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INTRODUCTION 

BACKGROUND 

The motivation for developing a nev structural design procedure 

for rigid airport pavements is that currently available procedures1- 5 

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 w~aknesses of the existing procedures . 

Rather, the proposed procedure will permit consideration of several 

design aspects that are ignored or approximated in available procedures . 

The procedures described in References 1-5 are similar in approach 

with variations only in certain details, Of ipterest is the common 

approach to modeling the pavement and characterizing the supporting 

characteristics of the material beneath the portland cement concrete 

(PCC) surface laye~. In all five procedures, the pavement is modeled 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 wi th plate load 

tests conducted on in situ materials. 8 '9 

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 characterization of each layer with fundamental material 

properties obtained from laboratory tests, as opposed to field tests on 

in situ material, will permit more flexibility for testing the material 
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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 ~ranged 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 

and, therefore, a better representation of the subgrade. 

A final reason for developing a new design procedure for rigid 

pavements is the belief among some engineers involved in pavement 

design, evaluation, and research that there should be a universal sys

tem applicable to design and evaluation of all types of pavements, 

rather than separate procedures for rigid, flexible, or unsurfaced. 

pavements . From a philosophical point of view, this goal certainly is 

desirable and is worth pursuing; but from a practical point of view, 

there are a number of obstacles that will only be overcome by advances 

in the state of the art of pavement 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 

procedures for rigid and flexible airport pavements. Thus, this design 

procedure represents a step toward achieving the goal of a universal 
design procedure. 

PURPOSE 

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

implementable procedure for the structural design of rigid airport 

pavements . This report documents the development of the 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 
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design, are reflected in the selection of an available linear elastic I 

response model, available procedures and specific conditions for m~te

rial characterizations, and simplified alternatives for accounting for 

traffic and environmental conditions . Certainly more sophisticated 

response models (finite element) and/or more sophisticated material 

characterizntions (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 innovations 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 used in routine design . Jointing is 

considered by specifying certain minimum requirements . 

No new methods are offered for the design of overlays . Although 

the use of the basic methodology for design of new pavements appears 

valid for design of overlays, no acceptable procedure was found to 

quantify either the load 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 . 

c . Development of performance criteria. 

d . Assembly of the methodology into a practical, implementable, 
des~gn procedure . 

3 



SELECTION OF RESPONSE MODEL 

GENERAL 

11 The layered elastic model was selected for computing pavement 

response parameters. B,y changing from the presently used model 

(Westergaard idealization), implications are that the presently used 

model is inadequate and that the layered model offers significant 

improvements. 6 '7 These implications may not be totally true and may, 

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

conditions. The problem stems from the judgment of adequacy or what 

is best . Such judgment is oftentimes subjective, based on opinion 

rather than fact, and in many cases, based on only a limited range of 

circumstances . Nevertheless, the selection of the layered elastic 

response model was based on what was believed to be sound, rational, 

and practical considerations. 

COMPARISONS OF AVAILABLE MODELS 

12 Crawford and Katona 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 
14 element idealization. A model developed by Saxena combines the dis-

crete element idealization of the elastic slab with an elastic solid 

idealization of the underlying material rather than a dense liquid 

idealization. The elastic solid idealization (Boussinesq) is a 
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simplified version of the layered elastic idealization (Burmister11 ) 

in that only one semi-infinite layer is considered . 

Huang and Wang
15 

developed a model that combines the finite 

element idealization for the thin elastic slab with the dense liquid 

idealization for the underlying material. A model developed by 

Eberhardt and Willmer
16

•
17 

is similar to that developed by Huang and 

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

can be considered. A procedure was developed in which the top two 

layers are modeled as an equivalent thin elastic plate. The finite 

element idealization is then used for the equivalent plate, and the 

dense liquid idealization for the remainder of the structure. 

As stated previously , these four models are simply mutations or 

combinations of the three primary idealizations and are subject to 

similar limitations . Therefore, the following discussions are limited 
to the three primary idealizations . 

Crawford and Katona
12 

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 

of the ith layer; (b) 
defined by (a) E. , the modulus of elasticity 

l 

v. , the Poisson ' s ratio of the ith layer , and l 

(c) h. , the thickness of the ith layer . Furthermore, the layers l 

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 E , v , and h , over a dense liquid (Winkler) foundation . The p p p 
liquid foundation is characterized as a bed of springs having a certain 

stiffness. Each individual spring represents the effect of the support 

5 
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Figure 2 . Westergaard pavement idealization (from Crawford and Ka.tona12) 
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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 .
18 

and Pickett and Ray19 permit uniform pressure distributions 

with any shape to be readily handled~ 

The elastic layered idealization would appear to be a more 

realistic representation of a real pavement structure since PCC pave

ments are truly layered systems, although the materials may not be 

truly elastic . For practical loadings, however, the materials can be 

represented by quasi - elastic properties . The representation of the 

top layer as a thin elastic plate (Westergaard idealization) or as an 

elastic layer is really not that different when the top layer is a 

PCC slab, as in rigid 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 ac~ually 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 layer s , 

quantification of the supporting characteristics of the underlying layer 

with a modulus of soil reaction produces reasonable computations of the 

response of 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 20ft) . 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 cuntrasted 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 
t . 8 . t reac ~on ~s no necessary. 

The use of laboratory procedures makes it possible to test a 

more representative sample of the existing subgrade and a larger variety 

8 



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 weakness when applied 

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

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

idealization is better because it does permit a rudimentary treatment of 

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

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

may be computed at or near the corner or edge of a slab that is semi

infinite in the horizontal direction . Empirical 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 

9 
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refers basically to a computation procedure rather than to a mathematical 

representation of the physical structure. As has been noted previously, 

the finite element idealization may be employed for the upper layer with 

a dense liquid or elastic solid representation for the remainder of the 

structure. Nevertheless, consideration as a separate idealization has 

merit for comparisons between available techniques for computing the 

response of a pavement to load. As discussed herein, the finite element 

representation will mean that the entire structure will be broken into 

a number of finite elements (Figure 3). 

In the finite element idealization, the continuous pavement struc

ture is broken into a number of elements connected at nodal points. The 

material in each element is assigned properties that may vary from ele

ment to element . The number of elements and nodal points that may be 

considered is limited by computer capacity, and thus boundary conditions 

must be specified . The loads are applied as concentrated forces at the 

nodal points . With the aid of special types of elements, discontinuities, 

special interface conditions, reinforcing steel, and dowel bars may be 

introduced. Special computational techniques permit consideration of 

y 
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Figure 3. Pavement idealization using the finite 
element program (from Crawford and Katonal2) 
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voids and temperature and moisture gradients within the pavement struc

ture. In addition, variable layer properties (thickness and load 

deformation properties) and nonlinear material response may also be 

treated. 

However, there are limitations. For a three- dimensional 

idealization with only a minimum number of elements and refinements 

(Figure 3) , the required time and cost involved in applying the proce

dure to pavement problems become prohibitive . 

There are plane strain, axisymmetric, and prismatic solid finite 

element idealizations , but with all of these idealizations certain con

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

models are reduced to manageable levels, the applicability to a general 

design procedure and improvements over simpler models is likewise 

reduced. 

After consideration of all models , the layered elastic model was 

selected. The model has several weaknesses, and certainly there are 

more sophisticated models available. However, it offers a viable 

alternative that can be implemented into a workable design procedure . 

Consider the relationship between the interior stress computed 

by layer theory and 0 . 75 of the edge stress computed by plate theory 

(Figure 4) . The parameter of 0 . 75 of the edge stress is the design 

parameter presently being used for design of rigid airport pavements. 

Although the relationship in Figure 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 

CHEVRON21 codes . In addition , the CRANLAY22 and the BISAR23 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 
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the ability of the program to consider different interface conditions. 

The BISAR program is a."l advanced version of the BISTRO program and has 
capabilities that , ~hile not necessary for the use of the design proce

in the future for pavement dure developed 

analysis . The 

in the study, may be 

CHEVRON program does 
useful 

offer some advantages in terms of 
operation cost and may, in some design situat1ons, be a completely 

adequate program. As an example, the CHEVRON code has been modified 

for multiple ~heels and is recommended by Barker and Brabston10 for 

flexible airport design . In order to maintain as much consistency 

bet~een pavement types, it ~as the original intent to use the same 
code for rigid pavements. 

Ho~ever , for rigid pavements that have a subgrade of a lo~ 

resilient modulus, the deflection basin computed vith the CHEVRON 
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computer code becomes very distor~ed 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) . Tbe 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 psi 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 ~/E5 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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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 
FINITE SUBGRADE DEPTHS 

The layered elastic idealization assumes that the bottom layer 

extends vertically to infinity. This, along with the assumption that 

the layers extend 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- ft depth ,1 ' 24 and the most common situation encountered is one in 

which the stiffness of the soil increases with depth . The results are 

that the model invariably overpredicts vertical deflections within the 

pavement structure. Strains, and therefore stresses , are also affected 

but to a much lesser extent . 

The effect of the assumption of subgrades with infinite extent 

may be examined by studying the influence on two of the more important 

response parameters, i . e . , vertical slab deflection and tensile stress 

in the bottom of the slab. Figure 8 illustrates the influence on ver

tical slab deflection . The magnitude of the influence will be affected 

by the subgrade modulus . As the stiffness of the underlying 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 magnitude of the vertical strain to very small values . 

Figure 9 illustrates the influence on radial stress in the bottom 

of the slab. The stress is not significantly affected by the presence 
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of the stiff l~er . This is typica.l of not only the radia.l stress 

(Figure 9) and the tangential stress but also the vertical stress . The 

components of strain are affected by the assumptions of infinite layers, 

but since they are computed directly from the stresses and involve no 

integration or summation process, the effect is small . The effects of 

small differences are not cumulative as they are for computations of 

deflections. The assumption of layers of infinite horizontal extent 

will also affect the computed response. For rigid pavements with small 

thick slabs, this may be important and is one of the weaknesses of the 

l~ered 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 
6 reasonable range of pavement thicknesses. The value of 1 x 10 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 poiat 
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of maximum response. Because of the approximati ons of linearity, 

elasticity, and time independency , the two are relatively compatib~e 

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 

6 - 1. 3386 c m 
(1) 

and the unconstrained regression function is described by the equation 
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where 

6 -c 

6 - 0.20 + 0.9986 c m 

computed deflection without a stiff layer 

6 - measured deflection m 

{2) 

Computed deflections with a stiff layer are shown in Figure 14 . 

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

6' - 0 . 9376 c m {3) 

and the unconstrained regression function is described by the equation 

6' - 0.0114 + 0 . 7396 c m 

where 6' = computed deflection with a stiff layer . c 

(4) 

Examination of Figures 10-14 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 

acceptability 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 f't or a sof't l~er 
below 20 f't . 
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SELECTION OF MATERIAL CHARACTERIZATION PROCEDURES 

GE.NERAL 

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 is highly dependent on the state of 

stress and the number of load repetitions to which the material has 

been subjected . Although the response of rigid pavements is not as 

sensitive to time and temperature* as flexible pavement, temperature 

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

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 will depend on the loading and 

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

will provide a reasonable approximation of conditions that exist in 
real airport pavements. 

Layers with bituminous binders are beneath the surface, where 

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 

Brabston
10 

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 . Bitumdnous 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., 

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

material. 

Chemically stabilized materials should meet requirements set forth 

in References 26, 28, and 29. Among these are requirements for durability 

and the requirement that strength increase with age, which are intended 

to ensure that the materials continue to function with age and that no 

adverse chemical reactions occur . However , in terms of ensuring that 

the material functions as a bound material (sustain flexural loading) , 

the requirement that the material attain an unconfined compressive 

strength of 250 psi at 28 days, as set forth by Barker and Brabston ,10 

is applicable for rigid pavements . This requirement should be used in 

lieu of strength requirements in References 26, 28 , and 29 . 

Those materials that have a chemical stabilizing agent added but 

do not meet the 250-psi compressive strength requirement should be 
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character ized with procedures for granular bases (subbases) or subgr ades , 

depending on the nature of the natural mater ial . For instance , a clay 

subgrade to which lime has been added but which does not meet the 250- psi 

str ength requirement should be characterized and considered simply as 

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

char acter ized and used in the des i gn 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 , 

i n 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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Permanent deformation initially occurs as the slabs become seated 

and additional densification of loose material occurs . This deformati on 

is rapid at firs t but then decreases as traffic is applied and essen

tially decreases t o zero . Figure 17 shows that the cumulative deforma

tion becomes rel a t ively constant and remains s o until cracking begins . 

In fact, Figure 17 indicates that between 600 and 2000 cover ages there 

is a decrease in the permanent deformation , i . e. , the pavement surface 

appears to rise. It is not known if this decr ease is traffic- r el at ed 

or due to other causes . The only s ignificant 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 f or 

the 20- in. pavement than for the 15- in . pavement and occurred between 

two consecutive readings indicates that the decrease is not r elat ed to 

traffic; thus; it is concluded that after the initial permanent def orma

tion, the traffic- induced permanent deformation remains r elatively 

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 compression 

test, split tensile test, and resonant column test. If the designer 

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

results of these 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 ratio selected for development of the design criteria. 

The modulus and Poisson's ratio values of base material vary over 

a wide range. A compensating factor is that the principal strength of 

rigid pavement is derived from the concrete surfacing, and thus rela

tively large variations in the moduli ot 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 Brabston10 and Chou,25 for estimating the 

modulus and Poisson ' s ratio of bituminous bound bases that can be used 

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. Since 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 should 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 characterization 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 material 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. In 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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Table 1 

Summary Chart for Material Characterization 

Referenced Expected Other Methods of 
Laboratory Influencing Range for Estimating Modulus Typical Values or Range 

Material Test Parameters Modulus by Correlations for Poisson ' s Ratio 

PCC Flexural Age 3 
6 Split tensile 0 . 2 X 10
6 

-
beam 6 X 10 Unconfined 

compression 

Bituminous Flexural Temperature, 1 X 105 - Split tensile 0 . 3- 0 . 5 
concrete beam rate of 1.5 X 106 Triaxial 

loading compression 

w Granular Triaxial First stress 1 
4 Empirical charts 0 . 3 

\0 
X 10

4 
-

base compression invariant, 6 X 10 
density, 
moisture 
content 

Cohesionless Triaxial First stress 1 
4 Plate bearing 0 . 3-0 . 5 X 104 -

subgrade compression invariant , 3 X 10 
density, 
moisture 
content 

Cohesive Triaxial Deviator 4 3 Plate bearing 0 . 4 X 104 -
sub grade compression stress , 3 X 10 

density , 
moisture 
content 



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 . 
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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. 

30 Yimprasert and McCullough 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 Officials (AASHO) road tests . The performance criteria recom

mended by the Portland Cement Association5 (Figure 19) are based on 

laboratory tests of beams . The performance criteria developed by the 

Corps of Engineers are based on results of full-scale test pavements 

subjected to controlled accelerated simulated aircraft traffic . The 

evolution of these criteria is described in References 31-35 . One ver

sion of these criteria is shown in Figure 20 . This curve35 is a plot 

of the design factor (DF) versus coverages from the equation 

where 

DF- R/0.75a 
e (5) 

DF - design factor 

R - PCC flexural strength 

a e - tensile stress in the bottom of the PCC slab computed with 
the Westergaard edge-load idealization 
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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 thi ck

ness versus coverages. 37 

Upon detailed examination of the various fatigue criteria , it 

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

many details are different . The data for the criteria are derived from 

two sources: controlled traffic tests of actual pavements , and labora

tory flexural tests on concrete beams (fatigue in compression is 

described by compressive loading of cylinders or cubes). The data for 

the curves labeled Hudson and Scrivner and Vesic in Figure 18 were 
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developed from an analysis of data from the AASHO road tests . In Fig

ure 20 , the data for the curves resulted from an analysis of data f r om 

test pavements trafficked with s i mulated aircraft traffic . The dat a for 

the curves labeled Kesler , Murdock and Kesler, and Clemmer in Figure 18 , 

and for the curves i n Figure 19 , were obtained from flexural loading 

tests of concrete beams . 

There are differences in procedures for counting stress r epeti

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

appl icati ons of load , although complications may arise concer ning the 

nature of the load. For the AASHO r oad tests , loads were applied with 

vehicles having single- and tandem- axle loads . Stress repetitions , as 

def ined for the r elationship developed by Vesic in Figure 18 , were the 

number of load applications , with the tandem- axle load applying t wo- load 

applications with each pass . In Figure 20 , the term coverages is 

synonymous with str ess repetitions . Passes of a load are converted to 

cover ages , which are a measure of the number of times the maximum stress 

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

air cr aft t r affic 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

cr aft 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 differ ent pr ocedures . 

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

from simple equations of bending. For the relationship labeled Hudson 

and Scri vner (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 wer e not measured directly. Rather , a series 

of s t rains were measured , then converted to str esses , and an empir ical 

relationship developed. Fr om this relati onship , the stress was eomput ed 

to develop the per formance r elat i onship. The curve labeled Vesic in 

Figure 18 was also derived from an analysis of the AASHO road test data , 
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but stresses were computed using the finite element model with the 

Westergaard idealization of the pavement. The stresses are reported 

as the maximum that could have existed in the pavement . The stresses 

for the relationships in Figure 20 were computed as described previously. 

There are differences in the definition of failure . For the 

relationships in Figures 18 and 19 based on flexural tests of beams, 

failure is defined as fracture of the beams . For the relationships 

based on data from the AASHO road tests, failure was defined as the 

pavement condition when the serviceability index equaled 2 .5. The 

performance criteria in Figure 20 are based on what is referred to as 

the initial failure condition. This is defined as the condition at which 

50 percent of the slabs in the traffic area have developed a crack that 

divides the slab into two or three pieces. The line designated k = 25 

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

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 aircrEtft 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 response parameters. The initial crack definition of 

failure selected stated that a pavement was considered failed when 

approximately 50 percent of the slabs in the traffic area had cracked. 
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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 properties 

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

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

of traffic and pavement condition were monitored until failure of the 

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

were measured. 

Certain details of each test were different . The construction 

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

type joints, type load, distribution of loading, 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 has 

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

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

complete set of criteria. The relationships presented are simplifica

tions of what 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 agglomerations of 

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

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

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

loadings or possibly foundation 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 ae 

fatigue of the PCC as obtained from beam tests. Environmental effects 

are not considered in the computation of the response parameters for 

developing the 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 occur s 

(which takes time) , nor do the minimum strength conditions prevail all 

the time. However , the detrimental and beneficial effects of time may, 

to a certain extent , counterbalance each other . 

The effects of joints are not considered directly although it is 

recognized that joints are a point of weakness in rigid pavements and 

the distress is usually initiated at joints . The effects of joints are 

handled in the following manner: 

a . The test pavements all had joints and slab sizes that were 
similar 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 slab 
sizes used ensure adequate vertical forces transmitted 
between slabs . 

Each test pavement was limited in size ; therefore, construction 

procedures and equipment were not of the size and complexity used for 

constructing large amounts of aircraft pavements. More manual operations 

were involved in the construction of the test pavements than would 

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

way . This must have affected the variability and the quality of pave-

t Man f th t st items were only 2 , 3 , or 4 slabs in size. On men . y o e e 

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 from 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 Load, 35 Keyed Longitudinal Construction Joint, 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- 3,40- 46 
Sharonville Channelized , 34 , 47 and Sharonville Heavy 

Load
48

), the load deformation properties of the foundation mater ial were 

described solely by the modulus of soil reaction obtained from stati c 

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. 10 

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 a relationship, such as shown in 

Figure 21, to a wide range of conditions is questionable on several 

accounts. However , for the purpose for which it was developed and used 

herein, it did appear to provide reasonable estimates for the modulus 

of elasticity of the subgrade in the earlier test tracks. The credi

bility of the correlation is enhanced by the comparisons presented in 

Figure 22 . The three points represented three conditions in which 

both types of tests had been performed. Points 1 and 2 were for a high 

plasticity clay (CH) and point 3 was for a low plasticity clay (CL) . 

The second curve in Figure 22 was taken from Reference 49. The proxim

ity of the three additional data points and the additional curve to the 

established relationship indicates that the correlation should provide 

reasonable estimates of the resilient modulus of subgrade soils . It 

should be noted that the laboratory tests were conducted according to 

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

Data for Correlation Bet ween Static Modulus of Soil 
Reaction and Res i lient Modulus 

Soi l Identi fication Modulus of Soi l Reaction 
No . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

* 
** 
t 

Class LL PI pci Resilient Modulus , 

CL 36 12 35 4 , 500* 
CH 50 32 170 22 ,000* 
CH 58 33 32 1 ,700* 
SM N. P . 116 21 ,500** 
CL 49 25 75 9 , 400* 
ML 27 3 225 12 ,000** 

SW- SM N. P . 190 35 ,000** 
SW- SM N. P . 450 112 ,500** 

SP N.P . 630 91 ,000** 
CL 43 21 175 32 ,500* 
CH 73 48 85 4 , 500* 
CH 73 48 118 13 ,200* 
CH 73 48 120 7 ,625* 
CH 73 48 120 9 ,000* 
CH 73 48 130 6 , 213* 
CH 73 48 72 6 , 500* 
CH 53 34 325 200 ,000t 
CH 64 42 250 102 , 500t 

Resilient modulus determined at deviator str ess of 5 psi . 
Resilient modulus determined at f i r st str ess invariant of 10 psi . 
Points not used to establish correlation . Laboratory specimens 

wer e not r epresentative of in situ mater ial. 
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wer e selected at a devi ator stress of 5 ps i and at a first stress 

invariant of 10 psi for cohesionless soils . 

The moduli of elasticity for the granular base materials in the 

earlier test sections were selected using data from the previously 

described correlation (when plate bearing tests were conducted on top 

of the base 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 (Appendix 
10) 50 

G and Chou , and from test results for similar materials presented 

by Chisolm and Townsend
51 

and Hicks. 52 Values for Poisson ' s ratio were 
10 assigned from values recommended by Barker and Brabston. 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 

where 

DF' - R/a 

DF' - design factor for str ess computed with elastic layered 
theory 

R - PCC flexural strength 

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

(6) 

The limiting stress c~iteria are illustrated in Figure 23 . The 

data points in this figure are listed 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 

Qa~l 'Qt ~IJlooaegt g( ~e~torman~e Criteria 

Verl.lctJ. 
I tea 'l'raN'Ic, Deal&n Detlectlon, 51 te Location Identl t'leatlon Type Load Coveryee Paetor ln. 

