONENTS OF THE STRESSES,STRAINS AND CALC004O
c THIS SUARGUTINE COMPUTES THE CYLINDRICAL CALCOO30
4 DISPLACEMENTS FROM THE 17 INTEGRALS STOe CALCO0SO
¢ RED IN INT, THESE CALCULATED COMPONENTS  CALC0060
c ARE STORED IN V AND OUTPUTTED, caLCoo70
c-...-.---.....‘.-...-...-...-..-..O-....-...-..’.-.......-......-...-..c‘Lcoo‘o
REAL INT(37),V(15),MU,LOAD,C(6) caLCo090
INTEGER FM(19),FMT(S),T(12) caLco100
LOGICAL STRESS,EPS,RLOW CALCO130
COMMON/STROTA/STRESS(27),EPS(17),RLOW,S8T,CT,L,ACC caLcoi20
COMMON/TAPE/NOUT CALCO130
DATA FM(1),FAHT,FM(19),T1/ 4 CALCO140
CUR(LIX "o, E12%, "4, 1%",%0X . ",",12X"," L1","X) *, CALCO1S0
*"DISP","LACE","MENT, "8 =, CALCO16Y
*"  8°,"TRES","SES °*,* ., CALCO170
*" SO ,CTRAI®,"NS *,® sy CALCOL 80
DO 10 131,15 caLCo190
10 v(I)s0,0 cALCO20V
IF((STRESS( a4),0R,STRESS( 5),0R,STRESS( 7),0R,STRESS(10),0R, cALCO0210
. STRESS(11)),AND, (,NOT,RLOW)) FCTS(2,0#INT(12)=INT( 7)=2,0«INT(CALCO22V
* 140U, 00INT(1T)I/R CALCO230
IF(,NOT,STRESS( 1)) GO TO 20 caLCo2av
V( 1)SFTaRADIACTe(2,00INT(17)eINT(J2)INT( 7)) caLCo02S0
IPF(RLOW) GO 10 20 CALCO260
V( 1)8V( 1)eFTaRaRADI®INT( &) caLco2vo
20 IF(STRESS( 2)) V( 2)SFTaRADI*STa(2,00(INTCIT)INT(14))INT(12)) CALCO280
IF(,NOT,STRESS( 3)) 6O TO 30 CALCO290
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170
180

VC( 3)seFTaRADIaINT( 3)

IF (RLOW) GO TO 30

V( 3)aV( 3)¢FTaRaRADIACTR((2,002,00MU)*INT(11)=INT(10))

1F( NOT,STRESS( 4)) GO T0 40

V( 4)SCTR(INT( 8)¢2,0oMURINT( 9))¢INT( 1)¢INT( d)e2,00INT( 2)

IF (RLOW) GO 10 4o

V( 4)sv( 4)=CTeFCT

IF(,NOT,STRESS( S)) GO T0 SO

V( SISCT22,00MUAINT( 9)e2,0aMUSINT( 2)eINT( 4)

IF (RLOW) GO 10 SO

V( S)av( S)eCTeFCT

IF(.NOT,STRESS( 7)) GO 10 &0

V( 7)aST#INT(1S)

LF (RLOw)

V( 7)av( 7)eSTeFCT

IF(.NOT,STRESS(10)) GO TO0 70

V(I0)SFTACCTOINT( B8)#INT( 1)oINT( U)eo(2,0=2,00MU)RINT( 2))

IF (RLOW) GO T0 70

V(10)8V(10)eFTaCTaFCT

IF(,NOT,STRESS(11)) GO YO &0

V(11)meFTaINT( Q)

1F (RLOW) GO 70 80

V(11)3v(11)»FTaCTaFCY

IF(STRESS(12)) V(12)SFTa(CTA((2,028,00MU)RINT( 9)eINT( 8))¢
2,02MURINT( 2)eINT( 1))

IF(Z,LT,ACC) GO TO 90

G0 TO 60

IF(STRESS( 6)) V( 6)3CT2((2,022,00MU)eINT( 9)eINT( 8))eINT( 1)