Loc llbollnle A Dual-Wheel 39()+• 1.84 0.0206 llo. 1 A 45 1.31 0.0356 
8 187 1.47 0.0322 
8 35 1.03 0.0558 c 200 1.33 0.0437 c 44 0.92 0.0757 D 450 1.30 0.0498 D 33 0.89 0.0863 
2 430+ 1.48 0.0409 
E 17 1.02 0.0712 
F 550+0 1.87 0.0446 
P' ill 1.25 0.0710 K 72 1.29 0.0634 
K 700 1.91 0.0393 
II 150 1.39 0.0653 
N 9 0.94 0.105 
0 573 l. TO 0 . 0575 
0 72 1.14 0.0928 p 262 1.24 0.0894 p 6 0.84 0.144 
Q 1,390 1.68 0.0657 
Q 57 1.12 0.106 
u 88 1.51 0.04 
u 1 . 5 1.16 0.0625 
A (Reeonatr.) Dllal-llheel 658 1.87 0.0435 

Lockbourne !:1 S I ngl..-\/heel 97 1.15 0.061.1 
llo. 2 1!:2 942 1.19 0.0584 

23 17 1.07 0.0808 
1!:4 203 1.07 0.0786 
25 43 1.53 0.0479 
1!:6 2 ,204+ 1.71 0.0407 
E7 Sin e-\lheel 2,204 +0 2.44 0.0346 
Ml Dllal-'l'a.ndea 13L 1.21 0.104 
M2 t 2 ,201,+ 1.63 0.0807 
K3 Dllal-Ta.ndea 2 ,201a•· 2.46 0.0562 

Loc II bourne 1 Dllal-llheel 
llo. 3 

18 0.82 0.0903 

Sharonrtlle 57 Dual-Whee 1 34,650+0 2.35 0.04 
Cha.nne1bed 58 

l 
34,650+ 1.98 o.o44 

59 1,600 1.86 0.03 
60 1,674 1.80 0.018 
61 3,867 2.13 0.017 
62 Dual-\/heel 10,082 2.72 0.013 

Sharonrtlle 71 DlltJ.-Te.ndee 9,680+" 3.28 0.0295 
Heavy Loacl 72 j 9,680 2 . 53 o. 0413 

13 Dual-Tandem 2,115 2.00 0.0507 

M\(IIGL 1 C-5A 221 1.25 0.0579 
2 C-5A 4,230 1.69 0.0502 
2 Dual.-'l'a.ndea 95 1.24 0.0537 
3 Dual-Tandem 205 1.43 o.o454 
3 C-5A 1,400 1.78 0.0433 
4 C-5A 180 1.05 0.0683 

ICWS l C-5A 54 1.39 0.0589 
2 

c-l 
344 1.40 0.0530 

3 22 1.40 0.0579 
4 6,336 1.76 0.0530 
4 Dllal-Tando. 320 1.43 0 .0591 

SSPS • 3 Dllal-T""<te. 3,215 2.00 0.0478 
3 

Dual.J ... d_ 

350 1.62 0.058 .. lo,66o 2.00 o.olo78 
4 70 1.61 0.0574 

llote : The p1wo •liP' ( + ) tndieatea that traN'ie atopped prior to It• failure. 
• Data pointe not woad io antJ.yai a. 
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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 that would minimize (based on least squares 

criteria) the variability in the required thickness, stiffness , and 

strength of pavement to carry a certain load . The alternative would 

have been to select coverages as the dependent variable and design 

factor as the independent variable. This solution would then minimize 

the variability with respect to coverages . The choice between the two 

relationships is subjective in nature, and only through examination of 

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 variable . The resulting relationship in Figure 24 is 

described by the equation 
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6 - 0 .10876(Cov)- 0 ' 1228 
(8) 

where 6 represents the computed vertical elastic slab deflection . 

The standard error for Equation 8 is 0 . 01958 in. A band, two standard 

errors wide, is shown in Figure 24 . The correlation coefficient of 

- 0 . 58282 from the regression analysis 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 cover age 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 1 will be caused by inherent 

variability of the test data . Therefore, an analysis of the 24 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 

6 - 0.098738 (log Cov)-0 · 57910 (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 

t wo 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

wheel gears is given by 

where 

SE - 0 . 02085 

r = -0 . 67485 

6 - O.l2657(Cov}- O. l 6314 

The best fit equation for multiple-wheel gears is expressed as 

where 

SE - 0.01355 

r = -0 . 41200 

o - 0 . 077005(Cov}- 0 ' 049l9l 

(10} 

(11) 

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 747 aircraft with a maxi

mum ramp weight of 713 kips and a Boeing 727 aircraft with a maximum 

ramp weight of 173 kips . Both of these aircraft produce wheel loads of 

about 42 kips . Computations for an 18- in .-thick PCC slab (E = 4 x 10
6 

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 747 and 262 psi and 0.0238 in . for the 

Boeing 727. As noted, the stresses are almost the same, but the deflec

tion produced by the Boeing 747 is almost twice that produced by the 

Boeing 727 . The use of a single relationship for deflection criteria 
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would be either too severe for the Boeing 747 or unconservative for the 

Boeing 727. 

Additional data will be presented in a following section, which 

will strongly indicate that the deflection is also dependent on the 

subgrade strength . The test data were insufficient to define the rela

tionship between the deflections and the 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 vas 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 

6 = 0.082794DF-1 ' 2209 (12) 

As with the previously developed deflection criteria, the useful

ness of the criteria for design is considered limited. These criteria 

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

these criteria the limiting deflection is based on the design factor, 

which contains the PCC strength. The relationship may find greater use 

in pavement evaluation since it does 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 mu.st 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 overlay design and for rein

forced pavement and overlay design are the same as are currently employed 

for military and civil facilities .1- 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 for this 

is that the basic parameter used in the development of both criteria 

is the thickness of unreinforced pavement. The overlay criteria were 

developed and then applied in terms of the thickness of overlay needed 

to provide the same performance of an equivalent reinforced pavement 

thickness. 33, 53 The criteria for reinforced ~avement and overlay design 

were developed and then applied in terms of the steel increasing the 

effective slab thickness as a percentage of the required unreinforced 

pavement thickness. 33 ,34 ,53 , 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 
0 d 
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where 

h - thickness of overlay 
0 

hd = thickness of PCC slab placed directly on foundation 

h = thickness of existing PCC slabs 

This equation is based on the assumption that the bond is sufficient for 

two slabs to act as one, thus the direct one- for-one relationship in 

thickness . Certainly, the equation should be applicable no matter what 

the basis for determining the thickness of the slabs directly on the 

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

criteria. 

Bonded overlays are recommended when the existing pavement is 

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

direct substitution of thickness . The required equivalent thicknesses 

of FCC 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 compu~e 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 

h 
0 

by 

1-:; h 1 . 4 _ Chl.4 
d 

(14) 

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 

(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 

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 variable bond between layers, but the problem 

is in defining the degree of bond . 

The bonded case could be handled with the proposed system, 

provided it is only applied when the existing pavement is structurally 

sound. However, the only improvement over Equation 13 that could be 

effected would be to consider differences in the moduli of the PCC in 

the overlay and the existing pavement. The effect of different PCC 

moduli are not considered significant. When the moduli are the same, 

Equation 13 should give the same results as direct application of the 

design procedure since the assumption of full continuity between the 

two PCC layers, which is made in the equation and can be made in the 

response model (BISAR code). 

The currently used procedure for design of rigid overlays of 

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

foundation where the load deformation characteristics of the existing 

flexible pavement are defined by a modulus of soil reaction measured 

with a plate bearing test. It is recommended that the same procedure 

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

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 flexiple 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 : 

a. 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 procedure described by Barker and 
Brabston in Appendix G. lO 
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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 to characterize the 

load deformation characteristics of flexible pavements provides ques

tionable results . The characterization of the materials composing a 

flexible pavement with the prescribed procedures and the use of these 

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 

empir ically from data from full- scale accelerated traffic tests. The 
0 40- 42 43 44 test tracks des1gnated Lockbourne No. 1, Lockbourne No. 2 , ' 

and Sharonville Channelized Traffic34 ,47 contained reinforced test 

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

performance of plain and reinforced pavements and relating the improve

ments in performance to the amount of steel. The basis for the compari 

son was the thickness of unreinforced pavement . Therefore, assuming 

that the proposed procedure will result in adequate thicknesses of 

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 roR DESIGN 

GENERAL 

Herein, procedures for application of the response model, material 

characterization tests, and performance criteria to the design of rigid 

airport pavements vill 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 vhich 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 hov 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, borrov 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 

are contained in References 1-3 and 24. 

for currently used procedures 

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 

borrov 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 vill depend on the results from 

the preliminary soil survey. At least four samples of each distinct type 

or subgrade soil should be obtained for resilient modulus testing. Bag 

samples of each distinct type of borrov material proposed tor 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 with 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 subgra~e 

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 42-6855 (CRD- C 

27- 6956 ). 
For flexible pavements, samples should be obtained for the sub

grade, subbase course, and base course layers . For bituminous surfac

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

be included with the base layer when assigning material properties. 

Likewise , when the bituminous surface layers are cracked to the point 

where they would not fUnction as a continuous layer of bound material, 

then the same material properties may be assigned as for the base layer . 

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 
1-3 24 met will be the same as those presently employed . ' Procedures, 

different fran 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 approximations 

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

used in conjunction with typical values for selecting a representative 

value. 

SUBGRADE 

Test procedures for subgrade soils are outlined in Appendix E. 

Cohesionless soils will be insensitive to moisture content, but very 

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

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

invariants of 10 psi, and average values computed . 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 subgrade 

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 response of granular bases, 

while insensitive to moisture, is dependent on the density of the mate

rial. Therefore, specimens should be prepared as close as possible to 

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 outlined in Appendix C. Separate procedures are 

for chemically stabilized and bituminous stabilized bases. 

provided 

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 f'rom available temperature predic

tion models. The values selected for design should be the average of 

all values obtained. Poisson's ratio should be selected from the fol

lowing recommended values: 
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Material 

Bituminous Stabilized 

Chemically Stabilized 

PORTLAND CEMENT CONCRETE 

Poisson's Ratio 

0.5 forE< 500,000 psi 
0.3 forE> 500,000 psi 

0 . 2 

Mixture proportioning studies should be conducted to establish 

a practical range of flexural strength that may be obtained with avail

able materials. Flexural strength tests are conducted according to 

ASTM Standard Method of Test C 78- 75 57 (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 

of Engineers procedure CRD-C 21-58.56 

The design strengths specified should depend on the method used 

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

specifications, the design strength should be the strength obtainable 

80 percent of the time with the specified mixture proportions . If 

flexural strength is specified in job specifications, the design 

strength should be the strength reasonably 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 strength 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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C 78- 7557 (CRD-C 16- 6656 ) or from tensile strength obtained from split 

tensile tests according to ASTM Standard Method of Test C 496- 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 Hammitt59 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 results will be an array of acceptable designs, which are 

structurally acceptable but must be evaluated economically to determine 

the optimum design . 

The array of acceptable layered systems will be bounded by prac

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

based on structural requirements , construction constraints, thickness 

limitations based on soil and environmental conditions (swelling soils, 

frost action, etc . ), and limitations of locally available materials . 

Awareness and adherence to these practical limitations will reduce the 

effort required by the designer. 

The procedures for selecting layered thicknesses, as outlined 

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

special requirements, as currently specified in References 1-3 and 24, 
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 t o 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 

where 

R1 - equivalent DC-8-61 departures 

R2 - adjusted departures of aircraft in question 

w1 - wheel load for equivalent DC-8-61 

w2 - wheel load for aircraft in question 

(16) 

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

jet aircraft in the traffic mixture. 

body jet aircraft are substituted for 

When Equation 16 is used, wide

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 Convert 

Single wheel 

Dual wheel 

To 

Dual tandem 

Dual tandem 
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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, i t is 

an acceptable approximation . 

The procedure of designing for only the wide- body jet aircraft 

and comparing this design with the design for the equivalent DC-8 design 

is similar to the procedure employed for military design, i .e., the most 

critical design (thickest slab) is selected . Conceptually the use of 

this procedure with the proposed criteria is correct from the standpoint 

of load and load application. However, the assumption necessary is that 

the pavement life or thickness required is not affected by any loading 
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except the critical loading, i .e. , the loading requiring the thickest 

pavement. This assumption may not be totally valid, but as will be seen 

in the examples, it also provides an acceptable approximation . 

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

simplifying the process of treating a mixture of traffic. This simpli

fication appears to be in order when considering the impreciseness of 

the performance relationship, the precision of material characterization 

procedures, and the accuracy of estimates of 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 differePt loads are not accounted for in the 

criteria, and one is forced to make 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 

. f' .al ff t 60 ' 61 even have a bene 1c1 e ec . 

a failure load and that they may 

Certainly a pavement is a more 

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

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

repetitions. However , because of the lack of definitive data to prove 
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or disprove its validity, the use ot 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 ot 

flexural strength of concrete to the maximum induced stress. Stresses 

less than the maximum do exist in the pavement, and one must decide 

whether to include their effects in the analysis. Similarly, the loca

tion of the maximum stress will vary as the position of the gear varies. 

In addition, the peak of the load distribution for each aircraft will 

vary. This can best be illustrated by considering Figure 30 . This 

figure illustrates, conceptually, two distributions of loads across a 

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 can be used . 

When the approximations involved and the effort required are con

sidered, the simpler approaches have certain advantages . This is 

especially true, since a trial- and-error procedure will be required 

to select a PCC slab thickness for each foundation condition tried and 

to select the optimum combination of foundation condition and PCC slab 

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 . 

~·fuen 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 through 

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 tabulated in Table 4 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 and a Poisson's ratio of 0 . 3 is placed 

between ~he 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 , againsc the limiting deflection criteria. Assuming that 

the materials used represent realistic ranges of available materials, 

then additional designs f or 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 

4 x 10
6 

psi , a Poisson ' s ratio of 0.2, and a design flexural strength 

of 700 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-727 7000 173 237 

DC- 8 2000 358 209 

B-747 1000 713 245 

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

Table 5 

Traffic for Example of Design for Military Facility 

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

B-52 1000 480 267 

KC- 135 2000 300 267 

C- 141 2000 320 208 

F- 111 4000 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--Granular 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 departures to equivalent 

DC- 8-61 departures. This results in the following: 

Aircraft 

DC-9 
B-727 
DC- 8 
B-747 

Total Departures 

140,000 
140,000 

40,000 
20,000 

Equivalent DC-8-61 Departures 

8,800 
69,400 
40,000 
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 0.0407 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. Desi6n Factor Slab Deflection ~ in. 

14 1.52 0 . 0594 
16 1.80 0 . 0516 
18 2 . 10 0.0453 
20 2 . 44 0.0400 
22 2.79 0 . 0357 

These results may be plotted as illustrated in Figure 31 , and a required 

slab thickness of 18. 8 in. is selected . A check of deflection criteria . 
reveals that a PCC slab thickness of 19. 7 in . would be required to meet 

the deflection criteria. This completes the structural design for this 

one load and foundation condition . 
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The design for the wide- body jet aircraft in the traffic mix is 

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

with a pass- to-coverage ratio of 3. 48 . 36 Applying Equations 7 and 9 , 

respectively , results in a required design factor of 1.92 and a limiting 

deflection of 0 . 0459 in . The BISAR computer code ~as run for several 

trial slab thicknesses , and design factors computed with the maximum 

stress . The results are tabulated as follo~s: 

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

12 1.45 0 . 0650 
14 1. 73 0 . 0565 
16 2.04 0 . 0494 
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 check of deflection criteria 

reveals that a 17 . 1- in.-thick PCC slab is required for satisfying the . 
deflection criteria. Thus , the equivalent DC- 8- 61 traffic is critical , 

and the design ~ould 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 

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

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

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

then applied to determine the design factor, and Equation 9 is applied 

to determine limiting deflection. The results of these steps on the 

traffic in Table 5 are tabulated as follo~s: 
• 

Total Total Design Design 
Aircraft Passes Cover~es Factor Deflection 1 in. 

B- 52 20 , 000 13,100 2 . 05 0 . 0435 
KC- 135 40 , 000 12 ,800 2 . 05 0 . 0436 
C- 141 40 , 000 11 ,700 2 . 03 0 . 0438 
F- 111 80 , 000 14 ,200 2 . 06 0 . 0433 
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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 . 0431 

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: 

Aircraft 

B- 52 
KC-135 
C- 141 
F- 111 

Required Slab Thickness 
(Stress Criteria) , in. 

24 . 3 
12.6 
14 . 7 
13. 3 

Required Slab Thickness 
(Deflection Criteria) . in . 

25 . 8 
13.8 
15.5 

<10 

The design thickness of 24.3 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 dete~ne 

the limiting deflections for each aircraft at the applied traffic level . 

The total coverages and limiting deflection for each aircraft in the mix 

are tabulated as follows: 
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Aircraf't APplied Coverages Limiting Deflection , in. 

DC- 9 38,000 0.0409 
B-727 42,900 0.0406 
DC- 8 11,900 0 . 0438 
B-747 5 ,750 0 . 0459 

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 coverages versus thickness . Application of Miner ' s 

hypothesis, i . e ., failure will occur when the ratio of applied to 

allowable coverages reaches one, yields a required thickness of 16. 8 in . 

A comparison of limiting deflections for each aircraft listed above with 

the computed deflections in Table 6 reveals that the computed deflection 

is less than the limiting deflection for a thickness of 17 in . for all 

aircraft except the DC- 8 . For the DC-8, the limiting value is 0 . 0438 

as compared with the computed value 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-747 has about the same gear load, the flotation of the 

gear is more efficient ; therefore, the damaging effect of the B- 747 

traffic is negligible compared with the effect of the DC- 8 traffic. 

Summary of Design Exa.mples. The array of designs obtained for 

the civil facility traffic is shown in Table 7 and for the military 

facility traffic in Table 8 . Presented also in the tables is the slab 
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Table 6 

Mixed Traffic Analysis--Civil Facility--Bound Base 

Maximum Design Allowable Applied Coverages/ 
Aircraft Deflection 2 in. Factor Traffic a Cover~es Allowable Cover~es 

Slab Thickness = 16 in. 

DC- 9 0 . 0178 3 . 26 3 . 36 X 107 o.oo 
B-727 0 . 0261 2.39 119 , 000 0 . 36 
DC- 8 0 . 0491 1.96 7 , 300 1.63 
B-747 0 . 0471 2 . 22 39 , 500 0 .15 

2 .14 

Slab Thickness = 17 in. 

DC-9 o. 0165 3.57 2 . 51 X 10 8 0 . 00 
'\() B-727 0 . 0243 2 . 62 529 , 000 0 . 08 
.::- DC- 8 0 . 0461 2 .11 19 , 300 0 . 62 

B-747 0 . 0441 2 . 38 111 , 000 0 . 05 

0 . 75 

Slab Thickness = 18 in . 

DC-9 0. 0154 3 . 91 -- 6 0 . 00 
B-727 0 . 0228 2 .86 2 , 51 X 10 0 . 02 
DC- 8 0. 0433 2 . 27 54 ,600 0 . 22 
B-747 0 . 0416 2 . 56 358 ,000 0 . 02 

0 . 26 

Slab Thickness - 19 in. 

DC-9 0 . 0145 4 . 27 
1.27 ~-107 

0 .000 
B-727 0. 0213 3 .11 0 . 003 
DC- 8 0 . 0407 2 . 44 164,000 0 . 073 
B-747 0 . 0394 2 . 75 1 , 230 , 000 0 . 005 

0.081 
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Table 7 

Slab Thickness for Civil Facility 

Pavement Type 

No base 
12- in . granular base 

8- in . bound base 

No base 
12- in . granular base 
8-in . bound base 

Reguired Slab Thickness 2 

Str ess Deflection 
Criteria Criteria 

Eguivalent DC-8 Design 

19 . 2 20 . 2 
18. 8 19 . 7 
17. 8 19.1 

Wide- Body (B- 747) Design 

15.7 17 . 6 
15 . 2 17 .1 
14 . 2 16 . 4 

Accumulative Damage- Mixed Traffic Design 

No base 
12- in . granular base 

8- in . bound base 
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18 . 2 
17 .8 
16 . 7 

19 . 0 
18 . 5 
17 .8 

in. 
Present 
Design 
Criteria 

18.1 
15 . 7 

13.8 
11.8 



Table 8 

Slab Thickness for Military Facility 

Reguired Slab Thickness 2 in. 
Present 

Stress Deflection Design 
Pavement Type Criteria Criteria Criteria 

B- 52 Aircra:f't 

No base 25.6 27.0 23.2 
12-in. granular base 25.3 26 . 5 20 . 8 

8- in . bound base 24.3 25 . 8 

KC- 135 Aircraft 

No base 14. 2 15 . 2 13.0 
12-in. granular base 13.7 14 . 6 10 .9 
8-in . bound base 12.6 13. 8 

C- 141 Aircra:f't 

No base 16. 3 16 . 8 14.7 
12- in . granular base 15.8 16 .2 12.7 

8- in . bo11nd base 14.7 15.5 

F- 111 Aircra:f't 

No base 14 . 2 <10 14.1 
12- in. granular base 13.9 <10 13.4 
8-in . bound base 13 . 3 <10 

Accumulative Damage-Mixed Traffic Design 

No base 25 .6 27 . 0 
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thickness as determined by present Corps of Engineers* design criteria. 

The comparison between the different slab thicknesses should be noted. 

Although the design examples provide some comparison between the different 

criteria, these examples cover only a limited design condition. A more 

comprehensive comparison is provided in the following section. 

COMPARISON OF CRITERIA 

In working through the design examples, it was obvious (Tables 7 
and 8) that the slab thicknesses obtained by applying the stress criteria 

(Equation 7) or the deflection criteria (Equation 9) were different from 

the thicknesses obtained from the present Corps of Engineers design pro

cedure. Although the difference due to the dependence of the criteria 

on the gear was expected in the case of deflection criteria, for the 

stress criteria the magnitude of the difference was unexpected and felt 

to be unacceptable. To understand the nature of the differences in the 

criteria, additional analyses were conducted. 

First, the required slab thicknesses for different design situ

ations were computed using each of the design criteria. Figures 35 and 

36 present the comparisons of the required slab thicknesses over a range 

of subgrade strengths for the DC-8 and C-141 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 weB.k 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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for the test sections using both criteria. Figure 37 shovs the compari

son of the tvo criteria. These data are the evidence that the tvo cri 

teria are different even though much of the same test data vere used 

in the development of both criteria . 

The difference is particularly noticeable at the lover coverages 

(belov 200) and the higher coverages (from 1,000 to 30 , 000). Figure 38 

presents a comparison of both criteria vith the actual coverages to 

failure . The comparison of Figure 38 clearly shovs that the stress 

criteria as developed in this study better predicts the actual perfor

mance, at least for the lover and higher coverages, than the present 
design criteria. 

To better understand why the present design criteria are failing 

to predict performance in certain coverage ranges, the test data vere 

reanalyzed in the same manner, i .e., plate theory vas used to compute 

edge stresses, as vas 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 vere used to develop interior stress cri

teria of the form of Equation 7. This vas 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, vhich best fit the 
present design criteria. 

Figure 39 shovs the comparison betveen the present design cri

teria and the data developed from the test sections . It should be 

repeated that these data shovn were computed using edge stresses in 

the same way as vas used to develop the present design criteria . The 

specific reasons for the disparity betveen the criteria and the test 

section data are not knovn. One contributing factor may have been that 

a considerable amount of the data shovn is from test sections constructed 

and tested after the development of the present design criteria . The 

lack of data vould 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 
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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 

require pavements of greater thicknesses. 

The conclusion from the comparisons of the two criteria is that 

a basic difference does exist between the two criteria. The test section 

data as analyzed in this s~udy 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 simulate the discontinuities in the layer s , 

and no new data or analyses were developed during the study that would 

improve joint design . As a result , the current joint types and joint 

requirements as contained in References 1-3 should be used. 

The criteria developed will indirectly reflect the influence of 

joints since all the test pavements contained joints that were similar 

to those currently used . The traffic, in many of the tests, was applied 

in the critical location with respect to the joints . Therefore, the 

criteria should be adequate , provided currently specified joint systems 

are used . 

Joints in PCC pavements are critical . In order to improve joint 

design (and therefore improve the design of the entire pavement system) , 

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 . 
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TRANSLATION FROM DESIGN 
TO CONSTRUCTION 

The production of plans and specifications for constructing pave

ments with the design procedure contained herein will require some 

modifications to presently used procedures . For subgrade soils and 

borrow material, no changes will be needed. The materials to be used 

may be identified, and with specifications of thickness of compacted 

layer, density, and moisture, there is a reasonable degree of certainty 

that the material constructed will be as intended by the designer . 

For bases (subbases) and PCC , changes will be required. For 

bases, there are several alternatives. One alternative is to completely 

specify the material as to source, gradation, density, moisture , type 

and amount of additive, and layer thickness. A second alternative is 

to specify alternate types (granular, chemically stabilized, or bitu

minous stabilized) along with the required thicknesses and moduli of 

elasticity of each type. A third alternative is to specify a relation

ship between modulus of elasticity and layer thickness . This will 

permit the contractor to select the type material to use. Certain 

ranges of acceptable moduli and thicknesses would have to be established, 

and different quality control measures would be required for the third 

alternative. 

For PCC, the alternatives are similar to those for bases, i . e ., 

a complete description of the material to be used, including source of 

aggregates, mix design, etc . , may be specified, or the desired prop

erties (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 analysis 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 pr ove satisfactory . 

A final note on translation from design to construction should be 

made regarding rounding off of thicknesses. Thicknesses of base (sub

base) courses should be considered in increments of 1 in . When fixed 

si de 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 r e

garding the design procedure developed herein: 

a . There exists a basic difference in the design criteria 
developed in this study and the present design criteria. 
The data from test sections support the acceptance of the 
stress criteria as developed herein . 

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

c . Data points are needed at traffic volumes greater than 
10,000 coverages to verify extrapolation of the limiting 
stress and limiting deflection performance relationships , 
or to provide means for modification of the relationships 
for higher traffic volumes . 

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

e. Efforts should be made to develop procedures for quantifying 
the load deformation characteristics of deteriorated rigid 
pavements and interface conditions between PCC layers . 
Achievement of these goals will permit design of rigid 
overlays of rigid pavements with same methodology used for 
new rigid pavements. 
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APPENDIX A: DEVELOPMENT OF MATERIAL 
CHARACTERIZATION PROCEDURES 

CONSIDERATION OF REPEATED LOADING 

PORTLAND CEMENT CONCRETE 

Chou
25 

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 Pcc
60

•
61 

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 determi?ed 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

fl uence 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

established and extensively researched phenomenon . 60 , 61 It is uni 

versally accepted that the magnitude of stress that can be sustained 

by PCC before cracking is a function of the number of repetitions of 

the stress and that the magnitude of this stress decreases as the number 

of stress repetitions increases . The number of stress repetitions of a 

given magnitude that a material can sustain is dependent on numerous 

factors, i.e., age, mix proportions , type aggregate, rate of loading , 

range of loading , etc . The most important, however , is the static 

strength of the material. Fatigue data are normally presented in the 

f orm 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 .1 ' 4 ' 5 Safety factors are applied to keep 

stress levels within tolerable limits, and the material is charac

terized by the static strength . 

The approach taken by other agencies2 ' 3 is similar but the 

Pffects 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 bitumdnous-stabilized 

materials need to be discussed separately, even though the conclusions 

regarding inclusion of effects of repeated loading are the same for both 

types of bound bases. Due to the viscous and temperature-dependent 

behavior of the bituminous binder, bituminous-stabilized materials are 

affected by temperature and rate of loading to a much greater extent 

than any other component in a pavement structure . 

A great deal of the work done on the characterization of bitumd

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 . 

Chou
25 

has a detailed review of characterization procedures for 

bituminous mixtures. The various types of available tests are discussed 

including repeated load flexural tests. The effects of rate of loading 

and temperature are noted as dominating factors . Therefore, the inclu

sion of the effects of repeated loading, while important, does not 

account for other important factors. Complete characterization would 

require that a different rate of loading be used for various features 

(runways, taxiways, and aprons) and that a range of temperatures be 

used for defining the modulus of elasticity and Poisson's ratio . From 

a practical point of view, the ranges of rates of loading and tempera

tures encountered are limited, and the inclusion of the effects of 

repeated flexural loads at approximate temperatures and rates of 

loading adequately characterizes bituminous bases (subbases) for rigid 

pavement design . 

Chemically stabilized bound bases (subbases) are not as dependent 

on the rate of loading and the temperature as bitumdnous 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 f'rom 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 

that the consideration of the 
more flexible materials . Indications are 
effects of repeated 

of elasticity of chemically stabilized bases is a 
requirement . 

GRAJTULAR BASES (SUBBASES) 

loading on the 

justifiable 

modulus 

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 f'rom these studies has been that the response 

of granular materials to repeated loading is different f'rom 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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Material 

Low plasticity clay (CL) 
with 12 percent portland 
cement 

Low plasticity clay (CL) 
with 12 percent portland 
cement 

> Low plasticity cl~ (CL) I 
VI 

with 2 percent portland 
cement, 3 percent lime, 
and 10 percent fly ash 

Low plasticity clay (CL) 
with 10 percent portland 
cement 

Sandy cl~ (SC) with 
5 percent portland 
cement 

Table Al 

Comparison of Static and Resilient Moduli of 
Chemically Stabilized Bound Bases 

Static Resilient 
Loading Modulus , psi Modulus, psi 

Flexure 200,000 273,000 

Compression 79,000 105,000 

Compression 30,000 80 ,000 

Compression 80,000 110 , 000 

Compression 37 , 000 125,000 

Ratio ~/E t t• s a 1c 

1.37 

1.33 

2 . 67 

1.38 

3 . 38 



applications vill 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 Poi sson's 

ratio as the material underwent an increase in volume during shear 

failure. To stumnarize, 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 vill 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 cobesionless 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. 35 The pavements consisted of 8-, 10- , 12-, and 14-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 

(Table A2) . 

In Table A3, additional evidence of the effects of repeated 

loading and the modulus of soil reaction values computed from both 

static and cyclic plate bearing tests are illustrated. Since both 

tests were run after completion of traffic, such large differences were 

unexpected . However , removal of the slab, causing a certain amount of 

disturbance and allowing relaxation of stresses within the soil , may 

account for at least part of the difference between the static and 

cyclic response. 

The difference in the response to moving wheel loads and a 

cyclic load applied at one location on the pavement may account for 

part of the difference, i . e., the conditioning or stiffening effects 

of moving wheel loads distributed across a pavement are different from 

the effects of a cyclic load applied at one location. Ledbetter
63 

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 CCH) 

PROCESSED LOW PLASTICITY CLAY CCL) 

NATURAL LOW PLASTICITY CLAY (LOESS) 
MATERIAL (CL) 

CONSTRUCTED -1968 -MULTIPLE WHEEL HEAVY GEAR LOAD TESTS 

DEPTH OF PROCESSED HIGH PLASTICITY CLAY (CHI 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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Item 

1 
2 
3 
4 

Average 

1 
2 
4 
5 

Average 

1 

2 
3 
4 
5 

Average 

Overall 
Average 

Table A2 

Results from Plate Bearing and Field Density 
and Moisture Content Tests 

Modulus of Soil 
Reaction , pci 

Before After 
Tr affic Traffic 

Multiple-Wheel Heavy 

62 154 
70 94 
74 87 
74 125 

70 115 

Dry Density , pcf 
Before After 

Moisture Content 
per cent 

Before After 
Traffic Traffic Traffic Traffic 

Gear Load Study (Reference 35) 

86 84 32 34 
84 83 33 34 
86 83 32 35 
86 87 32 32 

85 84 32 34 

Keyed Longitudinal Joint Study (Reference 38) 

70 85 31 
110 100 92 81 28 36 

47 86 30 
4o 81 37 

67 86 32 

Soil Stabilization Pavement Study (Reference 39) 

47 180 & 86 89 32 30 
200 

85 118 89 34 
84 164 87 32 33 
4o 68 86 86 33 33 

120 & 87 -- 32 
143 

64 142 87 88 33 32 

67 129 86 85 32 33 
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Item 

1 

2 

3 

4 

Average 

Table A3 

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

Cyclic Modulus Static Modulus 
of Soil* of Soil** Dry 

Reaction , pci Reaction , pci Density , pcf 

370 169 84 

270 111 85 

300 115 84 

330 128 88 

318 131 85 

Moisture 
Content 
percent 

33 

33 

33 

32 

33 

* Modulus of soil 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 Table 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 values . An 

average value was used for all four pavements. The test results shown 

in Tables A2 and A3 indicate some variability within the test section , 

but this was probably due to test variability and natural variability 

within the entire test section rather than a real difference between 

individual sections . The composite modulus of elasticity was computed 

with the formula 

where 

E = 19.8k ( Al) 

E - modulus of elasticity, psi 

k - modulus of soil reaction computed by dividing plate pressure 
by plate deflection , pci 
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Equation Al64 is derived from Boussinesq's theory for Poisson's ratio 

of 0.4 and rigid 30-in.-diam plate. Application of EquationAl 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 average 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 A4-A7), the computed values were obtained with the subgrade 

characterized with the different moduli. In addition to the data 

points, a line of equality and a least- square- regression relationship 

constrained through the origin are shown. These comparisons indicate 

that the use of repeated load test characterizations results in under

prediction of the deflection and that the use of static load test 

characterizations results in overprediction of the deflection . The 

computed values with repeated load characterizations relate more 

closely with the measured values (Figures A4 and A6). The correlation 

with the results from the cyclic plate tests produced the relationship 
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closest to the line of equality. The coefficient from the linear 

regression was 0.950 for this case. 

In the plots of measured versus computed slab bending strains 

(Figures A8- All), the comparisons indicate that the use of repeated 

load test characterizations results in regression relationships closer 

to the line of equality than the use of static load tests. The use of 

static load tests results in overprediction of the strains . Once 

again, the use of the characterization with a repeated plate bearing 

test resulted in the correlation closest to the line of equality. The 

coefficient from the linear regression was 1 . 023 for this case . 

The position of the regression lines relative to the lines of 

equality is interpreted to mean that the repeated load tests yield more 

representative characterizations than the static tests. In addition, 

it appears that the cyclic plate load test is the most accurate for the 

particular cases compared. Although accuracy of prediction of pavement 

response was a major factor, other factors entered into the final selec

tion of the repeated load triaxial tests for characterizing subgrade 

soils . 

CONSIDERATION OF STATE OF STRESS 

EFFECTS OF STATE OF STRESS 

The load 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 tbe state of stress . 

Certain materials are more sensitive to the state of stress at 
• 

which they exist in the pavements than are others. The modulus of 

granular materials has been related to confining pressure and overall 

state of stress . Two such relationships are illustrated in Figures 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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of internal friction also accounts for the large influence of confining 

stress on the stiffness of granular materials . 

Cohesive soils, in a saturated condition, are insensitive to 

confining pressure. This 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 AJ.4-Al9 show examples of the variability 

that may be expected. Pavement structures are infinite in variety , and 

loading conditions may vary widely; however , Figures Al4-Al9 represent 

real pavement structures and loads . The general trends illustrated in 

these examples are representative of pavements for aircraft operation. 

Interpretation of Figures Al4-A19 and subsequent figures requires 

a definition of terms and the establishment of a sign convention for 

stresses. The sign convention used herein will be that compressive 

stresses are positive and tensile stresses are negative . The following 

terminology and relationships are established: 

o1 - major principal stress 

- principal stress with the largest numerical value 

o
3 

- minor principal stress 

- principal stress with the smallest numerical value 

o2 - intermediate principal stress 

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

0 d - 0 1 - 0 3 
- deviator stress 

e - 0 1 + 0 2 + 0 3 
- 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 AJ.4-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 the following discussion, assume that the stresses are 

reasonable approximations of the stresses that would actually exist in 

a real pavement loaded with a real aircraft . The following 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 . 

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

c . 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 A14- 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 Al4-Al9 are that the major principal (vertical) stress decreases 

at a rather 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 Al4 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, f'rom a practical point of view , 

the variability is not really that great and the change is rather 

gradual. This implies that characterization at a given deviator stress 

will be applicable for appreciable depths (i .e., 5 psi for at least 

5 ft for the example under consideration) . The same type patterns were 

observed in the subgrade beneath the granular and bound bases . 

Figures Al6 and Al7 show distributions for PCC slabs on a 24-in.

tbick 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 Al4 for the PCC slabs directly 

on the clay subgrade. However, the minor principal stresses in the 

granular base (Figure Al7) are quite different f'rom the stresses in the 

subgrade (Figure Al5) . 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 

t.op of the layer would be larger and the tensile stress at the bottom 

of the layer would be smaller . This is illustrated in Figure A21 , which 

shows distributions of horizontal stresses for the case where the PCC 

layer is f'ree 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 

str ess . 

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 

str ess invariant increases . In Figure A22, the first stress invariant , 

and thus the resilient modulus, decreases with depth through the granular 

base course . 

Figures Al8 and Al9 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 Al4 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 

r atio of the moduli of the PCC slab and the bound base material . Fig

ure A23 illustrates the effect of interface condition in the horizontal 

str ess . 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 t wo layer s respond as separate slabs . The stresses in the top of 

the bound base l ayer ar e compr essive and may be larger than the vertical 

component . When full continuity is assumed at the interface, the PCC 

and bound base layer s tend to function as a composite beam and the 

str esses in the top of the bound base layer a~e 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 pronounced 

the bending. For fUll continuity, this means larger tensile stresses 

in the top of the base course. 

From the standpoint of material characterization, the important 

fact is that the deformation pattern in the bound base course is 

basically the same for free or fully continuous interface conditions 

and for a range of modulus ratios. This basic pattern of deformation, 

bending, is illustrated in Figure A25, which shows the variation of the 

first stress invariant. Implications are that a flexural test is 

appropriate for testing bound base material . 

The effects of gear configuration on stresses within a rigid 

pavement may be studied by comparing Figures A26-A29 with Figures A16 

and Al7 . These six figures are for the pavement containing the granular 

base, but Figures A26 and A27 are for a dual-wheel load and Figures A28 

and A29 are for one of the four C- 5A gears , which contain six wheels . 

The dual- wheel load is the same as two of the tires of the dual-tandem . 

The basic patterns and even the actual magnitudes of the stresses are 

similar. The implication of these comparisons is that for practical 

purposes, the gear configuration is not a major factor in determining 

the distribution of stress with depth in a rigid pavement . 

The second general observation made was that the stresses in the 

vicinity of the loads on any horizontal plane are fairly constant . This 

is illustrated by the proximity of the curves, even for the C- 5A gear 

(Figures A28 and A29) that is composed of six widely spaced wheels . The 

relatively large stiffness of the PCC slab is primarily responsible for 

this . Compared with a flexible pavement, the load is distributed uni

fonnly to the underlying material over a large area. The implication 

of this is that selection of the state of stress at which to test mate

rial for rigid pavement design is not as critical as one might determine 

from a study of the overall sensitivity of the material properties to 

the state of stress. 

The third general observation is related to the second . Although 
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the stresses in a pavement at a particular depth may be relatively con

stant in the vicinity of the loads, they will decrease as the distance 

from the load increases. Examples of this are shown as plots of major 

and minor principal stress versus horizontal location for the pavement 

with the granular base loaded with the C-5A gear in Figures A30 and A31. 

The rate at which the stresses decrease will be largely dependent on the 

thickness of the PCC slab, but implications are that the properties of 

a material that are sensitive to the state of stress will vary as a 

moving load passes a given point on the pavement . 

The effects of the assumptions of full continuity at layer inter

faces and the modulus ratio of PCC and base course materials on the 

stresses within the pavement have be~n mentioned previously. The 

major principal stress (vertical stress) is not affected to any great 

extent by a base course. The shape and the magnitude of the stress 

distributions in Figures Al4, Al6, and Al8 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 

olab and the adjacent material, as shown by comparing the stresses 

beneath the PCC slab in Figures Al5, Al7 , 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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to distr ibute the load over a wider area and to reduce the curvature, 

t hereby increasing the possibility of tensile stress in the top of the 

second layer. This may be illustrated by comparing the stresses in 

Figures Al7 and Al9 . However, the difference in moduli of the base 

course materi als also contributed to the differences in the distributions . 

If the interface were completely frictionless, the two layers would 

r espond 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 inte~faces, no definitive data exist to 

accurately quantify interface conditions . The conditions will probably 

be intermediate between f'ull 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 FCC layer and the bound base, the stress in 

the top of the bound base would be compressive rather than tensile 

(Figure Al9) . 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 parameter that will be representative for a practical range 

of conditions . 

Por tland Cement Concrete. In rigid pavements, FCC 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 mater ial 

affects the response of the slabs . Forrest, Katona , and Griffin, 61 

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

t ained 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 

s l abs ver sus the traffic level at failure, and Figure A34 shows the 

mini mum fi r st stress invariant plotted versus the traffic level at 

failure in the layer directly beneath the PCC slab for the test pave

ments descr ibed in Appendix B. In the pavements with no base , the 

str ess 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 cir cles 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

fer ence between the pavements with bound bases and those with granular 

or no bases . The stresses were computed with layered elastic theory 

t hat 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 (hor i 

zontal stress essentially) and the fi r st stress invariants are both 

t ens i le , whereas for the pavements with no base or granular bases , the 

values are compressive . This condition is representative for a l arge 

area in the base layer since the average values for the several compu

tational points (as illustrated on the sketches in Figures Al4- A29) 
ar e 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 str ess invariant is selected f r om the 

str esses computed at the locations shown in Figures Al4-A29, then 

the average of these values is - 17. 71 psi; whereas , if values from all 

computational points are used, the average is -16.12 psi . For the minor 
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principal stress , the average of the minimum values is - 15 . 81 psi, and 

the average of 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 Al4-A29 . The minimum values referred to herein are the minimum 

of the stresses computed at the horizontal locations indicated in Fig

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

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

deviator stress, and first stress invariant computed at the indicated 

locations will be the maximum (or very close to the maximum) that will 

occur at the particular depth within the pavement . 

The vertical stress , which is essentially equal to the major 

principal stress , appears to be only slightly larger for bound bases 

than for pavements with no bases or granular bases . There also appears 

to be no definite relationship between this stress component and traf

fic. Figure A35 shows the maximum major principal stress directly 

beneath the PCC slab plotted versus traffic for the test pavements 

described in Appendix B. The open circles are for pavements with bound 

base layers. The average of the maximum values of the major principal 

stress for the bound bases is 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 7 . 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 A4 . One test should be conducted at about 50 psi. 

Table A4 

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

Temperature Maximum Stress Level in 
Range , °F Extreme Fibers , psi 

40- 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 variable, which makes selection of representative conditions 

diff icult . Figures Al6, Al7 , 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 t wo 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 Al7, A22 , A27, and A29. 

The compressive values at the top of the layer are low, and the tensile 

values are at the bottom of the layer . The magnitudes of these stresses 
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are affected by the assumption of full continuity at the interface be

tween the PCC slab and the granular layer . For real conditions where 

some slip is permitted, the confinement would probably be somewhat 

greater than indicated. The inability of the material to sustain 

tensile stresses should also contribute to a buildup of confinement 

by a redistribution of stresses. 

Additional factors not accounted for in the stress computations 

are overburden stresses and residual horizontal stresses , induced during 

compaction , which remain in the material . The effect of these stresses 

would be to increase the confinement on the material. There are also 

equipment limitations and lack of precision when testing at low stress 

levels . As a result, the states of stress selected for characterizing 

granular materials will be somewhat different from those indicated by 

the computed values of load- induced stresses. 

The open triangles in Figure A33 are for pavements with granular 

bases and thus represent the stress at the top of the granular layer. 

There is no apparent relationship with traffic , but only a limited range 

of traffic is available. The values are low, indicating low confinement . 

For the pavements with granular bases, the average of the minimum values 

was only 0 . 38 psi (the average of all computed values was 0 . 50 psi, 

indicating relatively uniform conditions in the vicinity of the load). 

The effects of the modulus ratio between the PCC slab and the material 

directly beneath the slab is illustrated by the three groupings of the 

points in Figure A33 , i.e., groups for pavements with bound bases, with 

granular bases , and with no bases . The larger the modulus ratio, the 

larger the confinement. 

The open triangles in Figure 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 7 . 33 psi. 

Figure A35 shows a plot of maximum major principal (essentially 

vertical) stress versus traffic. For the pavements with granular bases, 
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there is no apparent relationship with traffic . In addition, there is 

not much difference between the three types of sections , although the 

points for bound bases, denoted by the open circles, are higher than for 

the other two conditions . The average of the maximum values of major 

principal stress for the pavements with no base was 6.15 psi , for pave

ments with granular base 6.87 psi , and for pavements with bound bases 

10 . 40 psi. 

For characterizing granular bases, triaxial compression tests 

should be conducted at confining pressures of 2 , 4, 6, and 10 psi . 

Axial stresses should be applied that result in ratios with confining 

stresses (o1 /o
3

) of 2, 3, 4, and 5. Plots of resilient modulus versus 

first stress invariant, similar to the plot shown in Figure A28 , should 

be prepared and an average relationshi p 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 

(o1/o
3

) should be made, and representative values selected. 

SUBGRADE SOILS 

Subgrade soils beneath rigid pavements are subjected primarily to 

compressive stresses . Figures Al4-Al9 illustrate the distribution of 

major and minor principal stresses in the subgrade 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 dual- tandem gear . Differences between the major (Figures A16 and 

A18) and the minor principal stresses (Figures Al7 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 A15, A17 , A19, A27, and A29 shov 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 alvays com

pressive but are small in magnitude. Distribution of the first stress 

invariant is shovn 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 

compress i ve. 

The distributions shovn vere computed with material properties of 

the subgrade obtained from tests on the cohesive subgrade soils . The 

modulus of elasticity vould probably be higher for cohesionless soils 

than for cohesive soils, and the Poisson's ratio vould be lover . Hov

ever, the general trends illustrated by the computations, i . e ., lov 

compressive confining stresses and compressive first stress invariants, 

should be applicable to cohesionless subgrade soils. 

Triaxial compression tests vill be used to characterize subgrade 

soils . The deviator stress in the triaxial tests vill be the difference 

betveen 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 str ess is considered appropriate for characterizing cohesive 

materials, since the general trends indicated in Figures A2 and A3 have 

been f ound 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 vith 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 value selected. 

For cohesionless soils, the confining stress in the triaxial 

tests should approximate conditions in the subgrade . The minor princi

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 Al2 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 (o1 /o3) of 2 , 3 , 4, and 5 should 

be applied. From the average relationship of resilient modulus versus 

first stress invariant, a representative modulus value should be se

lected at a first stress invariant of 10 psi . A representative value 

of Poisson's ratio should be selected from a composite plot of Poisson ' s 

ratio versus principal stress ratio. 

Sill-1!·1ARY 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 

Hethod 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 

tP.sts. The recommended procedure is contained in the CE Handbook for 

Concrete and Cement56 and is designated CRD-C 21- 58 . No procedures 

nre 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 vith bituminous 

binders . These differences are necessary because of the sensitivity 

of bitumd nous- stabilized bases to rates of loading and temperature . 