IF(STRESS( 8)) V( 8)SCTa(INT(16)¢INT(10)=INT( 6))eINT( S)
IF(STRESS( 9)) V( 9)3STa(INT(16)=INT(13)¢INT(10))
GO T0 110
IF (ABS(Re1,0),LT,ACC) GO TO {00
IF(R,GT,1,0) GO 70 110
IF(STRESS( o)) V( 6)8=L0AD
1F(STRESS( 8)) V( 8)s=nDOSTRSaCOS(PS10)
IF(STRESS( 9)) V( 9)sHOSTRS2SIN(PSI0)
GO TO0 110
IF(STRESS( 6)) V( 6)3¢0,5+L0AD
IF(STRESS( 8)) V( 8)3«0,5+HOSTRS+COS(PS10)
IF(STRESS( 9)) V( 9)s 0,5+HOSTRS+SIN(CPSIO)
JIF(STRESS(13)) V(13)8FTev( 7)
IF(STRESS(14a)) V(14)sFTavV( 8)
IF(STRESS(1S)) V(1S)esFTav( 9)
00 120 1=2,18
Fu(l)aT(8)
00 130 134,16,3
Fr(I)eFNT(3)
Ks0
Jao
00 210 133,19
JajJey
IF(led) 190,160,140
1F(1e10) 190,150,190
1F (X ,EQ,0) G0 Y0 180
WRITE(NOUT,9010) (T(J),JnS5,8)
WRITE(NOUT,FN) (C(J)pJdol,K)
60 70 170
1F(x,EQ,0) GO 70 160
WRITE(NOUT,9000) (T(J),J81,4)
WRITE(NOUT,FM) (C(J),J81,K)
Kx=0
Jst

F=37

CALCO300
CALCO310
CALCOS32v
CALCO330
CALCO3GY
CALCO3SV
CALCO360
CALCO370
CALCO380
CALCO39V
CALCO4CY
CALCOGg0
CALCO420
CALCOa30
CALCO44O
CALCO4SY
CALCOuSY
CALCO4Y0
CALCOuBO
CALCOW90
CALCOSO00
CALCOS]V
CALCOS20
CALCOS30
CALCOS«O
CALCOSSV
CALCOSHU
CALCOSTO
CALCOSE80
CALCOS9V
CALCO600
CALCOG10
CALCOb20
CALCO630
CALCO640O
CALCO6S0
CALCO660
CALCO670
CaLCOel 0
CALCO0690
CALCOT00
CALCOT1V
CALCO720
CALCO730
CALCO74a0
CALCO7S0
CALCOTevV
CALCOT770
CALCOT780
caLcorev
CALCO80OV
caLco83 0
CALCO820
cALCO83V
CALCO8a0
CALCO8SO
CALCO860
CALCO870
CALCO880
CALCO890
CALCO®00




190 M33n) CALCO910
IF(,NOT,STRESS(I)) GO T0 200 CALCO920

KaKel CALC0930
C(K)=v(l) CALCO94V

FM(Mel )RFMTY (1) CALCO9SV

FM(M )SFMT(2) CALCO0960

GO 10 210 CALCO970

200 FM(Mal)aFMT (W) CALCO980
FM(M )SFMT(S) CALCO0990

210 CONTINUE CALC1000
IF(XK,EQ,0) RETURN CALC1010
wWRITE(NOUT,9010) (T(J),J=9,13) CALCl02V
WRITE(NOUT,FM) (C(J),J=1,K) CALC1030
RETURN CALC1040

9000 FORMAT(1X,dA4/5X,"RADIAL", 12X, "TANGENTIAL",14X,"VERTICAL") CALC10S0V
9010 FORMAT({X,d4Ad/SX,"RADIAL®, 12X, *TANGENTIAL", 14X, *VERTICAL",12X,*RADCALCI060
o /TANG," 11X, "RAD,/VERT,",12X,"TANG,/VERT, ") CALC1070

END CALC1080
SUBROUTINE OUTPUT(EPS,C,X,L) OuUTPOOLY
T L L s oovoe enecseesesQUTPOO2V
(4 THIS SUBROUTINE OUTPUTS BY MEANS OF THREE OUTP0030
(1 SUBSEQUENT CALLS FROM THE MAIN PRUGRAM OUTPOO4GV
c THE TOTAL STRESSES,STRAINS AND SISPLACEe OUTP00SO
¢ MENTS, OUTP0060
Coevocccncccsccsvesavonscanvsovonvonane - eoee v ° eeeeQUTP0070
INTEGER FM(16),FHT(8) OUTPOOBD
LOGICAL EPS(6) ouTP0090
OIMENSION C(6),TKST(6,80) oUTPO100
COMMON/TAPE/NOUT OUTPO110

DATA TXST/ ouTPO120

1* T 0"," T A", L *","S Y *,"RE ","88 ", ouUTPO130

2% T 0", VT AR, | ","S T S,"R A *","I N", OUTPO140

3" T O"," T A"," L ","D 1l “,*"S P ",*L A", OUTPO1S0

“lc E ',." E I'.N '-I‘- I'I Q'l I, ou"ot.o

DATA FMT,FM(16)/ ouTPO170
‘.(.‘..'.'lzl.'. I'I,:‘al'..s I.I“?‘I.......'Ol l'l’ I’ oul’Ol‘o
IF(L.NE,3) GO TO {0 OUTPO190
FM(1)SFMT (8) 0uUTP0200