No procedures are provided for determining Poisson ' s ratio of bound 

base mater ial . It is r ecommended that the folloving values extracted 
f r om Reference 10 be used . 

Mater ial 

Bi tundnous- stabilized 

Chemically stabilized 

Poisson ' s Ratio 

0 . 5 forE < 500,000 psi 
0 . 3 forE> 500 , 000 psi 

0 . 2 

It is recommended that properties of granular bases (subbases) 

be determined f r om cyclic triaxial tests on prepared samples . The 

recommended test pr ocedure is outlined in Appendix D. The outputs 

from the test procedure are measures of modulus of elasticity and 
Poi sson ' s ratio. 

Ther e is concern among some engineers as to the accuracy vith 

vhich 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, vhich necessitates laboratory 

preparation of specimens , difficulty in measuring parameters needed to 

compute material properties , and the apparent existence of tensile 

str esses in granular layers, vhich vould result in redistributions of 

stress vi thin the pavement system. In addition , there is also the 

feeling that the pr operties of granular materials meeting requirements 

for base or subbase material vill not vary over a vide range . These fac 

tor s 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 pr ovide a procedure (Appendix G10) for determining representa-

tive values of moduli based on layer thickness and the modulus of the 

foundation upon vhich the layer vas compacted. This procedure appear s 

to produce reasonable results . However, it is recommended that it be 
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used in conjunction \lith 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 

siglificantly different for the material i n question . 

It is recommended that the modulus of elasticity and Poisson ' s 

ratio of subgrade soils be determined from cyclic triaxial tests on 

undisturbed samples when possible or on samples prepared as close as 

possible to field conditions "'hen 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 detailG of the test procedures and presentation of results 

for cohesive and cohesionless materials . These differ ences are neces

sary because of the sensitivity of cohesive soi ls to moisture and the 

differences in the beha>~or 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 Brabston10 may be used if test 
results pro\·e unreliable . 
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APPENDIX B: DESCRIPTION OF TEST PAVEMENTS 

The pavements described herein were part of eight test tracks . 

These test tracks will be referred to as Lockbourne No. 1, Lockbourne 

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 . l 

The Lockbourne No . l Test Track was constructed between August 

and November 1943 at the Lockbourne A~ Air Base near Columbus, Ohio . 

The construction, testing, and analyses of the data from this test 

track are discussed in References 40-42. This test track had two con

tinuous traffic lanes 20 ft wide, composed of adjacent 20- by 20- ft 

slabs. The concrete test slabs varied in thicknesses from 5 to 10 in. 

and were placed with and without base courses. The type base material 

varied and the thickness ranged from 6 to 12 in. Transition slabs 

between the traffic slabs and turnaround sections at each end combined 

to form a continuous track, which was subjected to single-wheel loadings 

of 20 , 37, and 60 kips. Between 5 June and 10 July 1944 some sections 

of the test track were reconstructed due to early failure caused by the 

traffic loading tests. 

Table Bl sunnnarizes 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 L--ad , kips psi Coverages Remarks 

A 20 740 390+ First crack A 37 780 45 First crack B 20 740 187 First crack B 37 780 35 First crack c 20 740 200 First crack c 37 780 44 First crack D 20 740 1150 First crack D 37 780 33 First crack E 20 740 430+ First crack .., 
37 780 77 First crack 

... 
F 20 740 550+ No failures J:' 37 780 111 First crack K 37 780 700 First crack K 60 735 72 First crack ., 

37 780 150 First crack 
.. .. 60 735 9 First crack 
. ' 
0 37 780 573 First crack 0 6o 735 72 First crack p 37 780 262 First crack F 6o 735 6 First crack r. r 780 1390 First crack " Q 60 735 57 First crack u 37 780 88 First crack u 6o 735 1.5 First crack 
A 

(Reconstr) 37 725 658 First crack 
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Figure B1. Description of test pavements in Lockbourne No. 1 Test Track (sheet 1 of 2) 
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I • 74' 
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· I 

WHEEL LOAD- 20 KIPS 
TIRE CONTACT AREA 387 IN,2 
TIRE CONTACT PRESSURE 52 PSI 

8-i' ' 
8 
. I 

WHEEL LOAD =- 37 KIPS 
TIRE CONTACT AREA 638 IN.2 
TIRE CONTACT PRESSURE 58 PSI 

8 
84 .. I 

WHEEL LOAD 60 KIPS 
TIRE CONTACT AREA 1051 IN.2 
TIRE CONTACT PRESSURE 57 PSI 

Figure B2 . Schematic representation of loads used in 
Lockbourne No . 1 Test Track 

LOCKBOURNE NO . 2 

The Experimental Mat test section designated as Lockbourne No. 2 

vas rectangular in shape and constructed adjacent to the Lockbourne 

No. 1 Test Track betveen September 1944 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 44 . 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 vas to provide a maneuver 

area for the outrigger vheels of the 150- kip single-vheel load rig. 
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The Lockbourne IJo . 2 Modification test section waz an extension of 

the Experimental Mat and was constructed between August and October 1946 . 

A discussion of construction , testing , and analyses of data can be found 

in References 45 nnd ln) . This test section consisted of 12-, 15- , and 

~0-in . plain concr~te pavement placed directly on the subgrade . The 

test slabs were arranged to form thr ee 25- ft lanes with transit i on slabs 

separating ~he three design thicknesses . Tra~fic was applied with a 

special loading device ~hat produced a 150- kip load on four wheels . 

Table B2 summari~es the flexural strengths of the concrete test 

pavemer.~s and the traffic applied to each item . The pavement proper ties 

used in t.his study are for the Experimental Mat section (Figure B3) and 

for the Multiple-Whee~ Modification section (Figure B4) . The load 

assembly in Figure B5 is for both -che Experimental Mat and the Modifi ca-
. .. . 

t.lo:: ser ... 1ons . 

Table B2 

Summary of Load , PCC Flexural Strength , and 
Traffic--Lockbourne No . 2 Test Tr ack 

Flexural Strength Traffic 
Item :.oad , !{ips psi Coverages Remarks 

"!:'" 150 725 97 First crack --
E2 150 680 942 First crack "!:'":' :.so 710 17 First crack -... 
EL 150 680 203 First crack E5 150 695 43 First cr ack E6 150 700 2204+ No failure -- 150 760 2204+ rio failure 
t.t 

'1.: ,-o 725 134 First crack 
•• ~) 

"2 ::.so -?5 220!.:+ Ilo failure 
••• ,_ 
.,_ 

150 -25 220l+ ilo failure 
... .:, 

l:':lte: It<=>ms El- E'l (Experimental Mat) loaded with single wheel . 
lt~'>ms tl[.l- M3 (Modification) loaded with dual - tandem gear . 
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Figure B3. Description of test pavements in Lockbourne No . 2 Experimental Mat test section 
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EXPERIMENTAL MAT 

GEAR LOAD - 150 KIPS 
TIRE CONTACT AREA = 1459 IN,2 
TIRE CONTACT PRESSURE = 103 PSI 

MODIFICATION 

GEAR LOAD - 150 KIPS 
TIRE CONTACT AREA 270 IN.2 
TIRE CONTACT PRESSURE 139 PSI 

Figure B5 . Schematic representation of loads used 
in Lockbourne No . 2 Test Track 

LOCKBOURNE NO . 3 

The Lockbourne No. 3 Overlay Mat test section was constructed in 

the area encompassed by the inner boundaries of the Lockbourne.No . 1 

Test Track . Construction of 

October 

the test section was begun 1 August 1946 

1946 . The construction , testing , and and was completed 26 

analyses of the data from this overlay mat test section are discussed 

i n Refer ences 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 r anged 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 . 

Tr affic 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 . 
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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 3~ and 47 . The two 

channelized traffic test sections , designated as Parts 1 and 2, were 

25 ft wide and about 600ft 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 trans i t ion 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 B7 shows the pavement 

properties used in this study; Figure B8 , the load used to traffic the 

Sharonville Channelized test pavement. 
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Table B3 

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

Flexural Strength Traffic 
Item Load , kips psi Coverages Remarks 
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62 
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Figure B7. Description of test pavements in Sharonville 
Channelized Traffic Test Track 
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37 ·1 2'' 

8 8 
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 4B . 
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 BlO , the load used to traffic the pavements . 

Item 

71 
72 
73 

Table B4 

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

Flexural Strength Traffic 
Load , kips psi Coverages Remarks 

325 Boo 96BO+ No failure 
325 Boo 9680 First crack 
325 Boo 2115 First crack 
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Figure BlO . 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 lb per 

wheel; the second part of the test program consisted of trafficking 

the north paving lane with a dual- tandem assembly (B-747) loaded to 

41,500 lb 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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Item 

1 
2 
2 

* 
** 

3 
3 
4 

Table B5 

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

Flexural Strength Traffic 
Load , kips psi Coverages Remarks 

360* 
360* 
166** 
166** 
360* 
360* 

C- 5A gear. 
Dual- tandem gear . 

725 
800 
700 
660 
700 
775 

221 First crack 
4230 First crack 

95 First crack 
205 First crack 

1400 First crack 
180 First crack 

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 joints varied in the four test items . The rigid 

pavement thicknesses of items 1 and 2 were 8 and 11 in. , respectively ; 

items 3 and 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 t wo 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 

t r affic 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* 730 344 First crack 
3 360* 810 22 First crack 
4 360* 860 6336 First crack 
4 166** 860 320 First crack 

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

SOIL STABILIZATION 
PAVEMENT STUDY (SSPS) 

This final test section, designated the SSPS , was constructed 

during the period March- August 1972. This area had been used previously 

for the MWHGL and KLJS tests . The construction, testing, and analyses 

of the data from this test section are discussed in Reference 39 . The 

test section was 290 ft long and 50 ft wide and consisted of five test 

items, each 50 ft square and separated by 10- ft - wide transition slabs. 

The concrete in each item was first placed in the north paving lane 

(25- by 50- ft sections) between the transition slabs. Only two items 

from this test track were used in this study . These were 15-in. - thick 

slabs on 6- in.-thick bound base course layers. Simulated aircraft traf

fic was applied to the test items using a dual- tandem assembly. A net 

weight of 200 kips (50 kips/wheel) was used for trafficking lane 1 and 

240 kips (60 kips/wheel) for trafficking lane 2 . The contact area for 

both loads was maintained at 267 sq in. by using inflation pressures of 

190 and 250 psi for the 200- and 240- kip loads , respectively . 

Figure Bl4 shows the pavement properties used in this study; 

Figure Bl5 , the loads used to traffic the test pavements . Table B7 

summarizes the concrete flexural strengths and the traffic applied 

to each test item. 
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Figure Ll..... Schematic representation of loads 
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Item 

3 
3 
4 
4 

Table B7 

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

Flexural Strength Traffic 
Load , kips psi Coverages Remarks 

200 900 3215 First crack 240 900 350 First crack 200 870 4660 First crack 240 870 70 First crack 
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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 

mater ials . 

SPECIMEN PREPARATION 

CHEMICALLY STABILIZED MATERIAL 

Beam specimens should be prepared following the 

dures outlined in ASTM Standard Procedure Designation: 

general proce

D 1632- 63 . 65 

This method describes procedures for molding 3- by 3- by 11- 1/4- in . 

specimens ; however , any size mold may be used for the test . For soils 

containing aggregate particles larger than 3/4 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 to accommodate an effective test 

span equal to three times the height or width . Specimens should be 

molded to the stabilizer treatment level, moisture content , and density 

expected in the field structures . Specimens should be moist- cured 

for 28 days . 

BITUMINOUS- STABILIZED MATERIAL 

Beam specimens should be prepared following the 

dures outlined in ASTM Standard Procedure Designation : 

general proce

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. 
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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 specimPnS 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 . 

EQUIP~~ 

The following equipment is required : 

a . 

b . 

c . 

d . 

e. 

f. 

Loading frame capable of receiving specimen for third- point 
loading test. 

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

Load cell (approximately 3000- lb capacity) . 

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 . 

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

EQUIPMENT SETUP 

CHD1.rCALLY STABILIZED 
~T~IALS 

Figures Cl- 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 
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:u1 LVDT is cemented in a vertical position . At this pozition on the 

bnr, 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 

t c provide a horizontal ::>urface on which the LVDT core pin rests . At 

<he 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 . 

BITill4ITNOUS- STABILIZED 
t·1ATERIALS 

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 +l°F . The beam will tend to deform permanently 

ur.der repeated load applications or its own weight d~e to the viscous 

nature of the binder . Therefoye, 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 

~orce . A loading device similar to that in Figure C4 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 

C-6 



KEY 

0 0 0 0 @ 
1 • REACTION CLAMP 

2. LOAD CLAMP 

(") 3. RESTRAINER I 
-I 

4. SPECIMEN 

5. LOADING ROD 

6. STOP NUTS 

0 0 0 7. LOAD BAR 

8. PISTON ROD 

9. THOMPSON BALL BUSHING 

10. LVDT HOLDER 

1 1 . LVDT 

Figure C4 . General view of equipment setup for t wo-way loading 



from bending below the initial horizontal position during the rest 

period. With the device presented in Figure c4 , the LVDT cores are 

normally attached to a nut bonded to the center of the specimen . How

ever, a mechanical clamp, as in Figure C3, may be used. The specimen 

is clamped in the fixture using a jig to position the centers of the 

two loading clamps . Double layers of Teflon sheets are placed between 

the specimen and the loading clamps to reduce friction and longitudinal 

restraint caused by the clamps. 

TEST PROCEDURE 

CHEMICALLY STABILIZED 
MATERIALS 

ThP flexural beam test is a stress- controlled test . 

an initial specimen should be statically loaded to failure . 

Therefore , 

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 1Hz . 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 400 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 

~0,000 load repetitions . 

BITUMINOUS- STABILIZED 
MATERIALS 

The beam is positioned in the loading device, placed in the 

controlled-temperature cabinet, and brought to the desired temperature . 

Specimens should be tested at 40 , 70, and l00°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 2Hz . 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 
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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 t he following : 

Temperature Range , °F 

4o-6o 
60-80 
80- 100 

Maximum Stress , psi 

450 
'300 
200 

Should excessive deflections occur the load should be reduced . About 

500 conditioning load repetitions should be applied, and all gages r eset . 

The loau and deflections should be monitored at 100 , 1 , 000 , ~nd 10 ,000 
load repetitions . 

REPORTIUG OF TES'r RESULTS 

The flexural modulus should be determined at 100 , 1 , 000 , and 

10 ,000 load r epetitions or at failure . This value may be determined 

f r om load and deflection data monitored at these repetition levels using 
t he expr ession 

where 

E -
p -
L -
d -
I -
h -

flexural 

23P:.3 
E - 1296dr 

modulus , psi 

maximum load amplitude , 

specimen Jength, in . 

1 + 2 . 11 ( ~ ) 

lb 

deflection at the neutral axis , in . 
moment of iner tia , in . 

4 

specimen height , in . 

2 

( Cl) 

For chemically stabilized materials, the value to be used for E is the 

arithmetic mean of all \·alues obtained during the test . For bi ttuni nous

stabilizei materials , che average should be determined for each temper a

tur e at which tests were conducted and a relationship betweer. modulus 

of elasticity and temperature was established . 
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APPENDIX D: LABORATORY PROCEDURE FOR DETERMINING 
THE RESILIENT MODULUS OF GRANULAR BASE MATERIALS 

This procedure is designed to determine resilient properties of 

gr anular base (subbase) materials . The test is similar to a standard 

triaxial compression test, the primary excepti on 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 : 

a . 

b . 

c . 

d . 

e . 

f . 

B.· 
h . 

i. 

.J.. 
k . 

1. 

SPECH1EUS 

-total axial stress . 

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

od- deviator stress (c1 - ~~ , i . e., the repeated axial 
stress in this procedur~ . 

cl 

e:R 

e:R. 

-
-
= 

total axial strain due to od 
resilient axial strain due to 
resilient lateral strain due to 

~ = the resilient modulus = od/e:R 

crd 

(jd 

vR - the resilient Poisson ' s ratio- e:
1

/cR . 

e = sum of the principal stresses in the triaxial state of 
stress (o1 + 2o

3 
= od + 3o

3
) . 

o1/cr3 = principal stress ratio . 

Load duration = time interval during which the sample is 
subjected to a stress deviator . 

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

For base course materials , 6- in .-diam specimens are generally 

required with the maximum pru·ticle 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 Dl is sui table 

for use in resilient testing of soils. The equipment is similar to most 

standard cells. However , there are a few specialized criteria that must 

be met to provide acceptable test results. 

slightly larger than most standard cells to 

Generally , the equipment is 

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. 

Cell 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 
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I I 
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LOAD CELL LEADS 

,............__ TIE RODS 

Figure Dl . Triaxial cell used in resilience testing 
of granular base material 
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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 EQUIPt.ffi:r. 

The external loading source may be any device capable of pro

\~ding a variable load cf fixed cycle and load duration, ranging from 

simple swi+ch control of sta~ic weights or air pistons to a closed- loop 

electrohydraulic system. A load duration of 0 . 1 to 0 .2 sec and a cycle 

1uraticn of 3 sec have been found satisfactory for most applications . 

A haversine wave form is recommended; however, a rectangular wave form 

can be used. 

DEFOR.ttLATIOi; Mffi I.. AD 
t-1EA3URING EQUIPHENT 

The deforMation measuring equipment consists of four LVDT's 

attached to the soil specimen with a pair of clamps, as shown in Fig

ure Dl . Two LVD~ ' s are used to measure axial deformations, and two 

are used to measure la~eral deformations. Figures D3 and D4 show 

the details of the clamps for attaching the LVDT ' s to the soil speci

me~3. Only n- c transducers that have a minimum sensitivity of 
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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.) . 

b . Rubber membranes (0 . 012 to 0 . 025 in. thick) and a membrane 
stretcher . 

c . Rubber 0- rings. 

d . Guide rods for positioning LVDT clamps. 

e . Epoxy for cementing clamps to membrane. 

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

~· Specimen forming jacket . 

It is also necessary to have a fast recording system for 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 

forth in Appendix X of Engineer Manual 

are governed by the criteria set 

EM 1110-2-1906.67 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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t·1ATERIAL 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 

Cor 24 hr prior to compaction will allow the moisture to equilibrate . 

F~r well- graded materials, it may be necessary to break the material 

do'm 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 COMPAC'riON 

Generally, base course materials are compacted on the triaxial 

cell baseplate using a split mold. If the particles are angular , t wo 

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 cr kneading compaction is used . Although EM 1110-

2- 190667 mentions vibratory compaction , vibratory compacti on is only 

permitted on uniform materials where segregation is not a problem. The 

~pecimens should be compacted in layers , the height of which exceeds 

the maximum particle size . 

I+ may be necessary to place a thin layer of fine sand in the 

bottom layer to provide a smooth bearing surf ace . Likewise , after com

pac~ing and trimming the topmost layer (it may be necessary to remove 

large particles from this layer) , fine sand can be sieved on the surface 

t o fill in the voids and provide a smooth bearing surface for the top 

cap. 
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Center the top cap and lightly tap the cap to level and ensure a 

good smooth contact of the cap on the specimen. A level placed on top 

of the cap is used to check leveling . The forming mold is then removed, 

the membrane placed using a membrane stretcher and sealed with 0-rings 

or a hose clamp, and a vacuum applied. Check for leakage by using a 

bubble chamber or closing the vacuum line and observing if a vacuum is 

maintained in the specimen. Specimen dimensions should be measured to 

determine density conditions. A ~-tape has been found most useful for 
diametrical measurements. 

PLACEMENT OF L VDT 
MEASUREMENT CLAMPS 

Measure the diameter as accurately as possible at the location of 

the LVDT clamps for calculation of radial strains. Place the lower LVDT 

clamp in the specimen at approximately the lower third point of the 

specimen. A "jig" or gage rods have been used successfully to assist in 

placing the clamps. The lower LVDT clamp generally holds the LVDT body . 

Repeat the procedure f or the upper clamp, being careful to align the 

clamps so the LVDT core matches the LVDT body. It is essential that the 

clamps lie in a horizontal plane and their spacing be precisely known 

for calculating the axial strain. Again, gage rods or a "jig" in con

junction with a small level have been used successfully for this opera

tion. With the clamps in position and secured by the springs, a small 

amount of epoxy (a "5- 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 ~e accounted for . 
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RESILIENT TESTING 

The resilient properties of granular materials are dependent 

primnrily 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 

o
1

/o
3 

of 2 , 3, 4, and 5 are typically used for The cyclic deviator 

stress . Tests should be conducted in an undrained condition with 

excess pressures relieved after application of each stress state . The 

testing procedure is as follows : 

a . Balance the recorders and recording bridges and record cali
bration steps . 

b. Apply about 2- psi axial load od 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 conditi oning stress 
should be the maxim1rm 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 (ol -
~3 ) twice the chamber pressure can be used . 

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 . 

~· Check the calibration of the LVDT ' s and load cell . 

h . Dry the entire specimen for determination of the water 
content . 
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COMPUTATIONS AND 
PRESENTATION OF RESULTS 

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 

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

( l) Resilient axial strain e: = liH /H. • R r 1 
(2) Res i lient lateral strain e:R, - liD /D. r 1 
(3) Deviator stress ad = t:.P I A

0 
. 

( 4) Resilient modulus ·~ = 0' /e: d R • 

(5) Resilient Poisson ' s ratio VR - e:R./e:R . 
where 

liH 
r 

H. 
1 

H 
0 

- resilient change in gage height (distance between 
LVDT clamps) after specified number of load 
repetitions 

- instantaneous gage height after specified number of 
load repetitions. Can be calculated from H - liH 
If liH is small, H can be used. 0 

0 

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

• 

t:.H - permanent change in gage height 

liP - change in axial load, maximum axial load minus 
surcharge load 

- original cross- sectional area of specimen 

- resilient change in diameter after specified number 

D. -
1 

D -
0 

6D -

of load repetitions 

instantaneous diameter 
load repetitions. Can 

after specified number 
be calculated from D 

0 

initial specimen diameter 

permanent change in specimen diameter 

PRESENTATION OF RESULTS 

of 
+ AD • 

Test results should be presented in the form of plots of log ~ 

versus log of the sum of the principal stresses and versus the 
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principal stress ratio (Figure D5) . The equation of the line for 

resilient modulus is ~ = K
1

(e)K2 where Kl is the intercept when 

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

-a: 
~ -

Figure D5 . Representation of results of 
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 

sever al str ess 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 . 

b. 

c. 

o1 - total axial stress. 

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

od- o1 - o3 = deviator stress; i.e . , the repeated axial 
stress in this procedure . 

d. e1 - total axial strain due to od . 

e . eR - resilient or recoverable axial strain due to od 

f . ei - resilient or recoverable axial strain due to od 

~· ~ - od/eR = resilient modulus. 

h . vR - eR/ei = resilient Poisson ' s ratio. 

i . 9 - o1 + 2cr3 = od + 3o3 - sum of the principal stresses in 
the triaxial state of stress . 

1· o1 /o3 = principal stress ratio. 

k . Load duration = time interval over which the specimen is 
subjected to a deviator stress . 