A FM(2)3FNMT(T) ouTPO210
k FM(3)SFMT(8) 0UTP0220
G0 10 20 oUTP0230

10 PMLL1)ISFMT(]) OUTPO0240
FM(2)SFMT(3) oUTP02S0
FM(3)SFMT(I) OUTPO0260

; 20 N30 ouTP0270
4 NB2aK 62 ouTPO26C
3 D0 40 Isé,M,2 OUTP0290
Jsl/2e) oUTPO300
IF(,NOT,EPS(J)) GO TQ 30 OUTPO310
FM(I)SFMT(Q) oUTP0320
FH(I+1)SFMNT(S) oUTPO33V

NUNe | ouTPO3a0
C(N)sC(J) OUTPO3SO

GO T0 4o ouTPO360

30 FM(I)aFuT(2) OuUTPO370
FM(Ie1)8FHT(3) oUTPO3BY

80 CONTINUE oUTP0390
IF(L,EQ,3) GO TO &0 oUTPOLOO
IF(N,EQ,0) GO 1O SO ouTPOa10

WRITE (NOUT,FM) (TKBT(I,L)sI81,0),(C(L1)ol81,N) ouUTPOG2V
RETURN ouUTPO430
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60
70

OO NN

WRITE (NOUT,FM) (TKST(I,L),Is1,6)

RETURN

00 70 [=10,19%
FM(I)SFMT(S)
IF(N,EQ,0) GO TO 80

WRITE (NOUT,FM) C(TKST(I,3),1%1,6),(TKST(1,4),1%1,8),(C(1),181,N)

RETURN

WRITE(NOUT,FM) (TKST(I,3),Is1,6),(TRST(I,4),181,6)

RETURN
END

SUBROUTINE JACOBI (M,U,ND,N,IVEC,W,1Q)

c--..Q.-.....-...........-...-..--..--.....0...‘.--....-....¢.-.........J‘cuoozo

SUBROUTINE JACOBI TO COMPUTE EIGENVALUES JACOOO3V

70
80

AND EIGENVECTORS OF A SYMMETRIC MATR]IX,
N 1S THE GIVEN MATRIX,THE DIAGONAL OF
WHICKH CONTAINS AFTER THE ITERATION THE

EIGENVALUES OF W,

U IS THE MATRIX,THE COLUMNS OF WHICH ARE

THE EIGENVECTORS OF H,

N AND ND ARE THE DIMENSIONS OF THE ACTUAL
MATRIX AND THE ONE USED IN THE DIMENSIONe

SYATEMENT OF THE CALLINGPROGRAM
RESPECTIVELY,

IVECs0 [F NO EIGENVECTORS ARE REQUIRED,

IVECs1 IF THE EIGENVECTORS SHOULD BE
CALCULATED,

THE ACCURACY OF THE EIGENVALUES 1S aABoOuT
1,0E=6,THE ACCURACY OF AN EIGENVECTOR IS
ABOUT 1 ,0E=6/D WHERE 0O IS THE MINIMUMe

DISTANCE OF THE CORRESPONDING EIGENVALUE

FROM THE OTHER EIGENVALUES,

QyUTPO44GO
0UTPOUSY
ouTPOUGO
QuTPOUTY
OUTPOWAY
OUTPOU90
CUTPOSOU
OUTPOSEY
ouTPOS20
OUTP0S30
JAC00010

JACO00040
JAC00050
JACO0060
JACQoOTV
JACO00080
JAC00090
JACOQ100
JACO00110
JACOO12V
JACOO0130
JACOO140
JACOO01SV
JaCoo0160
JACO00170
JACO0180
JACO00190
JACO020V
JACO00210

W AND 10 ARE wWORKINGSPACES,wHICH SHOULD BEJACO0220

DIMENSIONED IN THE CALLING PROGRAM,

REAL H(ND,ND),UCND,ND),w(ND)

INTEGER IQ(ND)

DOUBLE PRECISION TA,81,C0,2Z,Y,HTE,UTE

AN SN
NM]i8Ne]

IF(IVEC=1) 60,10,60

00 SO lst,N
D0 40 Jsi,N

IF(1eJ) 30,20,30

u(l,J)et,0
GO 70 &0
U(l,J)80,0
CONTINUE
CONTINUE
00 90 Isy,Nm]y
w(i)s0,0
IPLie] e}
DO 80 JsIPLI,N