1. Cycle duration = time interval between successive applica
tions of a deviator stress . 

SPECIMENS 

Various diameter soil specimens may be used in this test , but the 

recommended specimen diameter is 2 . 5 to 3 . 0 in . , or at least four times 

maximum par ticle size for granular materials. The specimen height should 
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be nt lcnst 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 

TRIAXIAL TEST CELL 

The triaxial cell in Figure El is suitable for use in res i l 

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 duration of 0.2 sec and a cycle dura

tion of 3 sec have been found to be satisfactory for most applications . 

A haversine wave form is recommended; however, a rectangular wave form 

can be used . 

DEFORMATION AND LOAD 
MEASURING EQUIPMENT 

The deformation measuring equipment consists of linear variable 

differential transducers (LVDT's) attached to the soil specimen by a 

pair of clamps . The transducers should have a high resolution and a 

small range to measure the extremely small resilient deformations . Two 

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 meaoured by placing a load cell between 

the specimen cap and the loading piston (Figure El) . The load cell must 

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 

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. 

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 0-rings . 

e. A vacuum source with a bubble chamber and regulator. 

f. A back-pressure chamber with pressure transducers . 

~· A membrane stretcher. 

h. Porous stones. 

It is also necessary to maintain suitable recording equipment . 

I~ 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 

single- chamber recorder. However, this will not permit simultaneous 

recording. 
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PREPARATION OF SPECIMENS AND 
PLACEMENT IN TRIAXIAL CELL 

The following procedures should be followed in preparing and 

placing specimens : 

a . 

b . 

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 0- rings . Ch~ck 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 . 

c . Repeat this step for the upper clamp, placing it at the upper 
third point. Ensure that both clamps lie in horizontal 
planes . 

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

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

f . Place the cover plate on the chamber . Insert the loading 
piston , and obtain a firm connection with the load cell . 

~· Tighten the tie rods firmly . 

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

i . 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 a
3 

. For most 
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applications , this effect can be disregarded. '.-n1en back-pressure 

saturation is not used, the confining p!"e~sur~s uned should approxinate 

the expected in situ horizontal stresses. Chamber pressures of 2, L, 

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 dependen~ on the magnitude of 

the deviator stress It is therefore necessary to conduct the 

tests for a range in deviator stress value~ . Deviator stresses ranging 

from 2 to 16 psi are recommended . The fo.dowing proc..:edure should be 

followed : 

a . If back- pressure saturation is not used, connect the chamber 
pressure supply line and apply the confining pressure (equal 
to thP chamber pressure) . If back-pressure saturation is 
used, the chamber pressure will already have been established . 

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

c . Begin the test by applying 500 to 1000 repetitions of a 
deviator stress of not more ~han one- half the unconfined 
compressive strength . 

d . Decrease the deviator load to the lowest value to be used. 

e . 

Apply 200 repetitions of load , recording the recovered 
•:ertical deformation at. or near the last repetition. 

Increase 
Step d . 
used . 

the deviator load, recording deformatior.s as in 
Repeat over the range of deviator stresses to be 

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 . 

COt~UTATIOIIS 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 wa~er6sontent. using the equations in Appendix IT , EN 1110- 2- 1906 . 1 

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

(1) Resilient axial strain £R = 6Hr/H1 · 
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~ ----------------~--------------~----------------~--------------------------------

(2) 

( 3) 

(4) 

Resilient lateral strain (. = 
i 

Deviator stress 

Resilient modulus 

a = 
d 

~ 

flP/A . 
0 

= a /c d r 

flO /D. . 
r 1 

where 

~H 
r - resilient change in gage height (distance between 

LVDT clamps) after specified number of load 
repetitions . 

H. - instantaneous gage 
l. load repetitions . 

If flH is small, 

height after specified 
Can be calculated from 
H can be used . 

number of 
H - flH . 

0 

0 

H - initial gage height or distance between LVDT ' s 
0 

adjustments occurring during triaxial chamber 
assembly 

flH - permanent change in gage height 

~p - change in axial load, maximum axial load minus 
surcharge load 

A = original cross- sectional area of specimen 
0 

less 

~Dr - resilient change in diameter after specified number 
of load repetitions 

D. -
l. 

instantaneous diameter after specified number of 
load repetitions . Can be calculated from D + flO 

0 

D - initial specimen diameter 
0 

flO - 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 ~ is dependent 

upon the magnitude of the confining pressure a
3 

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 equal 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 
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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 loading (beginning in Step f below) 
should be conducted in an undrained state. -

c . Set the axial load generator to apply a deviator stress of 
10 psi (i . e ., a stress ratio equal to 3). Activate the load 
generator and apply 200 repetitions of this load . Stop the 
loading . 

d . Set the 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 . 

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 ~ versus log of the sum of the principal 
stresses (Figure E4) . 
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APPENDIX F: USER INFORMATION FOR THE 
BISAR COMPUTER PROGRAM 

INTRODUCTION 

The copyright of much of the information provided herein is 

vested in Shell Research N.V . The information is published with the 

expressed permission of the Shell Oil Company and Koninklijke/Shell 

Laboratorium , Amsterdam (KSLA) . Use of the BISAR computer program in 

any design procedure other than the procedure contained in this document 

is prohibited without written permission from KSLA. It may not be 

included in a library of programs maintained for 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 1974 . 
The modifications made at the WES are primarily changes in input format 

and changes necessary for the program to run on a Honeywell 6000 series 

computer . The information provided with the input guide was extracted 

from the User ' s Manua123 for the BISAR computer program . The data for 

the example problem were developed at the HES , and the output given is 

from a Honeywell 6000 computer located there . 

PROGRAM LISTING 

A complete listing of the computer program is presented on the 

following pages . 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

r tl i-P IJ IAI !(H• I) ~ ~Hr E.SS~ S,STRA!Iol !) ANI> MAI!oiO OIO 
O IS~ L ACt"~~TS 1' L AY E ~t O t LAS II ( STSI~MS MAI~OO~U 
IMlS l'l< tlG WA"' l A LCUlAlt~ T11 t ~ lt ll O "llolt. 1-AflltOO.SO 
SThtSStS,STWAI!o~S A~O I) [~ PL A C tMtlltTS MAl~OOUO 
I) kA OIA L OlSI'LACtMtlltT ~A~~ ~ OSU 
l) IA~L( N ilA L O ISI'LA(tMf~~tT MA!IItOOoU 
J) ¥tWTI CAL U I SI'LAltHE~TSMAI~~t0 07U 
U) I<A OI&L ~TwtSS MAllltUObU 
~) TA~~t h TIAL SI~ESS HAINuoqo 
n) VE.wl[ CAL STRESS HAI~~tOIOU 
7) RA DIAL AND lA~~tGE~~tTIAL STWtSS HAINUllO 
b) RADIAL A!o~ O V(wTICAL ST~E.SS HA(IItOlZU 
~)IANt.tlltTIAL ANO ¥(~TICAL STwtSS MAl~~tOilU 

10) RAUIAL ST~A(N HAIIItOIUU 
11) lANGt~TlAL STHAllol HA{NOI~U 
lc) VtkliCAL STWAIN HA[NOtoU 
Ill WAQlAL AND TAIItutNIIAL STHAlllt MAI11t017U 
IU) kA OlAL A~O Vt~flCAL STkAJIIt MA111tOI8U 
I~)TA~~tGE~~tTIAL AND VtUTICAL STRAIN HAlNOtqo 

HA!N0200 
HASTENP~OGPAH MAI11t021U 

"AI,..Oc2U 
PUkPOSE MAI!o~OZlU 

MAI!o~OcUU 
TMIS MASTEHPP OG HAM RtA OS DATA •HlCH HAI~~t02~0 
DETEkMJNE. THt PMTSICAL RtHAVI OUW 0~ MAl!o~OZoU 
TME SYSTEM Of LAYERS AloiO •HICk ~Al!o~OZ7U 
DtSCHI~t THt C O~~tfiGUkATlON OF THt L O AOS.~AJ~~cbU 
FUR EAC~ SYSltM THt NE~Ulkt O ST~ESStS MAl~ozqo 
STRAINS AlltD OISI'LACE.M(NTS ANt HtAO lilt. MAIIItOJ OU 
lHtN THE C UONO I~ATtS OF tA CH POSITI ON MAINOllU 
AHt NEAD. "'AlNOJZU 
f UN A ( OMPLtTt (NPU T•DESCNIPTI ON StE HAl~~tOlSU 
LkOUP tlTE.kNA L NtPONT AM~R. .11 MA{NOJUO 

SY~ltM DATA ARE OU TPUlTtU SY HAIN~l5U 
1) SYSTEM MAlNO.SoU 

AFTEN S UbSt~ Ut~~tT CALLING IN UF• MAJNO.S7U 
c) MACON! MAJ11t 0 l80 
j) (ONSYS MAJNOjqu 
U) HAZCON MAJNOUOU 
5) ( UNI'Nl HA{IItOUIU 
o) ASYMPT MAlNOUlU 
7) GtNOAT HAINOUlO 
b) INGUAL MAI~OUUU 

THt STR~SStS,STNAINS AND OlS~LACtM~NTS ~AJ~OU5U 
AHt CALCULATtO ANO A~TEN SU~S~UUl!o~T MAI~OijoU 
(ALLIN~ IN OF• MAJNOU70 

q) CALC MA1NOU8U 
l 0 )0UTPU1 MAINOuqo 
li)JACOijl MAlNO~OU 
li)fS UHT MAlNOSlU 

MAIN UU TP UTS UN HAS ALREA DY OU TPUTTED• HAl~ U 5lU 
•ALL ~ lRE S S t ~,SThAI~~tS •~ D OISPLA l tMlNTS, ~AIN05iu 

l11.01JCt O tH EA CM LIJA O Sl i'ANAltlY ANO MAIN0511U 
E.a~~~~SlD IN l YLJNOkl(AL CUMP O ~tNTS. MAllltU~~u 

•AL L TII TAL S TUlSSE S STWAINS ANO UISPLAC·· MA1N05bU 
Mf. ~ TS taP" ESS t D 1~ lAWTE.SIAN LO~P ONtNTS. MAIN057U 

•ALL PWJN( l~A L I UT AL S lktSStS ANU STHAJNS,HAIN058U 
•ITM T~EIN l'kiN({ PLt O!kE.lli UII.S• ~AI~Osqu 

•ALL ~AXJM UM TOT AL SMf.AH STNtS~tS ANO MAINOoOO 
SIWAJNS,•ITM THtlk PNINCl~LE DlqtCTJ ONS MAINOolU 
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C •Tkf ~IOPOINTS OF lM~ lMRtl ACLU~PANYING ~&INOblU 
C ~OH~~s CIRCLtS . ~&INOblU 
C •TMt TOTAL SI~AIN l~tHGY AND STRAIN ~AlNObijU 
C tN~WGY OF OISTURT!UN . M&lNOb5~ 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~AlNO~b U 

LOGICAL ST~ESS,tPS,WLO~,Al0(27J,~,L,N2 1 Ll,NZlP,NZlQ ~AIN0b7U 
lNTEGtR HtUE S1C27 ) ,1 U(]) , OAll(]) 1 1STRSS(27),1NTV(10) , 1VtR1(7), ~&IN0b8U 

+IVEN2(10) MAlNObqU 
Nl&l NU,~S,MU,LOSTNS(10) 1 HU~TN(IO),LO&O,lNT(I7),V(I~l,X(l 0 ),Y(1 0 ),M&IN070U 

+A(],] ) ,MH(],]),~(] ) , C(lq) ,~(l,]),T lXT(20),&CC ll ~(l) ,P Sl(I0),&K(q) , ~AIN071V 
+ALK(q) ~&1N07ll 
00U8Ll PRECISION CZ,ELLE,tLLK MAIN072U 
C O~~ONIASCT/L &YER,NL AY S ,M,HeZ,~IJ( I O) ,AL CUR ,L O A O,MOSTRS,NllHOS, H (q)M&IN07]U 
+,K~ ( I O),f(IO) ,AL(q ),T~ICK(q) ,N&OIUS( I O) ~AlN07"U 

C0M M0NIST"OT &/STNtSS(e7l , tPS(1 7 l ,RLO w, ST ,CT,L,&C C M&IN07~U 
C0~"0Ntt~•. STICZ ,lLL t ,ELLK,AL~80 A ~AlN 0 7bU 
C0HM0N/CNI1NG/Fl0Ml,FIOO,~l01 1 ~1l~2,Fll~l,fll0 1 ~111 ~AIN077V 
CO~"ONITAPt/NUUT M&IN07ftU 
OAT& NHLA'~olSTRSS,IRlFl,IHEFZ I MAIN07qu 

•• •,•u" •,•vr •,•uz •,•sR~·.•sTt•,•sz z•, • sQT•,•swz•,•srz•,•tPQ•M&INoeou 
•• •EtT•,•tzz•,•tNt•,•t wz •,•t rz •,•u• •,•uv •,•sxx~,•sxv•,•sxz•,•svv~"'INOBtu 
+,•svz•,•[&l•,•[xT•,•Exz•,•fyY•,•Ev•,•LO&O•,• sTNS•t M&IN082U 

OAT& AEUEST/ 8 UM •,•u T •,•uz •,•SRA•,•sTT•,•sz z•,•~NT•,• sRZ•,•stz•, 
I •t "R•, 
z•EtT•,•tzz•,•twT•,•twz•,•Erz•,•vx •,•uv •,•sxx•,•sxv•,•sxz•,•svv•, 
J•svz•,•t•x•,•txv•,•Exz•,•tvv•,•tv •1 

O&T& lVERt,lVERltl,Z,l,b,7,1l,1"•"•5•8,q,lO,II 1 1Z,I5 1 1b,l71 MAlN08lV 
OAT& I O~ NTt•LOAO•t 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"'I~Oti~U 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

TMtSt & ~t THNtt ACCUR &C itS 
ACCUM(I ) IS UStO fO~ TtSTING S~VlRAL 

V&QI&HLES A G &I~ST t ACH OTHtR. 
ACCUW(Z) lS UStO fOW &bSOLUTt &CCloR ACY 

OF IME INTtt.WA T ION PPOClOUNl 
ACCU~( i) IS USt O FOW RtL &IIVl ACCURACY 

OF TME INTtGAATION PR UCEOURt 
lfi~ • 
lfOUT ARE SYMBOLIC N&MtS fOW INPUT AND 

OUTPUT ~EUlA W~SP. 

HAIN085U 
M&lNOtle>U 
... , 1 NO(HU 
~ilNOAIIU 

HAINOftqu 
MilNOqOU 
MAl"'Oqlv 
PUINoqzu 
MAINOq]u 
H&lNOqiiU 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~•I ~Oq5U 

ACC UN(l)al.OE•OII MAl"'OqbU 
ACC u R(2 )at. O£•G ~&IN0q7u 

&CC UR( i)al.OE•J MAINO•eu 
ACC••cc uR Cl) M&lNoqqu 
~1N•5 MAl~lOOU 
NOUT•• HAlNIOlU 
v2at,ijl4ll~ HAlNlOlU 
•AITE (NOU T,.OOO) M&JNJOlU 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAlNlOQY 
C READ TEXT lifO O&l l CARD M&lNI05U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"AINlOOU 

R~A0(NJN,q 0 10)T[X1 

•~ITt(NOUT,q020)TtXT 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••Mtl~lO~U 
C READ NUMdtk 0~ ~TSTtMS &NO Stl LUUP M& l NllOU 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••IN lt t U 

AEA0( ~IN,q 0 30 J NSYS 

800 FON~&T(V) . 

00 "b O lSYSaJ,NSYS MiJNllJV 
c-----·-·-·····-·-··-----······························-·········-····-·"'l~lt" u 
C Rt&O NU~~lR Of LAYtRS &NO THElW PAkAMlTERSMAlNll~U 
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c- -----··---------------------------------------·------------- - ---------"'l~tabu 
RlA O( NI~ . ~OJO)~l & YS ,J SMO ,J RlO 

l~ ( lloLAYS.EIJ.Il GO TO 10 
H: NL ATS•I 

00 ll i I "I , M 

ll ~ ~£& 0lN IN,QOSO)E(t) , NU( I J ,T~l C~(l), AK (l) 

10 ~EA D( N)N,~QSO)E( NL&YS),~U (NL&YS ) 

MAINIItlll 
"'Poll qo 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••HA JNt2~U 

c 
C ••••••••••••••••••••••••••••••••••••••••••••••••••••-••••••••••••••••••HA}NJ2UV 

~~A0(NJN ,q 0l0) NLO& D 

NZEP c .F"& LSE . 
""ZEQ : . FALSE . 
00 50 1: 1 ,NLU AO 

Rl AD( NI IIo , q SO!LDSTWS(I),W A01US(J) ,X (l) 1 Y(l) , HOSTR( )),PSl(J) 
PSJCI>= . O I14Sil•~SII l l 
lHLOSTW~( I l . f.T .A CCU~(I)) Nli:.P • , TWVE. 
IHHDSTWCI) . t.T.&CCVW(I)) P..ZEQ: .TRUl. 
IHlOEIIIT .tU. lWOll GU I U 20 
1F ilDI:.N I.Nt.lhE~2l ~RITE(NUUT ,q040) LDSTUS(J) ,HOST H(J) 
(,(1 ID 30 

20 L DSl ~S(l) : LUSIRS(ll/ll.IUJSq•~ADlUS(J) •HA D IUS(l)) 
HOS TR(l) "HOST~(l)/(l.14J~q • U A O I US( l)•WAOJUS ( J)) 

30 CONTINUE 

MAJN I 2t)0 
M&li•127U 
HAINI280 

>44fkJ 51U 
MAI"-11211 
HAJ'II350 
M&INI.i4U 
MAINJJ~O 

MAINilo o 
M4lk1370 
MAINIJ!IU 
MAJNJjqO 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••-•••••••••••••~AJ NSijlU 

c 
c 
c 
c 
c 
c 
c 

lEST ON OHVIOUS MJSTAKtS I N SYSTE>4"S 0 ATA·MAINI4ll 
CARDS . MAJNIUI~ 
• HtN I~EO l 0 THt H~OUCEO SPRJNGCOMPLJ AN• HAl~l~J.i 

C ~ " A S 1ot E AD • . H A 1 ..,.I " I " 
A P..U"" • VAP..lS~IkG SL I PNtSIST ANCE I S SU~STI • MAI "" JU2 U 
TUllO TU ~REVlkT HIGIU•800Y MOTION OF THE HAlklU1U 
TOPL A•EWS MAINI44 U 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MA JNJUSU 

so 

00 SO J z l,NLAYS 
l~((I. O • NU(Jll . LT .A CCUA(I)) GO TO 410 
IF(t(Jl. LT .& CCU~C i ll GO IU 42 0 
JF(J.t0.NL AT5) ~U TO SO 
lF (I WE O. Eti , Ol CU TO ~0 
ALK!J) : AI( (J) 

l ~ ( A LK(J) . LT .I OOO . O . OA •• ~OT . NZlO) GO TO SO 
Alii(J) a IUOO.O 
AII (J) a 1000 . 0 
C.O TO So 
AlK(J) a AIC (J) •~ (J)/(I.O•NU(J)) 

I F ( AlK( Jl . L T.I OOO . o . o~ •• kOT.klEQ) GO TO 50 
ALOCCJ l c 1ooo . o 
AK (J) a ALK(J) • (I.O+NU(J))/f(J) 

CONTINUE 

MA1NI4()U 
HA I ·n ~td 
MAINI~b~ 

MA1P..l4b.i 
MAINI~b4 

MAJP..IUb!) 
MAINJUbt) 
MA1NJ'-Ib1 
HAI"'Iuo& 
MAJ""IU711 
MAINIU71 
MAI~1 47 ~ 

~AIN I117 .) 

MAJNI U7" 
MA l l\oi&I~ U 

c------------··-·······--·--------------·······------------------···--·-"'l~l~qv c 
c 

OUTPUI 0~ All PHYSICAL DATA 0~ SYS TtH 
AND LOADS ~y CALLING IN SYST~M . 

1'1A l lloJS OV 
HA(NISI O 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MA !Nl~ZO 

CALL SYSTfM(ISl~,(,NU,THlC~,AK,~lAYS ,H, kLOAO,LOST~S,HUSlH ,A LK, MA)NIS1U 
+ R& OlUS,I,Y,~Sl,ISMl,I~EO) MAfki~" U 

J~ ( , kOT ... Zl~.&ND •• ""vt.~ZlQ) GO TO ~30 MAI~l ~SO 
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·"A INlSoU 

c 
( 

c 

CALCIILAf}liN OF COkSTA~~oTS USlO IN SUti~Ol• • 

TJP..t MA IAJ I I D ~UlLT U~ VAWI OUS HAIWlCES 
8Y C&LLJkG I"" M& CON I• 

MA1 NIS7 U 
MAIN1'>8 0 
, .. lN15qo 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~•l ~JbOU 
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~0 lF(NlWSTS.EY,O) GO TU 70 ~AlN1o1U 
CALL STSlt~(JSYS,E,N IJ ,THJ(k,Ak,NLATS,H,hLOAO,L DSTNS,HOSTN,AL•. ~AlNlb~U 

+ H40lUS,x,T,~Sl,lSMU,IKl0) ~AlNioSU 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••····~•l~lObU 
C Rt&u SlktSS[S,STR4lNS ANU OISPL&Ct~ENTS MA1N1o7U 
C TU bE C&LCULATlO, HA(Nio8V 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAI~lbqU 

10 CONTl~U~ 

80 
qo 

DO qo l•l,l7 
If CkEUEST(I).~Q.NbLANk) GO TO 80 
lF(kt~EST(J),Nl,lSTHSS(l)l wNJT((NOUJ,q070) lSlkSS(l) 
AlDli)•,TNUE, 
GU TO qo 
AlDCl)a,fALSE, 

CO~TlNUt 

H4lNl71U 
HAJN172U 
~A1NI71U 
HA1N17~U 
MA(NI75U 
M41NI7~U 

~·J~177U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MA}Nl7bU 
c 
c 
c 

CONSTS OtTlRMlNtS ~ON EACH SYSTEM ~HlCH 
SINESStS,STk&JNS AhO DlSPL &CEMtNTS •ILL 
SE CALCULATEU, 

"'1Nt7qu 
HAINIAOU 
HAIN181V 

c-------------·------···------····-··················-----------·····-··"'l~t82V 
CALL CONSTS(AlO,NZl~,NZt~,N,L) HA}NI83V 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~•J~18"U 

c NtAO NUM6tQ OF POSlTlU~S AND SET LOOP 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAINlti~U 

100 RtAO(NJN 1 Q010)NPOS 
DO ~00 JPOS•1 1 NPOS 

N2 a N 
Ll • L 
oo 110 1•1,1 
~0 110 J•t,l 

110 A(J,J)aO,O 

MAJN18&U 
"'1N1&qu 
HA1N1q0U 
~•1~1q1u 
MAJNt~lU 
"'l~1q1Q 

c-------------------------------------------·--·-----------------------·"'l~tQ~u c 
C••••••••••••••••••••••••••••••••••••••••••••••·••••••••••••••••••••••••••I~1Q&U 

RtAO(NJN,~OoO)LAYER,&X,AY,OtPT",tTA 
ET&:.Ot7~~31•tTA ~AlNtqau 
IF(NLAYS,EU.t) LAYERat ~AIN1qqu 

•kiTECNUUT,qoqO) l~OS,LAY(R,AX,AY,OEPTH "AlN200V 
l~lN:t,Ot+10 MAJNl01U 
JF(hLAYS,EU,1) CO TO 130 MAJN202V 
JaLAYtN+l MAJN203U 
JaMJN0(J 1 M) ~A1N20~U 
00 120 I•t.J "'INlO~O 

lFCTHJC~(Jl,LT,T"JN) l~INaTHJCK(l) MAJNlOoU 
tlO CONTINUE HAJNl07U 
130 UX•O,O HAIN20&U 

UYaO,O ~AlNlOqv 
UZ•O,O MAJhl10U 
MU&NU(LAYlR) ~A1N211V 
Fla(I,O+MU)It(LAYEA) MA1Nl120 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~&t~ZlJU 
C Stl LUO~ FON NUHKlN OF LOADS, HAINli~U 

c---------·------······-----·-········------------·-·-----------···----·~at~zt~u 
00 130 J&1,NLOA0 N&JN1to0 

00 1~0 Jat,t7 HA1Nlt7U 
1QO JNT(J)aO,O HAJN218U 

DU lSO Jat,l7 HAJN21qu 
1~0 STHESS(J)aAJO(J) ~AlNllOU 

JF(NLAYS tU J) GO TO 1~0 NAINll1U 
C••••••••••••••••••••••: •• :•••••••••••••••••••••••••••••••••••••••••••••MA1~2ll~ 
C C•LCULATION 0~ CONSTANTS NttDtD FOR THE HA1N223U 
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c 
c 
c 

~VALUATIO~ llf" Tt1f C•HIUCH.kl~liC ~UNCTI• 
o~s 1~ HATut• ~v CALLIN~ IN HA2lON, 
,.A2CUN, 

14AIN2241U 
IU l"'i2':iU 
~o~A 1 '•22ou 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~AJt~C27 V 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAlN22QU 

c 
c 
c 

OlTtN11JNAT[UN 0~ ~OINT COU~OINAT~S I~ TMf MAIN2]0U 
CYLINUNICAL COOkOINATE SYSTlM ~IT11 L040• MAJNlllU 
AXIS AS AXIS 0~ SY~MtiRY, ~A1N2]2U 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MA!N2jl0 

11>0 

' 10 
tliO 

200 

210 

220 

llO 

• 

IFit(Jl.tu,Al,ANO,Y<J>.Ev,•v> GO TO 110 MAINciliU 
TMliA:ATAN2((AY•Y(J)),(Al•X(J)))•PSJ(J) MAIN2]5U 
GO TO tan MAJN2]oU 
T,.tfA:fU•I>SIC[) MA1N2l7U 
AA001S=S~NT((AI•l(J))••2+(AY•Y(l)l••2l MA1N2l8U 
~R1Tf(N~Ul ,q10 0l I,HAOOJS,THlTA 14AIN2]qu 
kaRAOOIS/kAUlUSil) MAJNiliOU 
l&Of .. T14/IUOJUS(ll "'AIN241U 
IF ( .. LAYS,EY,1) GO TO c!lO MA1N2llc!U 
JF(LHER,CT,1) CO TO 210 14AJNc?UlU 
l~CZ,GT,•ACCUR(I),ANO,l,LT,(H(1)+AC.C:URC1))) GO TO 2SO MAJN21141V 
.,Rl Tt.(NOUT ,q11 0) HA[N241SU 
~0 TO 1100 HA1N2lloU 
JF(LAYtA,LT,NLAYS) GO TO 220 ~AlN2117U 
JF(l,GT,(M(M)•ACCUH(\))) GO TO 230 MA)N2418U 
GO TO cOO HAIN2llqU 
IFCl,~T,(M(LAYEH•1l•ACC:URC 1)) 0 AN0,l,LT,(M(LAYtAl•ACCUNCt)HA1~2':iOU 
)) GO TO 210 M41~251U 
GU TO cOO HAJ~52U 
IUDI21HOIUS(J) MAl'<2~lU 

LOAO:LOSlNSCl) HAIN2511U 
M0ST.,SIU<0Slk(J) HAJN255U 
NLO":k,LT,ACCUR(1) 11AJ~2~oU 
Sl:SlN(TMtTA) HA1~257U 

CT:COS(lHElA) HAl N258U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAIN25~U 
c 
c 
c 

CONPNT UllfH HlNtS fOW lACH P01NT•L0AO 
CONFJ~UNATJO~ "MICH )NlfGAALS HAV[ TO 8E 
CALrULA TEO. 

HAJN2o00 
HA)N2oiV 
HA1~<2o2U 

c---------·-·---··--·····-···-----------------·-···-·----·--·-···-------~•r~2olu 
CALL CONPNT(H,MUSTRS,LOAO,Z,N2 1 L2l 
I~(LAYlW,hf,1) GO TO 25U 
Cl : Ot!LlCll 
lFIZ,LT,ACCUH(1),AN0,AUS(R•1,0),LT,ACCUH11ll 

HA)Nc~liU 

HAINcoSU 
HAlN2ooU 

GO lU 2110 HA1N2o70 
C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••···"AJNZ&8U 
c 
c 
c 
c 

ASV11PT D~TtHMJNlS TMt LTPSCMlll•HA~KfL 
I~TlGHALS NtEO~O FUW T~f ASYMPTOTIC PART 
u~ TH(. )Nlt~AALS,~OH POINTS I"' TH~ TOP• 
LAYlR u~LY 0 ' 

HAl1<2bqU 
HAIN270U 
HA!N271U 
HAI~<cUU 

c-------------·-------------------·---·····--·--·····---··············--~•l~27JU 
CALL ASYMPT (A ,A(C UN( l)) 
GO TO 250 

HAIN2711U 
IU I N27'3U 

(•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~•l~27bV 

c 
c 
c 

~OA POINTS AT TM~ HIM Of THl LOAD T"t 
LJPSC:MITZ·M ANKtL lNTtGAALS (AN ~t GIVEN 
Olki::.ClLY , 

HAIN277U 
MA!Nl78U 
MAJ .. 27CJU 

c-----------·····-----------------···-·············-·-·········---------"•1~2&ou 
f10HI & O ,~l~o2 
f100aO,!t 
f11'q • o.s 
Fl1M2 & 0 0 41211111] 

•. 6 .1' -

HAI~<cli10 
HAIN282U 
MAJN21']U 
HA!N2~41U 



fiOI • 0,0 MAJIIr/8';,11 
fiiO • 0,0 MAIN211bll 
fill • o,o MAIN/8711 

(•••••••••••••••••••••••••••••••••••••••••••••••••••• ~•JL/.~" " 
-------------------"· ~ oov C (OMPUTATI U~ U f T~t ~t UU lWt D INTl~WALS KY MAlNl~YII 

C (ALLING IN ~tllr UAT ANO )NGPAL M41N2YO U 
C••••••••••••••••••••••••••••••••••·•••••••••········-··················"•I~ZQto 

ZSO INTT • 0 

ZoO 

270 

280 

100 

00 ZoO J a 1,17 
(llrT (J) z 0,0 

CONTI NUl 
00 270 J • 1.10 

INTV(J) a 0 
K a lltER2(J) 
IF(,NOT,EPS(K)) GO TO 270 
)NlV(J) a I( 

INT'f a l"'TT+I 
CONTINUE 
IF(JNTT,t~.O) GU TO 280 
IF(NLAYS,Nt,ll CALL GENOAT(l,NZtROS,H,ACCl 
CALL INGHAL(/,JNTV,INTT,INT) 
INTI a 0 
00 2911 J. 1,7 

INTV(J) • 0 
I( c JVtWl(J) 
JF(,NOT,tPS(I<)) GO TO 290 
JNTV(J) : K 

lllrTT c INTT+l 
CONTI,Ut 
Jf(INTT,EU,O) GO TO 100 
IF(NLAYS,N[,l) (ALL GtNDAT(O,NZ[AOS,R,ACC) 
CALL ING~AL(l,JNTY,JNTT,INT) 

"'51 0 a PSf( I) 

1'1& J N/9211 
HAIN/.9311 
MAIN/9uV 
MAlN29511 
MAIIIr2qoU 
MAJN297V 
MAJN/9~V 
MA1N29qll 
M41N300U 
MAIN101U 
MAJ,.lOZV 
MAJNjQjV 
I'U }Nj04U 
MAII\rlOSI.I 
MAINlOoll 
MAJNJ0711 
MAINJ0811 
MAJN,509U 
MAJ"'JIOII 
IUJ .. Jllll 
MA 1NS12V 
MAJ!Ijl\ jV 
IOAJN314V 
MAJN}l'JII 
"'I "~il toll 
MAJIIIl\7U 

c-----------·---·····-····----------------------·---------------------··"'lhJte~ c 
c 
c 

CALC COMPUTES AND UUTP(ITS l~t STHtSStS, MAl"'}lqll 
STRAINS AllrO OJSPLA(fMtNTS,JNOUCEO ijY tA CH MAJNJ/011 
LUAO SEPAHATELY, MAlN12111 

c----------------------·----------------------·-----------------------··"'1~322U CALL CALC(INT,Y,k,~U,WAOJ,Fl,LO A O ,HO S1HS,PS1 0 ,Zl 
JF(,~OT,N2) GO TO 330 

MAlkJZJII 
MAJN]i?IIV 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••···•"'l~32SU 

C CO~ ... UTATION AND SUMMATI ON OF CART~SlAN MAJ"'li?~V 
C CUOk~lllrATES,THE USl O COOWOlkATt SYSTtH IS MAl"'J27U 
C ~~~ O~E •~tPEIIII POINTC OOROlNATES •tRE MA[N$2811 
C STATED, MAJN]i?qV 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MA!Nl}OU 

310 

320 

UZ cuz.v (3 l 
1F(AMS(RAD01S),LT,ACCUH(I)) GO TO 110 
CT a (Al•X(l))lkAOOJS 
ST • (AY•Y(l))IRADDJS 
t.o ro 120 
CT cCOS((U) 
ST cSINctU) 
CT2 •CT•CT 
ST2 aSTeST 
STCT •STitCT 
A(lel)&A(1,1l•Y(4)•CTi?+V(5)aST2•l,O•V ! 7)•STCT 
A(l,2)cA(l,l)+V(7)a(CT2•STi?)•(~(4)•~(~))aSTCT 

A(l,J)c4(1,1l+~(8l•CT•v(q)•ST 
A(2.1)U(1,2) 
A(2,2l•A(2,2l+~C~l•ST2+V(5)•CT2•l,O•V(7)•ST~T 
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MAJNlJIV 
M41N.Sl211 
MAIN.SHII 
IUJ .. ]}IIII 
"'AIN31~11 
MAlNlhV 
"'' [111Jl7U 
"''l NiHil 
"'AlNHQU 
MAlN}CIOV 
MAJk]CIIII 
"'AIN.511211 
MA IN1/1.1U 
"'Aliii]CIIIII 
IU I N111';,0 



HO 

A(l,J)~&(l,])+Y(B)•ST+V(ql•CT 
A ( 3, I l al C I, 3) 
A (1 ,.?)at (l, ~) 
l(\,3):t (] ,SJ+Y(~) 

u r : UI+V(Il•CT•Vlll•ST 
UY •VY+Vll)•ST+V(2J•CT 

CUNf!NUl 
TU&Clal(l 1 l)+l(2,2)+A(],]) 
&K :(J,O+~U)/l(L AY~R) 

AC aMU•fHACt/l(LAYER) 
00 l~O Iat.l 

00 3110 J:t,l 
8CI,J)alM•ACI,J) 
IfCI,N£,JJ GO TO ]11 0 
BII ,J l:t-(l ,J ) •AC 

CONTI.,.Ul 
CONTINUE 

MAlN]IIoO 
MAIN31170 
"'' IN]IUjO 
MAlN,S IIqO 
,..., .. ,.,00 
"''''"1510 
MAJN]520 
MllN35SO 
.-&lN]SIIV 
MAlNjS')V 
MAl11135bO 
M&IN35711 
MAIN1S8U 
MllNl.,qO 
MAl"'ltoOO 
,.AlN]biO 
M&ll\j]bi>O 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAINl03U 
c 
c 
c 

OU TP UT FUN TOTAL SlNESSlS,STkliNS &NO 
OISPL AC EME,..TS KY THNEE TIMES CALLING JN 
OUT PuT . 

MAJN]OIIV 
MAJN1b'l0 
"''I"'ltooo 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·•·MAJNlb7U 

Joo 

ooRJ 1ECP110UT,qi 20J 
EPStl)zSTR£55(18) 
lPSC21:SlwESSC21) 
lPS(j)aSTR~SS( b) 
~PS(~):STNlSS(22) 
~PS(')):51~ tSSC20) 

E~Stbl=SlN[SS(lq) 

CC I ) U(l,l) 
ccnuc2.2> 
((}):&(1,3) 

C(ll):&(l.l) 
C(.,) z&(1,3J 
C(o)U( I,Z) 

CALL OU lPUlCE~S,C,o,t) 
EPS(I):STN£55(23) 
EPS C2J :STNES5C2o) 
E~S C 3 ) :5TNESS C \2) 

EPSCII):STNESSC27) 
EP5 ( .,):5TNESS(2.,) 
lPSCoJaST~tSSC211) 

CCilal4(l,l) 
Ct2)at.(2,2) 
C(j)afl(j,]) 
CCIIJ : Ij(.? ,l ) 
CCSlaiHl.l) 
Ctol=IH1,2) 

CALL 0U1PUT(E~S,C,o,2) 

lPSC I )a5TN~SSC Ito) 
l~5 ll) :STW~SSCI7) 
EPS(§)aSlRlSSC 3) 

CCil=v• 
CC2):UT 
t<l> =u z 

CALL UuTPU lttP S,C,l,l) 
1F C.N UT,L2 l GU TO 110 0 

MA1Nlto80 
MAIN]oqo 
M411111700 
MAJN3710 
M4IP11372 0 
"''I N373V 
IUIN37110 
MliNl750 
"''I Nl7b0 
... I ... l770 
Mll"'l71! V 
"'I "'37qo 
IU 1 Nli!OO 
MAIPIIJ810 
loll 1N1820 
~~'Al"'l8i U 

M&I-.]8110 
MAJNJ8~0 
MAJN38oV 
MAJN387 V 
Ml 1 N]88U 
"'l"'l8qu 
"'''"'lqoo 
MliNHtO 
"'I •nqzv 
"'l"SqJu 
"''"']'1140 
"''"'lqsu 
M&J-.Jqo u 
14AJNjq7 U 
"''"'.sqeo 
M&Jp,)q'IO 
Ml}NII OOO 
14AIN11 0 t 0 
I'I&JIIIII02U 

C••-••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAlhQ OJU 
c 
c 
c 

JAC O~I CUMPUT~S PklNCJ~lL V&LUlS &NO l'lllNII OIIV 
OIR~CTlONS OF TOTAL SlWESSlS &NO STN&INS. MAJNII O.,U 
THE ~AI"'ClP&L VALUES &AE SOATlO ACCONOING 14&1111140&~ 
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C TO HAGNITUO~ HY LALLINu IN ~SUAT, HA1Nu07U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"AlN"O~U 

CALL JACUHI(A,kH,l,J,t,"'lw) HA1Nu04U 
CALL ~SUAT(A,MH,J,},t,",lQ) HAlNutOU 

C••••••••••••••·•~··••••••••••••••••••••••••••••••••••••••••••••••••••••HAJN~l1U 
C O£T~RMJ~AT1 0N U~ MAX,S~EA~ STUtSSlS 4NO HA1Nut2U 
C ST~AlNS •lTM Tk~l~ Ol~lCTlUNS 4ND OETEkHJ•MA1Nu1JU 
C N4TIUN OF MIDPOINTS U~ T .. ~ MUHU•S ClACLI:, H&lNulull 
c--------------·----------···-···········-------------------------·-----~•Ih~l~u 

00 370 J:t,l HAlN41bU 
CCJ )aAKtA(J 1 J)•AC HA1N417V 
C(J+ ~):(Hk(J,t)•HH(J,j))/Vl MA1N418U 
C(J+ q)s(Hk(J,t ) +HM(J,J))/Vl MAlNutQU 
C(J+14)C(HH(J,l)•MH(J,2))/Vl "'1~42011 
C(J+I8):(Hk(J,I)+HH(J,2))/V2 HA1Nu21U 
CCJ+2J)C(HH(J,~)-~M(J,j))/V2 HAlN42lU 
CCJ•27)a(kk(J,ll+HH(J,i))/V2 M41Nu23 U 

]70 CON I lNUf. MA1Nu2uU 
C( u):Q,5•(&(\,l)•A(J,3)) HA1N425U 
C( 4)aO,S•CA(I.l)+A(l,J)) ~UlN42C>U 
CClJ)aO,~•CAcl,ll•&(2,2)) MAJNu27U 
CCl~)a0,5•CACl,l)+A(2,2)) MA1Nu2~u 
CC22)aO,S•CA(l,2)•A(J,J)) H&1Nu2qu 
CC27>• o .s•c•cz,2>••cJ,l>> HAlNuJou 
CC '))aO,S•CC(I)•C(J)) •UlNuHU 
C(l .. )aO,S•CCCI)•C(l)) MAlt.1412U 
CC2J)aO,S•(CCl>•C(J)) MAlt.l~jJU 
1FCC(l}),GT,CC22)) GO TO }qO HAlNGl4U 
OU }80 Iat,4 MAlN4}')\J 

CCl+lO>=CCl+lll MA1Nu3oU 
CC1+12>•CCI+2t> •alNuJ7U 
CCI+2t>•CCI+10) HAlNuJbV 

380 COICT l"'U~ H& 1 Nu}4U 

c-----------------------------------------------------------------------"•l~"~ou c 
c 

OUTPUT fLR PRlNClPAL STAtSSES,ETC 1 H,IlHUM H& JNuutU 
SHlAW STNESS~S,lTC &hO ST~Al~ ~~~kG1ES, MA1Nuu2U 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MA1N"U3U 
}~0 -AlTf.(~OU T 1 4lJO) A ( l,l) 1 ((1) 1 HH(l,l ) ,kH (l ,t),~k(},l), M&l~~44U 

+ A(l,l),C(2),~H (l 1 2) 1 HH(2,2) 1 Mk(i,l), ~&l~44SU 
+ A(j,J) 1 C(J ) ,HH(I,l ) ,HH(2,J ) ,HH(j,j), MAl"'~u~U 
• CC(l),lzu,30) MAlN~47U 

Kl a (A(l,t)•C(t)+A(2,2>•L(2)+&(],})•CCJ))•O,S ~Al"'U48U 
8Y. o.~obb~o7•A~•(C(4)tC(~)+((IJ)•C(l})+CC22)•CCZl)) M&lNuuq u 
•~ITECNOUT,4200) ~l,8Y "'l~uSOU 

MOO CONTINUE. ~Al~M'ilV 
GO TO u~O H&l~4')lU 

410 "NITE<"'UUT,ql~O) J MAINu')JU 
GO TU 4u0 HA!Nu~UU 

420 1oii1Tf(lli0Uf,ql80) J MA1Nu5SU 
GO TO uMO MAINu5oU 

4]0 •A ITt (IIIOUT ,qtqO) HAlN457U 
C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••AI~Q58U 
C FOW SYSltMS ~OM •Hl CH ll IS CLE.AA THAT MAlNU')QV 
c MISTAKES occuR 1~ THl lt.~.,uTC:A~<OS.TH~ HAINuoou 
C kEUUtST A~O .. UlNl l~PuT C&AOS Akt S~I .. PEO,H&l"'uOlU 
C P~OGAAM PUOCtf.OS ~y T&~ING "'tXT SYSTI:~, M&l~4b2U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MAI~M&jU 

"40 A[AO (lolN,QI')O) ~AlN4b~U 
11EA0(~1N,Q010) ~POS HAlNub')U 
oo uSO I•l ,NPOS ""lt.l"bttU 

u')O RtAO (lflN 1 41')0 ) H&lNMtt7U 
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~oo cu~rr~u~ MAJ~uoev 

•~lTt(~OUT,qloOt MAJ~uoqu 

STU~ MA1Nij70V 
q000 FOwMAT(lHl,l7l,\l("~"l,~X,-liJ",~X,ll("S"),ol,Q(•A•),~X,ll("R")/ MA1N47lU 

+ l8X,ll(-~"),41,"111",4a,l2("5"),~a,lt("A"),qx,\i("R")/ MlJ~U72U 
+I~I,"~H·,~x,•H~~ 111 SSS 0 ,\ijl,-AAA",7a,•AAA k~•,~x,-ANW-/ MlJNU73V 
•ttia,"HH",Qa,•e~ til ss•,tsx,•••-,qx,••• AA•,qx,•uw•t MAl~ij7uu 

+ltil,"b~-,7a,•B~• Ill SSS•,tqx,•AA",Ql,"AA AN",tiX,•~R"/ MAJHij7~U 
+l~l,tl("8"),5l,•I11",4),11(-S•),5X,ll("l"),lX,l2("N")/ MAJHq7oU 
+t8a,ttl"H"),5l,•JJI",~a,tl("S"),qx,t3("A"),il 1 ll("k")/ HAJ~~77U 
•te•,"dH-,7c,-~~• Itt•,tux,•sss •••,qx,••• ww•.sx,•Rw•t MA1HU78U 
+)8),"8~",8x,•~~ 1ll",l~X,"SS AA•,qa,"AA MN",oX,"AA"/ MAlH47qU 
+t8a,•SH",7l,"BH~ lli",IUX,"SSS AA",QX,"AA ~w•,7•,•AN"/ MA1HUtiOU 
+ltia,tl("9"),41,"111",3a,li("S"),UI, 0 AA" 1 QX , "AA AR•,8x,"NA"/ MAIH481U 
+l~1,ll("8"),~l,"lll",3a,Ji("S"),SI,"AA",Qx,•AA Nk•,qx,•NN"/1// HA1~~82U 
+7SX,"THJS ""81SAN"" PkO~NA~ ~AS ~~~H UHTll~EO Fk0M"/~qx,•Shlll N£S~AIN48JU 
+[AACH 8,V,"/8QX,"JUk THl SOlE USE 0J"//7oX, HAJNU~ijU 
+"S~Ell Oll CO~PAH¥"/7ol,"HUUStO~, T~XAS" MAJ~ij8~V 

+ //7ol,"All MlG~TS ARl ~ESlNV[O,HllN~boU 
+ USE OF TMIS PRO,AAM"/7ox,•KY UNAIITHONIZED PENSONS IS PROHl~lTEO•)MAJNijft7U 

Q010 FOwMAT(20A4) 
QOZO FOAMAT(IMioiS(/),l~X,20A4) 
QOJO FQNMAT(l2 1 ll,11) 
Q040 FQAMll(" ~UTE THAT •,[12,~,• AND •,Ell,o,• wlll ~E CUNSID~AEO TO 

+~ LUAUS 1~ STk~SS UNITS") 
q050 fOkMAT(oftO,O) 
QOoO J0NMAT(Jl,~a,GF10,0) 