IF(w(1)eABS(H(1,J))) 70,70,080

w(1)sABS(M(I.J))

10(1)sJ
CONTINVE
CONTINUE
00 120 Isy,NM]Y

1F(1,EQ,1) GO 7O 110

IF(xmMAX,GE,%(1)) GO TO 120

XMAXsNW(])
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JACD025V
JAC00260
JAC00270
JACD0280
JAC00290
JAC00300
JAC00310
JACO00320
JAC00330
JAC00340
JAC003S0
JACO0360
JAC00370
JAC00380
JAC00390
JAC00400
JACO0a10
JAC00420
JAC00430
JACO04QY
JAC004S0
JACO0a6U
JAC00470
JACO04BO
JAC00490
JAC0049S
JAC00S00
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120
130

150

160
170

1Plvs]

JPIvs]Q(1)
CONTINUE
IF(XMAXe] ,E«12/8N) 170,170,130
2 sSH(IPIV,IPLVI=H(JPIV,JPLlV)
Y 3 2,000%0BLEIWCIPIV,JPIV))
TA 3Y/(DABS(Z)*BSQORT(ZaZeYrY))
IF(Z,LT,0,000) Taz=eTA
CO =1,00/DSQRY(1,00¢TAnTA)
S] sTA=CO
H11aN(IPIV,IPIV)
MJJSH(JPIV,JPLV)
HIJ3H(IPIV,JPLIV)
00 140 K=3i,N

HTESH(X,IPIV)

H(K,IPIV)SOBLE(H(K,IPIV))2CO¢DBLE (H(K,yPIV))aSL
H(K,JPIV)SDOLE (H(K,JPIV))sCO=HTERS]

H(IPIV,K)SH(X,IPIV)

H(JPIV,K)SH(R,JPIV)
CONTINUE
H(IPIV,JPlV)s0,0
H(JPIV,IPlV)=0,0
AASDBLE(HIJ)eTA
HOIPIV,IPIV)SHIIeAA
H(JPIV,JPIV)SHIJ=AA
IFC(IVEC) 60,60,150
00 160 X=3,N

UTESU(K,IPIV)

UK, IPIV)BDBLE(U(K,IPIV))*CO+DBLE(U(K,JPLIV))a8]
UK, JPIV)SDBLE (U(K,JPIV))aCO=UTESL

CONTINUE
GO T0 60
RETURN
END

SUBROUTINE ESORY (M,U,ND,N,IVEC,W,}0)

JACOOS1V
JACOO0S2¢
JACO0S530V
JACO0S4a0
JAC005S0
JACOOS6Y
JACOOS57v
JACOOS6Y
JACO00590
JACOO0600
JACO0610
JACO062Y
JAC00630
JACOO0640
JACO0&SV
JACOO0660
JAC00670
JACOO068Y
JACO0690V
JACO0700
JACO0710
JACQO720
JACO00730
JACOO0740
JACO07SV
JACOO0760

JACOO770-

JACOO780
JAC00790
JaCOoo800
JAC00810
Jacoosee
JACOO83V.
JAaC00840
ESORO0010

Ceorrnerrrrenseccnernrcnsrerorrcrerensceare P e astsvassrsnssrrenssesosvasast SOR0QO2V

SUBROUTINE ESORT,

c
c
4
c
c
4
4
c
¢
c
c
c

10
20

THIS ROUTINE SORTS EIGENVALUES (AND EIGEN
VECTORS) OBTAINED FROM SUBROUTINE JACOBI,

H 8 ORIGINAL MATRIX(ND,ND),
V] e EIGENVECTORMATRIX(ND,ND),
ND = MAX, DIMENSION OF MATRICES,

N a ACTUAL DIMENSION OF MATRICES,

IVEC=] wWlTH EIGENVECIORS,
NO EJGENVECTORS,
w ® WORKINGSPACE(ND),
]1O0 = WORKINGSPACE(ND),

LTI T LI D P D LR R PR L D R L LR LR X LY )

REAL N(ND:ND)oU(ND,NO),w(ND)'DUIHVv
INTEGER N,IQG(ND),FOUMMY,1,J,K,1IVEC

LOGICAL LOGIC

00 10 I=j§,N
Wil)amM(l,1)
10¢1)s]
JeN
LOGICs,FALSE,
KsJ
00 30 f=2,k
IF(n(lel) GE,¥(1)) GO TO 30
LOGICs, TRUE,