MAJkuqou 
8HAlN4QIO 

MllNqqzu 

Q070 f QWMAT(• ~OlE tHAT l~CONkECT SPElllN~ HAS NOT STOPPED THE EYALUATJMAJN~Q~O 
+0~ Of STWlSS",~J,A}) MAIH4Qo~ 

q080 ~O~~AT(1l,uEJ2,o) ~AIN~~7U 
QOQO FON~Al(l~l,///Sli,"POSITION HUM~EA ",121/~ijX,"LAY[N NUM~[R •,t21/~AIH~~80 

+SSa,•c. uuROIHATES•tt~ox,•x•,tta,•••,ttx,•z•/uox,l~tl,ll) MAIH~Qqu 
QJOO f U ~~AT(/Zta,•OJSTAHCt TO lOAD•AllS(",l2,•)•,)ua,•T~~~A•t~~~.El2,U,~AlN500U 

t4Jt,EIZ,q~) ~AIN~OIU 

qllO F O~MAI(//,}Ol,"T~IS POSITION MAS ~El~ OMITTED SlNC.l TH~ LAYEk hUMH~AIN~OlU 
+Eli IS INCORRECT") IUJH~OlU 

Q120 ~ Ok~•T!tloa,•xx•,to•,•yy•,tua,•zz•,tox,•yz•,toa,•xl",tOx,•xv•,tox,HAlN50uu 

••ua•,toa,•uy•,tox,• u l"l MAlN~osu 
qllO F Ow~AT(/ 0 P R I N C 1 P A l V A l U E S A ~ 0 D 1 R E C T 1 U NMA}~~OoU 

+ S 0 F T 0 I A l S T M E S S ~ & A H 0 S T R A 1 N S 0 /l~X,"NOHA1~507U 

+NMAL",QX,"NOAMAl",QX,"S"llk",lOI,"SHtAk",lll,"l",l4l,"Y",liiX,•z•ttMAlN~080 
•S•,•STR~Ss•,q,,•gfWAI~",Qa,•Stk~SS",qx,•StNllN°,ql,"COMPUNlNT•,ox,~Al~~OQU 
•"CO~PO~E~T•,ox,•co"PO~l~T·t• ~••l~UM",2ltS,l,Jox,5FtS,ll" MIN1MAx"HAlN~tou 
+,2~1S,l,\Oa,}F1S,31" ~l~T~UM",?~lS,j,jOX,]FIS,J/" ~AllMUM",}01 1 2ElHAI~~IIU 
+~,l,JFI~,}/8X,tl~,j,~~l,lFt5,S/ 0 MJN1MAX",lOX,2~1~,],}JI~,l/bl, HA1~~12U 

•El~,J,"~a,jFJ~,l/" ~tNJMU""•l O il,2E1~,3,3fl~.J/bX,El5,J,ij5X,lFt5,1)HAI~~llO 
91~0 FOW"AT(• TMt Pk O~LEM ClHNOT 6t SOlYEO,~U(",lZ,•J EOU&lS UH[") HA}N~lOU 

QJ~O f (JNMAT(/) HAl~~lSU 

QtoO fON~AT(IHl) HAJ~5loU 

Q170 f Uk~AT(Aij,oX,oFIO,O) 

Ql~O F Q~~AI(" THt PAO~L£M CANNOt ~l SOlV~U,t(",12,") ~QUAlS ZlRO") 
QJQO F"(JkMAT(" SYSTtM SIIIPPtO HO LUA 0 $ 0 ) 

•U1~518V 
IIAJ~~)QU 

qzoo f UNM4T ( IM O,J3a,• STkAIN E~ENGY",Ell,U/" STHAIN lNEHGY UF 
+N",[ll,ij) 

01STUATIOMA}N~lOU 

[HO 
SUHROUTINE SYSifH(JSYS,E,NU,T"l(II,AII,NllYS,M,NlOAO,LO~tAS,HOSTR, 

IAL•,~A O I U S,a,Y,PSl,IS"O•lklO ) 

"Al~~ZlU 
MAI~~f!ZU 

SYSTOOlU 
SY~1 0 0l11 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••-••••••·•SYSTOOlU 
c 
c 
c 

1MIS SUIIHOUTIHE Oul~UTS All PHYSICAl OATA 
OF TMt MUll l•lAHAEU SYSlt.,. ANO All OlTA 
ON CO~FIGURATIO~ ANI> MA,NlTUOl OF THE 
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SY&TI\040 
SYSTOO~O 

SYSTOOOU 



C LO aOS , S1'Sl110711 
C••·-••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·SYSI OOKU 

l~flGE~ if iiU(, H(l),S"UO IH (.!)dS MTH C2) SYSIOuqu 
~t A L l(IOI,~U!IO) , THJl~!q),a~(qi,•L~(~),LDSIIfS(IO),MUST~(IV), ST~TOIOII 

lka OJUS! IO ) ,I CIO) , Y(IO),PSltlu) SYSTOIIV 
(~004 ~ 0~ /T a Pt/~~VT SYSTOI.!V 
DaTa W U\IG H,S~OO T"/"~Ou"," '" "," SHO", " OTH " I SYSTOllV 
~WITE t~OUT ,J OOI) ISYS SYSTOJ~V 
l~ ( lk EO ,l •,0 ) "'WI TE I'-UU T .1 002) SYSTOJ'>II 
If ( INlO ... t , 0) •WII E.t"UIJI.t(J07) SY$10151 
lf(~LarS.tU,l) CO I U ~0 SYSTOtou 
00 l O 1:11,14 S'I'STOJ7V 

JF ( J S04 0 ,l0,t) CO TU t O $YST018V 
JSHTH ( I ) a ~OUCM(l) STSTOtqu 
I $ 04TH (2) c WOUGH(ll STSTO.!OV 
JF(4L~(l),LT,I 00 , 0) ~0 10 ~(J SYSTOltV 

10 ISMIH(ll c $ Hl1UIH(I) SYST022V 
ISMIH(l) • $M00 TH(2 ) SYSl021U 

20 •~IT[(NQUT ,t001 ) lrlSHT"tllolSHTH (l) o l(J),NU(J) , THI(K(l) ,A ~(J) SYST02ijV 
}0 C O~T I~U l SYST02'>V 
~0 •A1Tl (~0Ul ol 00 ij) ~La1'S,t!NL4Y$),~U (~LAYS) S1'ST02~V 

•AlTE (NOU T,t OOS ) SY$T0~7V 
00 SO 1 • t,NLOAO SYST028V 

SO • R JTE!~OU T,IO O~) I,LQSTWS(J ) ,HOSTR( J),kA OIUS(I), X(J),Y(J),PSJ ( Il SYST02qv 
10 0 1 f 0W H4 T(IH loiO( I ),~lx,• sySTt H NUHijlW ",lx,J .!) SlSTOJOU 
1002 F QAH A 1(5(1) ,8X,"LAY~A·, ~x ,• c a LCUL 4TI O N", 2X ,"Y OU ~C ·• s •, ~x, • polSSO~ " $YST031V 

I"S",}&,"THI(KNE.SS",~I,"lN TtR~ A Cl " /~I ,"NUHHlA",Jio"HlTHOQ",7x,•HOOUSYSTOJ20 
2L US",~c,"A4TlU",JAir"SP~INCLOHPL"I) SYST03JV 

I OOJ F Q~Mal(l 0 lrll,O,a,zaS,3X,~~t2,~) SYSTOl~V 
I OO w FuA~AT(IOx,llriUC,2E12,U) SYSTOl'>V 
IOOS F QWMlT(///ijx,•Lu40",Sa,•NOk~AL"r7X,"SHlAA•,Sa,• w A O I US Of ", 71, " L040SYS TOloU 

I • P OSIT J O N",ox,"SHtaW"/8X,"NVHHtW•,Jx,•STk(S$",7X,"STWlSS",~I, SYSIOl7V 
2"L 0 4 0t~ AkEa"obX,"a",I IX ," Y"o7lo"01WtCT10N"I) SYST Ol~V 

IOOb f O~I'I l T(IO~,l2, Z •,bEI2,u ) SYSTOJqv 
1007 f 0~1'14 l(5(1),a a,• L a1 [A ", ua,•L aL C~L 4 TlCh",21, "f ~U~G·•s•,~x,•POISSON "S YSTO~Uv 

I" S",}r,• t.,lt"'Nl!.S ", }a,• AE.OUCtO" /8 J.,"NUHti[A",}X,"I'tT k0(, ",7X,"I'IIIQIJSY ST O"I V 
2LVS",~a,"WATI O ",Iaa,• SPkJN~CO~'~PL " I) SYSTOulV 
~£T UA ~ SYSTOU}V 
END SYSTOu~v 

SIJti~Ou TlNf HA( 0 Nl ( IS~'Or4LKoNSYS) I'IA( OOOIV 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"'COOOiU 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

THIS Suij~QUTINl CaLCVL ATtS CONST a NTS USEO 
IN S u8~0UI INE. HAT~IJ. I U tiUlLO UP YAN JOUS 
l'aTAl CtS , 
THE CO~~T aN TS AN( SIONEO IN 
C C.H~ ON/ lNO Ata / , 

~ U "lWlCAL ST Abi LITY Of SOLU TI ONPA OC E uu~t 
FOk l~t SYSTEM I S TlSTt O bY ( ALLIN~ JN• 

HAlC ON, 
Hat~ Ill 

~ktN INST481LlTY HaS TO til tJPtlTt O IHE. 
S1'100Tk CALLUL aiJ UN PNUCEOUNt IS (M0SlN HY 
''"'lNG I S~'~U ~ I 4NU NSYS IS Stl t~U AL I , 

"' (UOO J II 
H4(000~U 

~uc ooo sv 

IOA( OOO ~O 
Hl( 000 711 
~uc uoo sv 
I'IA CUOO qu 
HACOOIOV 
Hl( OOIIV 
I'IA( OO IZ II 
I'IA( OO I} V 
1'14(00 1"" 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·•••~•COOlSU 
REAL ... I,K/,~S I I O) ,•~ ( I O) ,• S ,,o,N~, Jl,L OA O, a C(\IN(j) ,aLK ( ~ ) l'lat OO ibV 
CO ••ON/AS Q T/L41tW,NL4f$,H 1 w,l,~U(IO) ,l((UN,LUA0,MOST~~.NZ~NOS,H(q) "ACOUI7V 

I 1 K~ ( I O) ,t !IO) ,aL (~),I"l(~(Q) ,ka0lUSCI0) HAC ~O IO II 
C U "'" (J ~/I~O a l A / l .. a.c, 41 (q) ,81 (q) ,CI (q) , O(q) ,lf ( q ) ,~ (q) ,G (II) ,kl (q),HaCOOiqv 

ll ltq), RI ( ~ } ,K l(q),KO(IO),al(Q),~U(q} ,HVU(q) ,bHU(q),~~U(q) ,U~ UU( q),Ha(0020U 
ZJ2(q),JI,T2 ! 10),S!.I2r1 0) ,G O I2!Q ),GO/I( Q ) , G022t q l , ~l.!l( ~ ) , 1'14C U021V 
l"012tq) ,H 02l ( q), .. I2Z CQ) , 00 12!q ) , Oul2(Q) , CO II !ql ,C Oiltq ) ,t 0121Q), H4C 0022V 
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41F012(Q) 1 FIIc!(q) 1 ~0~2(Q)ICI.(<~ 1 2 1 Q) 1 00tc!lc!I~)~Ff C2 1 2,Q)~ C~C2 ,c!II OI 1 MAL OOc! J V 
5 H~ (2 1 c! oi U),~R(~ , l ~I 0),002(Q) I ~20(Q) 1 b21(Q) I~2 Q(Q) ,HOc!I(Q) ,~b2 tln) I14A C OOl41U 

0 ~ "c! c I 0 ) I 0 0 I I ( ~ ) I 4.11 I I ( q ) • u 0 I c! ( q ) • loll I c! ( Q ) , (J 2 I c! ( q ) I 110 2 c! ( q ) I u I c! 2 c q ) • 
7 u F 0 ( q ) I l l F I ( q ) I l 0 I ' I z I I I I z 2 I I • l 0 I 2 I 11 ll I u I 2 I B lc! I l 0 21 I ll c! I I l 0 2 2 I 

8ZI2c! I U~c! I 1(41 

CtJ H~ O~IT A~E /NOU T 

NS\'S z 0 
lFCNL AYS,EO,I) GO TO 10 
CCCI1111l • •1,0 
ccc211,1l • 1,0 
CCCI121Il z I 0 0•2,0•NU( I) 
GG ( 2 I 2" ) : 2. 0 . HU ( I ) 
HM(IIIII) a 1,0 
1414(11211) a CC(IIl,l) 
Hlo4 (2 11tl ) Z 1,0 
14H (c! l2ol ) : •GGCl121l) 
~R (I IltNlAY S) :: 0,0 
Wk(l1c!1~lA\'S) :: 0,0 
RW(2111NLAYS) a 0 0 0 
RW(c!,2 1NLAYS) : 0 0 0 
WR(J,t,~LAYSI : 1,0 
PW(J,2,NLAYS) a 0 0 0 
RW(<~oii~LA¥5) a 0 0 0 
~R(II,2,NLAYS) z l,O 
SS(!,NLAVS) a 0,0 
ssc2,~L•vs> = 1,0 
GC2Cl l • 1, 0 
~~c!(ll :a•l,O 

10 ~~~(l)ai,0•2,0•NU(Il 
lF(NLA¥S,lO,Il '0 TU 70 
II a 0 
~b(l) :: <~,O*(I 0 0•NU(I)) 
00 30 Jzi1M 

KI(Jl•~I.O+NU(J+lll•t(J)/((l,O+NU(J))•E(J+l)) 
I( 2 ( J ) z I , U •II I (.;) 
Kl(J): .. U(J+I ) •NU(J) tlll (J) 
KII(J):ad,O•NU(J)+NU(J+I) 
k5(J):t, O •l, O •~U(J) 

lle> (J +Il 1t II,O•(l,O•'"li(J+Il) 
AI (J)z ~o(J)•II2(J) 

IU (J)z ~lCJ)+I(I ( J)tKe>(J+l l 
C I (J)z2,0•K2(J) 
D (J)z K2(Jl•CI,0•41,0•~U(J)) 

~~(Jl• K2(J)o(I,O+KII(J))•b 0 0*Kl(J) 
F CJ)a A\ (J) •81 ( J ) 
C (J) a ~2CJ)•Ct,O•K41(J))+c!,O•K}(J) 

Hl(J)a~,O•K2(J)•(~U(J•Il•~UCJ)) 
Jl(J)a OCJ)•MI(J) 

JO CONTl .. uE 
IISCM+ll•t,O•l,O•NU("+I) 
IF(JSNO,tw,ll GO TO 7 U 
oo ~o 1 • '·" 

I~ ( ALK l l),Lf,I~ O . Ol CU TO ~0 
110 CONli'IU~ 

GO TO 70 

~&(. 002511 

14AC002e>U 
ld(002 7U 
IUC00l8U 
HAC002qll 
MAC 00$011 
MA(. (IO Jlll 
HA COOJc!U 
HACOOlJU 
IU( 00 l41U 
14A(. 00l~U 

HAC OO le>U 
MACOOHU 
I'IAC 00 l8U 
MAC OOJ qu 
I'IA COOIIOU 
I'IA(. 0U 41IU 
MAC 00 li2U 
MA((J041JV 
MAC 001141U 
MAC0041511 
MAC (IOQ C>U 
I'IACOU417U 
HAC00418U 
MAC OOII qu 
MAC CJOSOU 
MAC OO~IU 
IUC 00 52U 
IUC 0053U 
MAC OUS IIU 
IUC UO O,S U 
HAC UOSoU 
14ACU0~7U 

HACOO~e u 

HAI:. OO~qu 

IUC UO C>OU 
~ACOCie>IU 

"AC UO e>2U 
HACUOC>JU 
MACOOtiiiU 
"'C OO e>S U 
"AC OO «>«>U 
MAC 00 o7U 
14AC 00 b8U 
IUC UO bqU 
IUC 00 7 UU 
IUC 007 1U 
"Al00 72U 
"A( 00 73U 
"ACU07 11U 
"'C0070,U 
I'UC UO ?ou 
MAC U0 77 U 

c-----------·--···········---------------------------------------------·"''oo7eu c 
c 

CALCULATlUN U~ CONS TANTS ONLY NttOlO I~ 
~AlAll FON STA~lLlTY Tt ST , 

loU(.U07qU 
MAC008uU 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"ALOObiU 
50 T"lN • t,OE+IO 

NTELL • l 
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MA C0u8 2U 
MAC OOII ]V 



IF < • tuc t o> ,•~D •• ~o r. ~Z E O> •J o e u) :, r~ut . 
(F ( AJ O( b),A~O ,,~U f, ~ZEP) AI U (l() c, T~Ut , 
IF ( AJ O( U)) CALL Lllt.Stl(JA~ l.(l , &) ,AI D) 
JF ( AI0t l 0 )) AI Ot l l ):, T~ Ul , 
IF ( AI O( ~)) &I n( tt ) :,l ~ UE , 
1F ( AI0( 12) ) AI ~ ( o ):, TAUE , 
IF ( A I 0 ( II) l A 1 D (I .. ) :, Hill~. • 
IF ( Af 0( 1~) ) AI D( !l)c,T ~Vt. 

JF ( AI O( S),A NO ,&I O( b )) CALL LDt.Stl (J A H ~ (I, 7), Al 0 J 
JF ( Al0( li),A "'D,At (i CI 2J) CALL l<Jt.:t~T(J A HC(I , HJ ,A IO) 
IF < .~ OT .~Ltu) GO 1 ~ 20 
1F ( AJ O( 7) 1 Al D(Il ) :,T AUt , 
I~ ( AJ 0( 1l l) AI OC 7):,T ~ UE , 
IF(AI D( q)) AJ O (l~):, T~UE , 
JF ( AJ O( IS)J AI ~< q):, TN UE, 
1F( A1DC S ) ,A~ O ,AI OC I OJJ CALL lOt.S~T(J A k G ( I 1 q) ,AJ O) 
I F( Al Ot b ) ,A N0 ,Al 0C I0l) CALL L0t.SET(J A ~C( I 1 10) ,Al 0J 
I~ ( AI D( l l ,l'"0 ,AJ 0( 2)) CALL I,. Ut.lttT(J ANt. ( I 1 11 ), Al 0 ) 
I F( AJO( ~) ,A~ O ,AI Ol 7 )) CALL LUt.lt~T(J A Nt.( I 1 12) ,A J 0 ) 

IF ( AlO( 7 ) ,A~ u ,AI 0( 1 0l ) CALL LUCStT(J AWCC ioll ) ,AI O) 
IF ( AI O( 8 ) ,A~O ,AI 0 ( q )) CALL LUGSt T(J AkC(t ,I U) ,A JO) 
CO TO 10 

20 IF ( AI O( Ill CALL LOC St TCJ ANG (I,Jl ) ,AI O) 
IF ( AI O( U) ) (ALL L ~C SE 1(J A Rt.( I,1 2) 1 Al 0) 
IF ( Al O( 8)) CALL LOGStl( J AkC (I,lu ) ,Al OJ 

10 H a ,FALSl, 
I. c ,TA UE, 
I~ ( AI O( J ) ,O~ ,Al 0( b). OA ,AJ 0( 1 2) 0 0A ,AI O( Ib ) , OA ,A J0( 1 7)) k:,THUE, 
00 '>O I • 11', 2 7 

lHAl OC IJl GO TO uO 
L • ,FALSt, 
CO TO '> 0 

uO ~a ,TR UE, 
so c o~TI~ut. 

RE TUAiol 
END 
SUdHOU TJ Nt LO~St.T ( I,L OG ) 

( 0~ 5 0.5011 

c u~S0 11 V 
C U~ SO jlU 

l O~SO HU 
CUNS 0 3UU 
(. UNS OHU 
C O~SO lo U 
CONS0 17 V 
CONSOJIJU 
CONS OHIJ 
CO,.SIJUOU 
C U~S O U l U 

t 0~$ 0 11211 

c o,.su uj u 
CONSI) UU U 
c u .. s ousu 
lU,.SOU&U 
l 0 .. 50U7 11 
CUNlt 0118U 
CONSO IIq U 
CONSO'>OU 
CONS05 1U 
(0NS052U 
CONSO'> l U 
COIIISOSIIII 
co~sor,su 

COIIISOS& U 
C01'4S0'> 7U 
C0NS0 58U 
(..UNSO '>qu 
CUNSO &OU 
CONS0 &1 U 
CUN50o2U 
c u,.,s ooJ u 
C U~SO& II U 

CUNSO&SU 
1.. 0~500111 

C••••••••••••••••••••••••••••••••••••••••••••••••••-••••••••••••••••••••L O~S002U 
C T~I S SUb~OU TJ NE , C A LL E O I~ HY CONSYS ANO LOGSOU i ll 
C CO~ PN T, SE TS lH~ LOt. J CAL VAHJ A8Ll5 LOG( K) LOt.SOO II V 
C TWUt fUR THE M•VlL UES , STOWl O I N THt A ~t. U • LUultOOSU 
C Mf.~T I, LOGSOO &U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••LOGS00 7 U 

I. OGICAL LOGCI ) LOGS00 8U 
I~T ~ Gf.A l ( l ) LO~SOO ~U 
00 10 L&1 1 ~ LOGS Ol OII 

JF ( J(L),£Q,O) GO l U 2 0 LUG50 1l U 
KaJ(L) LOGS0 12U 
LOG ( M)a.lAU£. LOGSO lJ V 

10 CON T I~V[ LOt.ltO III U 
20 Rfl UA~ LUt.SO IS U 

(1110 LOt. SO 1 ~ ~~ 
SU~NOUliH~ MA2C ON( T" IN , I ,I SMO ,ALM ) Ml Z~OOlV 

C••••••••·••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"'2C002U 
C lMIS SU~HUU TJNE CALCULA TES CONS TANT S USlO ~A 2COO J II 
C 1111 ~U~k li Uf l NE MA TWJX TD bU I LD U~ VAk l OU S "A lCOOUU 
c M& tR i ltS . TMf.St C O ~ST A IIITS ALL OtP(IIIO[ NT MA lCOO'>U 
C UN AL k( J) A N~ I UH HAOl U$(1) , ANE SlOHlO MA ZCOOo U 
C I N CO"MUN/ I NO ATAI , H& lC00 7U 

c--·------·····------·---------·----------------·-------------······--·-"'2tooeu NEAL K1 1 K2 1 KII(I O) ,k ~ 1 Ko , ki i 1 M I 2 ,NU , l l,L O A 0 ,AC CUN( J ), A L K ( q) MA2 COo qu 
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0U,.>4Y : 0 . 0 
l.lY[A :; "'I.AYS 
T.?(>~LAYS) : 0 0 0 
00 t~O K z I ,11 

Jf(TMICK(K) 0 LT.TMIN) TMJ"' a T~ltK(K) 
nUM>4Y : QUMMY tTw JCK(K) 
TZ(K) : z.~ •Tw! CK(K)/HAOIUS(I) 
H(~) : OUMMf/R AOIUS( I ) 

oO CO..,TINUl 
CALL MA.?CUN(TMJH,t,JS>4U,ALK) 
TC a «~.«~•HAOIUS(I)/TMlN 

... Al :1 TX+1. 0 

MAC00811U 
M&C00115U 
"'A(.UOIIt~U 
"'Al 0!1117U 
MA( l)O"IIU 
MAC008911 
1'1 A C L' 0 9 0 U 
MAC009111 
MA(Ou9211 
MAC009lll 
M&(.00911U 
M& CUO C#5 U 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MACQOqbU 

c 
c 
c 
c 
c 
c 
c 
c 
c 

TlST ON NUHtRIC&L STAhiLITY 0~ THl SOLU • 
TIO~ ·PHOClOOwl TO Hl FOLLO~l O FOR THIS 
SYST~M HY CALLING IN THl MATWIX SUHHUUT I• 
hE ~tTH ~ltLL : 2 • 
AfTlk TtST THE SMOOTH OH ROU~H CALCULATI • 
ON P~OCtOUkt IS CHOStN. 
T~ST IS ONlY NlCESSARY lf NOT OIMECTLY 
l~E S..,OCITH CALCULATION PROCtOUHE HAS !tEE"' 
CHOSEN hY lSHOzt. 