F-ko

s A3 e . R et

ESOR0030
ESORO0OAV
ESOR00SO
ESORQO&0
ESOROOT0
ESORO0080
ESOR009V
ESOROLOV
ESORO11V
tSOR0120
ESORO130

eeopeccccancovecsccast SQRO llﬂ

ESORO1S0
ESORO160
ESORO170
ESORO18V
ESORO19V
ESOR0200
ESORO21V
ESORQ220
ESOR0230
ESORO24V
ESOR02SV
ESORO26V
ESORO270




AN ONONONNN

DUMMYSN (] e])
W(lej)en(l)
wil)apuMny
FOUMMYRIQ(I=1)
10(I=3)s]0(I)
10CI1)sFDUMMY
Jejel

CONTINUE

IF (LOGIC) GO TO 20

IF (IVEC.EQ,0) GO TO 60

00 40 Isy,N
xs10(1)

00 40 Jsi,N
H(J,1)sU(JeR)

00 SO0 l=i,N

0O SO Jsi,N
U(I.J)sn(l,J)
H(l,J)80,0

00 70 Isi,N
H(I,1)=wm(1)

RE TURN

END

BLOCK DATA

ESORD280
ESURQ29V
ESORO300
ESORO3LV
ESOR0320
ESQRO33V
ESOR0340
ESOR03SO
ESORO360
ESORO370
ESORO380
ESOR0390
ESOR04O0
ESORO41LV
ESOR0420
ESOR043V
ESORQ44Y
ESORO4SY
ESORO46V
ESOROUTO
ESORO4BY
ESOR0A90
BLDAOO10

Coeccecccanee ® SPovovcccvssanevrovsesaracraccacnavesvcacsanccassBLDAOOY

IN THE BLOCK DATA ARE STORED SUBSEQUNTJILY®BLDA0O3O

oTHE ABSCISSAE FOR THME LECENDRE-GAUSS
‘QUADRATURE ,STARTING IN A WITH THE 2eND
ORDER AND ENDING SN N WITH THE 1SeTH
ORDER,
oTHE ABSCISSAE FOR THE JACOBl=GAUSS
QUADRATURE OF THE 8Tk QROER IN O,
oTHE WEIGMTS FOR THE LEGENDRE=GAUSS
QUADRATURE ,STARTING IN P WNITH THE 2eND
ORDER AND ENDING IN CC WITH THt 1SeTN
ORDER,

oTHE WEJGHTS FOR THE JACOBJ«GAUSS QUADRA

TURE OF THE 8+TW ORDER IN 0D,
oTHE FIRST 149 ZEROS OF JO IN EE AND PP
oTHE FIRSY 149 ZEROS OF Ji IN GG AND MM

REAL ano“okt“c“

BLDAVOGO
8LDAOOSO
8L0A0060
8LDAOOTV
8LDA00SO
BLDAOO9Y
B8LOAO100
8LDAO110
BLDAO12V
8LDAO130
BLDA0140
8LDA0150
8LDAD160
8LDAOLTY

.......-oo.--.'.-....-.-.---....-..---.-.-..BLOIO 1 80

BLOAO}I 90

DIMENSION A(2),8(3),C(0),0(S5),E(O)4F(T7),G(B8),H(9),1(10),J(11),K(128LDA020V
1),LC13),M(14),N(15),0( 8),P(2),0(3),R(4),8(5),T(0),U(T),V(8),m(9),BLDA0210
2%(310),Y(33),2¢12),AA(13),B8B(14),CC(15),00¢ 8),EE(119),FF(30),GG(118LDA0220

39),mn(30)

COMMON/GAUSS/AGAUSS(16,16),MGAUSS(16,16)

COM™ON/GEDATA/BZEROS(149,2),2ER08(298)

EQUIVALENCE (AGAUSSC(S, 2)s A(1)),(AGAUSS(), 3),
$(AGAUSS(Y, @), CC1)),CAGAUSS(1, S), D(31)),(ACAUSS(], &),
Q(AGAUSS(1, 7), F(1)),(AGAUSS(S, 8), G(1)),(AGAUSS(L1, 9),
JCAGAUSS(1,10), 1C1)),(ACAUSS(1o11)0 J(1)),(AGAUSS(L,12),
QCAGAUSS(1,13), L(1)),C(AGAUSS(1,184), M(1)),(AGAUSS(1,15),
S(AGAUSS(3,16), O(1)),(MGAUSS(L, 2)s P(1)),(HGAUSS(L, 3),
O(MGAUSS(3, 4), R(1)),(NGAUSS(1, S)» S(1)),(HMGAUSS(L, &),
T(HGAUSS(L, 7))y U(1)),(HGAUSS(E, B8), V(1)),(MGAUSS(L, 9),
O(HGAUSS(1,10), X(1)),(MGAUSS(T1,11), Y(1)),(HGAUSS(1,12),
Q(HGAUSS(1,13),AA (1)), (HGAUSS(1,18),88(1)),(NGAUSS(1,18),C
T(HGAUSS(L,16),00(1)),(BZERUS(1, 3),EEC(1)),(BZEROS(120,1),
1(BZEROS(L, 2),66(1)),(BZERDS(120,2),MM (1))

DATA AeBeCoDeE F G oM, L dsX, LM

1
)
1
1
|}
1
1
)

MONT~OZXRIMS
Mmoo o en o
P el
N Nl P P Pt ot b P
N Pt -t -t P
e % % & 9 % % e e

BLDA0230
8LDAO240
8L0A02S0
8L0A0260
BLDAD270
¥L0A0280
BLOA0290
8LDA0300
8LOAO310
8LDA0320
8L0A0330
BLDAO340
8LOA03SY
BLDAO3SV
8LDAO3TV
BLDAD3IS0

N/e, 4872130, 0,4472136,20,6546537, 0,0000000, 0,6546537,0,7650554,8L0A0390
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1
2
3
[}
S

.0.20521‘5'
0,4688488,
0,%917001,
0,363117S,

«0,1652790,

0,2852315, 0,7650553,«0,8302239,=0,4688488, 0,0000000,BLDA04OV
0,8302239,°0,8717402,«0,5917003,20,2092993, 0,2092991,BLDA0410
0,8717400,-0,8997580,=0,6771863,=0,3631175, 0,0000000,8LDA0420
0,6771863, 0,8997580,°0,9195339,0,7387739,-0,4779250,B8L040430
0,7387738, 0,9195338,-0,9340014,BL0DA0440

0,16%2789,

0,4779249,

600,78448306,20,5652354,+0,2957582,

?
8

0,7844834,
»0,1365529,

0,9340014,
0,1365%29,

«0,9448975,
0,3995309,

90,9533069,~0,8463538,0,6861843,
T 0,2492868, 0,4829106,
1=0,8678104,00,7288621,=0,5506417,

2

0,3427235,

0,5506415,

0,6861842,

0,7288620,

320,8850036,%0,7635341,<0,6062477,
4 0,2153538, 0,4206389, 0,6062477,
$0,9695861,#0,8991729,+0,7920153,

6
7

«0,1013263,
0,8991728,
DATA N,O0

0,1013262,
0,9695860/

0,2998304,

N/e,9731405,0,9108602,=0,8157166,

1
2
3

NOCVEVWN= OO VE WN-

N
1
2
3

«0,1895120,
0,8157164,
«0,18343406,
DATA P,0,R,
/70,833333%4,
0,5548%83,
0,4317455,
0,3411230,
0,3404290,
0,3275404,
0,1871701,
0,1871700,
0,2714060,
0,0778039,
0,24u40165,
0,1165870,
0,2191266,
0,1036605,
0,2119743,
0,050850S,
OQEOlOSQ“l
0,0893940,
DATA CC,0D
/70,044922%,
0,1872174,
0,1105928,
0,3626838,
DATA EE

0,0000000,
0,9108602,
0,1834348,
SsToU,V,W,X
0,8333334,
0,5548581,
0,2768261,
0,210704e,
0,27u45388,
0,3275403,
0,2480485,
0,109612¢,
0,2714060,
0,1349820,
0,2207679,
0,1600221%,
0,1948268,
0,1405119,
0,1969876,
0,0893939,
0,2019594,
0,0508506/

0,079198S5,
0,1906618,
0,0791985,
0,3626838,
/2,40u826,

0,1895119,
0,9731404,
0,5255324,
oYol,AA,B8
0,54440u43,
0,3784750,
0,2107044,
0,16549583,
0,165495S,
0,2920429,
0,2868792,
0,0916847,
0,2532759,
0,1836473,
0.1836473,
0,1948268,
0,1600223,
0,1727902,
0,1727903,
0,1242559,
0,1936906,

0,1105931,
0,1872172,
0,04u49221,
0,3137067,

5,520078, 8,8653728,

0,0000000,
0,6328753,

0,2957581,

0,8192813,

0,5652353,8L040450

*0,8192815,+0,6328754,20,3995%310,BLDA0460

0,944R975,BLDA04TV

«0,4829108,+0,2492869, 0,0000000,BL0DA0480

0,8463537, 0,9533068,0,9599299,BLDA0UGIV

0,8678104,

=0,3427235,=0,1163319,

0,1163318,8L0A0500

0,9599298,<0,96525uu,BLDA0S]10

=0,4206389,+0,2153539,

0,0000000,8LDA0520

0,7635341, 0,8850635, 0,96525uu,BLDADS3O

0,4860575,

0,3721744,
0,7966665,

0,7111111,
0,2768261,
0,3411230,
0,2745391,
0.1333061,
0,2248697,
0,3002176,
0,1579750,
0,2125089,
0,2207679,
0,1349820,
0,2191266,
0,1165869,
0,1969877,
0,1405120,
0,1540275,
0.,1774925,

0,1379879,
0,1770049,
0,1012285,
0,2223610,

11,

0,6523930,

0,5413882,

0,5044444,

0,43174S3,
0,4124591,
0,3464290,
0,2248897,
0,13330061,
0,2668798,
0,2125089,
0,1579748,
0,2440163,
0,0775019,
0,2%16186,
0,0668375,
0,2119743,
0,1016601,
0,1774924,
0,1540275,

0,1603954,
0,1603951,
0,2223810,
0,1012285/

79153, 14,93092,

«0,6523931,+0,4860575,+0,2998304,BLDA0SUY

0,7920151,8LDA0SS0
BLOA0S60
BLDAOS?0

«0,6910172,0,5413883,+0,372174u,BLDA0S80

0,6910170,BLDA0S590

©0,9602899,%0,7966665,0,5255324,BLDA0600
0,9602899/

BLDAOG1V

BLDA0620
0,37847u49,BLDAOLIV
0,4876190,BLDA0640
0,4124591,8L0A0650Q
0,3715193,8L0A0660
0,2920431,BL0A0670
0,1096126,8L0A0680
0,2480uRS,BLDAOGIV
0,2512758,8L0A0700
0,09168u6,8L0A0710
0,2519308,BL0A0720
0,0668373,BLDA0T73V
0,2316138,BL020740
0,0580301,BL0A0750V
0,2170u80,BLDADTSY
0,0580301,BLDA0770
0,1936907,BL0A0780
0,1242554,8L0A0790

BLDAOBOV

BLDAOB10
0,1770052,8L04A082V
0,1379883,68L0A0830
0,3137067,BLDA0BGY
BLOAOBSO
BLDAOBSO

1 18,07106,
2 36,91710,

2l,21164,
40,05843,

24,35247,
43,19979,

27,49348,
46,34119,

3 55,76551, S8,90698, 62,04847, 65,1899,

4 74,61450,
S 93,4e372,
6112,3131,
7131,10624,
8150,0119,
9168,08013,
T187,7108,
1206,5603,
2225,4098,
J2uu,259),
4263,1089,

77,75603,

80,89756,

84,03909,

96,60527, 99,74682,102,8883,

115,454e,
134,3040,
153,1535,
172,0029,
190,8524,
20’.70"'
228,5514,
247,4009,
266,2504,

118,5962,
137,4458,
156,2950,
175,144S,
193,9940,
212,68435,
231,6930,
250,5425,
269,3920,

121,7377,
140,5872,
159,4366,
178,2861,
197,1356,
215,9650,
234,834b,
253,684),
272,5336,

F=L2

30.63461,
49,u8261,
68,33147,
87,18063,
106,0299,
124,8793,
143,7287,
162,5782,
181,4277,
200,2772,
219,1267,
237,9762,
256 ,8257,
2715,6752,

33,77582,
52,62405,
Ti.47298,
90,32217,
109,171S,
128,0209,
‘0606703'
165,7198,
184,5692,
203,4187,
222,2682,
QU1,1178,
259,9673,
278,08168,

BLOAOBT70
BLDAOBSO
BLOACB9Y
BLDA0900
BLDAO9IV
B8LDA0920
BLDA0930
BLDAO94Y
BLDA09SY
BLDAU96O
BLDAO970
8LDAO98Y
BLDAOOOV
BLOALIOOV
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$281,9584,
6300,8079,
7319,6574,
8338,5070,
9357,3565,
OATA FF /
1391,9140,
2410,7635,
3429,6131,
4448,4026,
Sue7,3122/
DATA GG
1 19,61586,
2 38,47%477,
3 57.32753,
4 76,17870,
S 95,02923,
6113,8794,
7132,7295,
8151,579¢,
9170,4292,
T189,2790,
1208,1287,
2226,9784,
3245,8281,
4264,0778,
5283,5274,
6302,3771,
7321,2267,
8340,0763,
9358,9259,
DAYA HKW /
1393,4835,
2412,3331,
3431,1827,
44S50,0323,
S468,8819/
END

285,1000,
303,949,
322,7990,
341,6486,
360,4981,
376,2001,
195,0SS¢,
“l’.’os‘l
432,7547,
451,6042,

73,831706, 7,015587,
22,76008, 25,90367,
41,61709, 44,75932,
©0,46946, 63,61136,
79,32049, 82,6228,

288, 2416,
307,0911,
325,9406,
344,7902,
363,6397,
379,347%e,
398,1972,
417,04687,
435,8963,
454,7458,

98,17095,101,3127,

117,0211,
135,8711,
154,7210,
173,5708,
192,4206,
211,2703,
230,1200,
248,9697,
267,8194,
286,6690,
305,5187,
324,3683,
343,2179,
362,067S,
377,77SS,
396,6251,
415,47%47,
434,3243,
53,1739,

120,1628,
139,0128,
157,8626,
176,712S,
195,5622,
214,4120,
233,2616,
252,1113,
270,%610,
289,8106,
308,6603,
327,5099,
346,3595,
365,2091,
380,9171,
399,7667,
418,6163,
437,4659,
456,315S,

291,383%4,
310,2327,
329,.0822,
347,9317,
366,7813,
382,4892,
401,3388,
420,1883,
439,0379,
4$7,8874,

104,4544,
123,3045,
142,1544,
161,0043,
179,8541,
198,7038,
217,5536,
236,4033,
255,2%529,
2%4,1020,
292,9522,
311,8019,
330,651S,
349,5011,
368,3507,
384,0587,
402,9083,
421,7579,
460,6075,
459,4S870,

F-43

294,5247,
313,3743,
332,2238,
351,0733,
309,9229,
385,6308,
404,4804,
423,3299,
442,194,
46,0290,

10,17347, 13,32369,
29,04683, 32,18968,
47,90346, 51,04354,
66,75323, ©9,89507,
85,60402, 88,74577,

107,5961,
126,440,
145,2961,
164,1459,
182,9957,
201,84SS,
220,6952,
239,5449,
258,394S,

‘217,2442,

296,0938,
314,9435,
333,7931,
3152,6427,
371,4923,
387,20¢3,
406,0499,
424,8995,
463,749,
462,5987,

297,6663,
316,5159,
335,36%4,
354,2149,
373,064S/
388,7724,
407,6220,
426,4715,
445,3210,
464,1708,

16,47063,
35,332134,
54,185S5S,
73,03690,
91,88750,
110,737¢,
129,5878,
148,4377,
167,2876,
186,1374,
204,987,
223,8308,
2U2,6865,
261,5362,
280,3858,
299,2354,
318,085,
336,9347,
355,76843,
374,6339/
390,3419,
409,1919,
428,041,
446,8907,
4695,7403,

BLDA1010
BLDA102V
BLOAL03G
BLOAL04GY
BLDA10S0
BLDA1060
BLDA1070
BLDA108Y
BLDA 090
BLOAS1OV
8LOALLLY
BLDAL12V
BLDA1130
BLOA1140
BLOA11S0
BLDAL OV
BLDA1170
8L0A1180
BLOAL19V
BLDA1200
BLDA1210
BLDAL22V
BLDAL23V
B8LOA1240
B8L0AL2SV
BLDAL260
BLDAL2T7V
8L0AL1280
BLDA3R290
BLDA1300
8L0A1310
BLOAL3R2V
BLDA1330
BLDAL13uWO
BLDA13S0
BLDA136V
BLDAL3ITV
8L0A1380




INPUT GUIDE

The input guide is listed in Tables F1-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 F1 shows the pavement
section, the characteristics of the applied load, end 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 F10. q

COORDINATE

SYSTEM 375 1
/ I %0.000 L8/ 50,000 LB 3
y
z
: RADIUS - 9.22
‘)0.75" / :
COMPUTATIONAL 4 1
POSITIONS AT X X
BOTTOM OF SLAB —=i=— &
o= (] Ll
16" PCC sLAB SR b e
v=0.2
12" GRANULAR E =3 x 104
BASE v=0.3 ;
. o 4
L i
i |
Pl 212" SUBGRADE E =1x10* (1
v=0.4 ¥
£ |
{4
|
i1
i1
&
H
- ®
RIGID SUBLAYER s iaely
V=04

NOTE: COORDINATE FOR COMPUTATIONAL POSITIONS:
POSITION NO. 1: x=0.0, y =0.0, £ = 12
POSITION NO. 2: x = 10.78, y =0.0, = 12
COORDINATES FOR LOADS
LOADNO. 1: x=0.0, y =0.0
LOADNO. 2: x =37.8, y =0.0

Figure F1. Diagram for example problem
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