14AC0097U 
HAC Uil 911U 
I'IAC0099U 
MACOtOOU 
M&C0101U 
IUC0102V 
IUC Ul Oill 
MACOIOIIU 
M4C UI0511 

C•··••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"'COJO~U 

CAI.L MATRlt(TX,l.~TlLll 

JF (NitlL. E0.2) GO TO 70 
JS>40 a I 
NSYS a I 
"R1l£ (,..0UT ,1 001) 

70 HtTUHN 
1001 FUN..,AT(• TH~ >40RE ST 48Ll S1400TM (.ALCUL AT JUN PWOCEOUWE HAS KEEN 

1 St~o~ .• ) 
f. NO 
SU8WOUT1NE CONSYS( Al O,,..LEP,NlEY,N,L) 

14AC 0 10711 
I'IAC 0 108U 
,.ACOlOC#U 
I'I&CUliOU 
MACU11111 
IUC0112U 

CHOH ACOtllU 
,.AC01l11U 
HACU115U 
CONSOOlU 

c--------------.---------------------------------------------------------t 0 '- so 0 z u c 
c 
c 
c 
c 
c 
c 
c 
c 

TMlS Sllt-WUUTINl OtTEk,.lNtS FOil E.A C:H SYS · CONSOOlU 
T~~ THt CYLINUWICAL C: U~ PO~f.NTS NEEUtO F OR CONSOOIIV 
COMPUIATlON 0~ TH~ HtQU J HEO CAkTESIAN CONSOOSV 
CU~~UNENTS OF STNl SSf.S , STH AlNS &N O OlSPL A•CONSOO b V 
CE..,t"'T• ~JVEN THIS ~tT U~ CUM~ONENTS A CONS0\1711 
~UWTHl~ S~LtCTl~N lS PlkFQHMtO ON THE CONS008U 
CO,.PONlNTS THAT CAN 8£ COMPUTED ~ITH THE CONSOO qU 
INT~GN&LS, CONSOIOU 
(.UNSYS CALLS IN S U~HOU TlNl LOGSlT CON~O II U 

c-----------------------------------------------------------------------co~sot lu 
LOGICAL Al 0(27) ,NZtP,NZEUrt~S(5) , N ,L 
lNTt GER JAR~(b,lll) 

OATA JARG/ 
1 11, s, 7,t~.s9,2t, e, q,zo,zz, o, o , 
21"rl5,2~,27, O, 0, lr 2,lb,17, O, O, 
:s 11,10,12, o, o, o, 11, ~.so, o, o, o, 
11 ij, s,tz, o , o , o, 1«~,17, o, o, o, o, 
523,2",2«1, o, o, o, 20 , l2,25,27 , o, 01 
l~S( 1J c A IO(I~J . ~k .AI 0( 19).UR.Al0(21) 

~PS(2J a AI O(lOJ .UR.&IO(lZl 
f.PSCll • Al OC21J . Ok.AlDC2 ~ J . OH .aiOC2oJ 
lP$(11) a AI OC25) . Uk. &IOC27) 
EPS(~) a & JO(lt~J.OH. A }0(17) 

00 I 0 1 a I , ~ 
lF(.NOT.tPS(lll ~U TO 10 
CALL L OG~lT(JAR~!Irl l rAI OJ 

10 CONTINUE 
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1 0 ,1l,ll, ll ,2 " , 2«~, 
~.10,12, o, o , o, 
11, o,l2, o, o, o, 

18,19,2t,2l,211,Zo, 

CON~O il U 

CONSO IIoiU 
CONSOISU 
CONSOit~ll 

CUNS017U 
COt.SOI811 
CONSOtqu 
CONS0 20V 
C:O,..S021U 
CUN5022U 
CUNS023V 
CONS0211V 
CONS02.,U 
CO>~S02t~U 

CONS027U 
COhS028U 
C0t.S029 U 



C0HH0N/&SOT/LAf£W,NLAYS,~,U,Z,~IICIO),&CtUk,L0AO,~OSI~S,~ZtWOS,H(II)~AlCOIOV 
I,K~(I 0),£(10) ,AL(CI),lMJ(~ (q),k & ~1USCIO) ~&2fOIIU 

C UH HO"' 11 NO A I A I .C 1'1& X , A I ( q ) , b I (II ) , C I t 'I ) , LJ (II ) , E E ( q ) , • ( q ) , C. ( q) , H I ( q ) , 14 A 2 t 0 I i U 
I l 1 ( q ) • K I (II ) , I(~ ( q l , • b ( I 0 ) , I> l ( (t l , H U ( II ) ,(HIU ( <.1) , t:i M u ( q l , Hi U ( q ) , b c? UIJ ( q ) , H A 2 C 0 1311 
c?J2(Q),JI,T2(10),$S(i,IO),GII Ic?(II),I,~21('1),L0~2(~),CI2i(Q), M&c?COI~U 
l~'~Oilllll,H02l<<~>,Hii?(~),u o ttt'll,DOc?c?CQ),C O II(Cil,COI2C<~l,tOic?C'Il, M&c?COISU 
~FOI/CQ),~II2(CI),.U2l(ll),(((~,~.~~l,OD(2,l,CIJ,FF(c?,c?,CI),G~Cc?,2,10), ~&2COibU 
~HH(/,2,10),AR(~,~,lO),D0i(CI),C21J(II),L21CII),H20(Q),HUli(CI),~~2(10),HAl(017U 
b ".,. 2 ( 1 0 ) , 0 0 I I ( q ) , IH I I C q ) , U 0 I 2 t q J , U I I 2 (II l , u 2 I c? (II l , I. 0 2 c? ( q l , U 1 c? l ( q ) , P'1 A c? C 0 1 ~ u 
7UFOtC~),OFICQl,ZOII.iiii,Zc?II,ZOic?,zllc?,Lllc?,zJic?,zott,zl21,zo2c?, "'2cos<~u 
8l12c?,Zc?22,K~ M&lCOc?OU 

XMAX ~b,S*AADJUS(l)/THJN MA2C021U 
K a 0 HA2C02lU 
DO IO J a 1,"' · M&2C02JU 

AL(J) a ALK(J )I(R ADJUS(l) +ALI((J) ) HA/(0/ijU 
Kl2 : 1,0•AL(J) MA2COc?511 
UOIICJJ a atc?•bllJ) 1'&2C02bU 
QIII(J) c 2,0•AL(J)•NU(J+Il H&c?C0l7U 
U012(J) c-~ll+HCJ) HAlC028V 
U02c?(J) a 1<12Ul(J) MA2t02QU 
~lc?c?(J) a AL(JJ••SCJl HA2COlOU 
UFO(J) a Klc?••lfJl•~ltJ) HAlCOJIU 
UFI(J) a c?,O•ALCJl•Cl,O•~UCJ)+(l,O•~U(J+Il)•Kl(J)) H&c?t.Olc?U 
1~(l$HO ,t0.1) GO TO 20 HAltOJjU 
1•CALKCJJ,Gl,lOO.Ol GO TO c?O HA2COlWU 
K£(J) • ·•LCJl/CI.O•AL(J)) HAc?COlSU 
8UtJ) a HECJ)•c?.O•NU(J+Il I'IA2LOJoU 
BUU(J) a 8U(J)•K~(J) M&2C0l7U 
lt~"~U(J) a 8£(J)U~(J) I'IAiCOltiU 
ltc?U(J) a ~~(J)•(K~(J)•2 0 0•NU(J+l)) HA2CO)IIU 
ttc?UU(J) a ~E(J)+(KStJ)+2,0•NU(J+l)) HA2COQOU 
LO TO )0 MA2CO~IU 

20 Kll a 2,0+(NU(J)•NU(J+I)J l'&c?COW2U 
a a K+l· MAiCO~JU 
Jl(K) a J M&c?CO~QU 
GCi(l,t,l(+ll a a2(J) H&c?(OQSU 
COI2(K) a Kll•K2(J)•(2,0•W,O•NU(J+l)) M&c?COWbU 
G02l(K) •·•12•K2(J) MA2(U117U 
G022(K). (IIJI•Kl(J))•Kii&! I'IAiC0118U 
Gl22(K) a•c?.O•NU(J+IJ•AL(J) HA&!COWIIU 
~H(t,l.l(+l) ••l.O•W. O•NU(J)•Kl(J) HA2COSOU 
H012(K) ••2.0+2,0+NU(J)+b 0 0 eNU(J+I)•IIq(J)•C2oO•~.O+NU(J+I))+ ~A2COSIU 

1 KI(J) M&c?COS2U 
H021(K) a HH(l 1 1 1 11+l)*KI2 MAiCOSJU 
1'1022(11) •·•ll+CI.0•2.0•NU (J) •b.O•NU(J+l)+K4(JJ•KI(J)) MAlC0541J 
Hl22(K) a Z 0 0eALtJ)eNU(J+I) H+2COS~V 
DDc 1,,,"' ••~'~oCJ> "'2cos•u 
DOll(~) ••Kb(J)+KS(J) HA2C0~7V 
DD(2,l,K) ••K12+Ko(J) MA2COSIU 
oo22C"l ·-~u<J>•2.0•0D(c?,t,K> "'zcos•u 
COil (K) ••I.O+W,O•NU(J) MA/(ObOU 
COil(K) • ~.O•NU(J)•KS(J) "'iCUbiV 
CCtl,I,K) ••2.0 MA2COb2U 
£012(~) ••Kll I'IA2CObJU 
FOI/(K) a KQ(J)•l.O•t~U(J)+~U(J+I)) H&c?COoUU 
FIIZ(K) a 2.0•~0t2(K) I'IA~CubSU 
f02i(K) a I 0 0•W 0 0+1<U(J+l) I'IA~CObbU 
FFCZ,l,l() a 2 0 0 "'~COb7U 
ODl(K) • 2,0+Kl2/IO.I (J) MAlCObiiU 
C20(K) a Kl2•(1,0•lo01Kl(J)) I'A2COb~U 
G21(K) a 4L(J)•0,5/Kl(J) MA2C070U 
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HlO(~J a Kl2•(1,0+l,O/KI(J)J 
30 CUNTI ~liE 

J l : II 
DU"' "''=o.o 
T2(Nl4'1'SJ a 0 ,0 
00 110 It a lr"' 

OU"'~Y:DUMMY+T~lCK(K) 
T2(K):c,O•TMICK(K)/~40IUS!l) 
M(~)sQU ~MY/IIA~I US( J) 

1112 a I,O•AL(K) 
1J ll2(ot): • KI2•~(11)o~(K)+UillCII)oK~(k) 
0212(11) a AL(II)oH(II)o (l ,O•NU( K+l)•KS(K)) 

110 CONTINUE 
IF(LAY~R.~U.NLAYS) GO TO SO 

,.A2C07l(l 
MAlC0 72U 
"''ct071V 
MAc!(0711U 
1Ul(.07~U 

MAcC01011 
MAl(.077U 
MA2tii78U 
1UcCU 79U 
MA2COIIOU 
~<A2C081U 
M4cC0820 
I-1Ac!C08 3U 
"'2(08110 

C••••••••••••••••••••••••~••••••••••••••••••••••••••••••••••••••••••••••~•2C08~U 
C THE~E CIINS TUoTS Ak~ US~D FOR ~~~ AS't'MPt n. MA2CU6bO 
C Ti t ~VALUATlOt. Of T~t. (.t-o Ak ACH.NlST IC MA2t 0670 
C fUt.CTI(lt.S IN MATI<P 0 MAlC088U 
C••••••••••••••••••••••••••••••••••••••••••••••••••••-•••••••••••···-•••"A2COHqu 

J :: LA'I't.N 
NKI: 2 . 0•"4U(J+ I )•CICJ) 
R~t2: 2,0H'IU(J+IJ*A I (J) 
AK1: 2 0 U• NU(J+IJ•D(J) 
l Oll : UOI I!JJ•Cl!JJ 
IIKII : L02 l•H(J) 
~12 : I.O•AL(JJ 
lOll : UU II!JJ•D<JJ 
ll ll s AL!J)o(HII}•G(J)•IIS(JJ• BICJ)) •IIKII 
Z211 : AL(J)•M (J J• C~l(J) •llCJ)•kKI) 
l0l2: •11 12•CDCJJ • llCJJ+AilJJ•GCJJ) 
Zll2: U122CJJ • (kii2 • ~CJJ+H115+tECJJJ + kl2•M(J)•C AI (J) o 

I ,.I C J ) + C1 C J J • F. U J J • 0! J ) • F ( J J ) 
Zl12 z •A L(J)•H(J)o(K~(JJ•(kKI+HICJ)+ll(J)J •WK3+fl(J)+ 

I R~l+G(J))•WKII•t-o(JJ 

Zl12: AL(J)oM(J , oH( J) o (ijJ(J) •RKI•ll(J)) 
l121: AI. (J) o (>IKI •HI (J)+li(J)) 
Z022: KI2•( A\(JJ•IICJJ•H(J)•CICJ)) 
l122: Al (J) o (Wot2 +tlC J) +IIS(J)o( RIIl +llCJJ))+NKII 
L222 : llc!l•l'o(J) 

~ 0 RETUA~ 

ENO 
SU8k0UTI NE CONPNT(k,HOSTRS,LUAD,Z,N2 ,L2) 

M&ltoqoo 
I<Ac?lOql II 
,.,zcoqzo 
MA2COq]u 
MA2COqiiU 
MA~toqo,u 

MA2(UqbU 
IU2(Qq711 
,.,zcoqsu 
MAcCOq'iU 
MAc!ClOOU 
MA2Cl0111 
1'142( 1020 
,.,zcloJu 
I<Ac!C l O" U 
I<A2C l OO,U 
"'' c!ClO etU 
MAc!CI 0711 
M42CI08U 
MA2Cl09U 
MAcCllO U 
MA2Cillll 
CUNPOO l ll 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••C UNPOOiU 
c 
c 
c 
c 
c 
c 
c 
c 

POJt.T •l ONP(IOiU THIS SU~~OUTINE OlT~kMINt S ~ 0~ ~ACH 
LOAD C0"4F l ~Uk &Tl 0N SEP &k&T~L't' THE 
lNI~ (,h A LS NH IItl> ~0~ CO~<~ U TAT ION OF THE 
OES! " ~O COMPUNlNT~ 0~ STRtS~ rt TC , 
f OR POINTS AT THE AIM OF TH~ LO AO SO~"~E 

CO~<PUN~NTS LAN~OT St. C AL CUL AT~ D HtCAUSE 
OF SIN~UL A~ ~lHAVIOuA, A lollSSAG~ IS 
PRlNTI:D, 

( ONPOOIIU 
C O NPOO~II 
CONPOOoU 
CONP007U 
(0NP0080 
CUNI'009U 
CONPOIOU 

C •••••••••••••••••••••••••• ••••••••••••••••••••••••••••••••••••••-••••••t O~P011U 
LO,JC&L STRtSS,E~S,RLO~,N2, L2 
RE AL LO AD 
lNT~ G~N I&N(,(b , I2),KARG(o,II),JJ(l2r l0, ) 
C0~<"UNISTNDT & tSTWtSSC27J , EPSCI7),RLO•,ST,CT ,L,ACC 
(0~<~0,../ I H'~/ NOUT 

D&U l&H~I 

I 7,1 2 , 17 1 0 , u, O, 
2 1, 6, q ,l 2 1 111,17, 
l 7 , I 2 , I II , I 0, , I 7 , 0 , 

lol!rl11.17, o. u, o , 
7, q,IZ,\11,17, o, 
o,I O,Iet, u, O, O, 
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IO,S\, O, 
6, q, o, 

10r13,to, 

CONPO I ill 
t(JNI'O l} U 
LUr,POliiU 
CONPO I~ U 

COt.PO io U 
CONP017U 

Or O, o , CONP01611 
O, 0 , O,CUNP019U 
O, 0, O,C UNP020U 



ij 7, e.tz,tu,t7, t, 
OATA I(Akl./ 

l ,, l, 4, o, o, o, 
2 ij' S,lO,llr12, t/ 

OATA JJI 
I \, o, o, o, O, o, o, o, 
2 o, ,, o, o, o, o, o, o, 
i 1, 1. o. o, o, o, o, o, 
Q 1, o, o, o, o, o, o, 1. 
~ o, 1. o , o , o, u, o, o, 
~ 1. 1. o, o, o, o, o, I, 
1 1. o, lr•1,•1, o, o, o, 
eo, 1. o, o, o, o,.,, o. 
~ 1, l, 1,•1,•t, U,•l, O, 
T 1, o, 1, 1, 1, o, 0, o, 
I o, l, o, o, o, o, 1, o, 
l I, ,, ,, ,, I. o, I, o, 
3 I , 0 , I , I , I , 1 , 0 , 1 , 
Q o, 1. o, o, o, o, 1, o, 
s ,, 1. ,, 1. ,, ,, I, ,, 

WtHH a 0 
00 1 0 1 • 1 , '7 

~P$(1) a 0 fALSt. 
10 CO~Tl~VE 

20 

J•J 
lf(A8SCSTl.LT.ACC) 
lf(AbSCCTI.LT.At() 
If(~UST~S.LT.ACC) 
IFCALU•l 
IF <Z.L l.Att) 
I•J•III 
GO TO SO 
12l 
JF(ALO"l 
GO TO SO 

30 I•J•!I 
Jf.CZ.LT.ACC) 
C.O TO SO 

ijO 1 zJ•Il 

2, u, o, o, o, o, 

0 , 0 , 
o, o, 
o, o, 
0, 0, 
1 , u , 
I , 0 , 
o,-1, 
o, o, 
o,-1, 
0, 1 , 
0' 0 ' 
0, l , 
0, I , 
1 , 0 , 
1 , 1 , 

J•l 
J•2 

o, o, 
o, o, 
o, o, 
0, 0, 
0 , 0, 
0 , 0, 
1 , •I , 
u, 0, 
I , •I , 
I , I , 
0, 0' 
1 , 1 , 
I , 1 , 
0 . 0, 
1, ll 

GU TO 20 
CO TO 10 
GU TO 1.10 

Jf(A8S(A•1.0),LT 0 Att) 1•1•1 

e, 11, o, o, o, 

1,z,o,o,o, 

50 lF (STAESS( U).uA.STk~SS(IO))(ALL LUI.Stl(KAWG(J,1),EPSI 
lf(STAESSC 5)) CALL LUCSE1(KAWG(1 1 2),EPS) 
lFCSTWt~SC J)l tPS( i):.TWUt, 
Jf(Sl~tSSClll) E~S( ll)a.TAUto 
lfCSIWtSSC12)l CALL LUI.SETCKAWC(1,ll 1 tP$) 
[F(SIA~SSC &) 0 A~O.<Z.GT.&CC)l t~S( 11•.TAUt. 
lf(,NUT.S1Al$$( &II I.U TO bO 
1FCZ.LT 0 ACC) C.U TO ~0 
lf(A,GT.ACC) ~~SC5)a.TRUl 0 

•O JFCI.LT.J) GO TO 180 

70 

oo qo J • 1, 12 
JfC.~ OT .STRESSCJ)) 

1FCJJCJ,l•2ll 
III[Aof a 1 
STAESS(J) a .FALSE. 
Ll • .FALSE. 
CO TO QO 

80 CALL LOCS~TClAAC. ( t,J),tPS) 
•o CU,.TlloUt 

100 
JF(IIIlAW) I&O,t•O,IOO 
If. Cl•IO) 110,1}0 1 1l0 
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0/((1"-~02111 

CU"-~'Oc!lll 
O,(UIIIP02}U 

CO"POl<~U 

COIIIPOZ~u 
COIIIPOZou 
l.O"-POl711 
COIIIP028U 
CO~<P02qu 

l.O~~uuu 

CUIII~O H II 
(0111POJ2U 
COiooPO BU 
CUIIII'Oillll 
t:O"PO}SU 
(IIIIIPO}OII 
COHPOHII 
(0"~0}811 
CUHPOHII 
(Uio~OIIOU 

COkfJOIIIIJ 
CO~<POIIZU 

COio~OIIill 
(.U"4P(IUUII 
CUHI'0115U 
COkP(IIIbll 
CO~PIIij711 

COIIIPU8U 
c.o ... Pou•u 
(01111'05011 
CO~oPOSIII 
COIIIPO~lll 
cor.~osJu 

(UIIIPU')IIII 
C0k~05SII 
CO.,PO'>oll 
COIIIP0~711 

COIIIP051SU 
COIIIPOS•u 
COIIIPOOOII 
COIIIPOblll 
CO~<POozu 

CUNI'ObJU 
CONPOt>IIU 
C.OioPOb511 
CONPO&bll 
COIIIP(Io711 
CO..,PObtlll 
COHPObQU 
COIIIP070U 
CO.,P071U 
CO,.P07211 
CO~<P07jll 

CU1111'071111 
(01111'07511 
CONP07bll 
(0111~07111 
COiol'07811 
CU .. P07'11 
COioPOISOII 
COHP08JU 



II 0 

111!0 

l.SO 

"HITE(IIIOUT,qOOO) 
GO TO 1110 
., .. I H (l'fUUT ,9Ui'O) 
ST"ESS(IS) a ,FAlSE, 
GO TO lllll 

COIIIP0820 
CllNP08lO 
CU~I'OI!IIO 

CONI'Oti~O 

COIIiP08oU 
CUNP087U 
CONI'U88U 

"N ITt. (IIIOUT ,9010 I 
STM~S S (Il) z ,FALSE, 
IHSI~I:SS<t2)) GO TO ISO 
IF(ST~ESS(S),OA.STNtSS(b)) 
IF(SIHtSS(Ib)) GO TU ISO 
IF(STNI:SS(I7)) GO TO ISO 
IF(STAESS(20)) GO TO ISO 
IF(STNESSt22)) &0 TO ISO 
IF(STAI:SS(2~)) GU 10 ISO 
IF(ST~tSS(27)) &U TO ISO 

CO TO 1'>0 
COIIIP08qU 
co~Poqou 

CONP0910 
CONPOq2o 
CONP 09lU 
CCJ~o~P09uU 
CONP09'>U 
CONP09&0 
CONPOq7o 
t0NP0980 
CO~P099U 

COI'fPIOOU 
CONPIOIU 
C0Nf.lt02V 
CUNPIOlU 
CONPIOUU 
CONPtOSU 
CONP10bU 

1o12 z ,FALSI:, 
150 STRI:SS(I8) z ,FALSE. 

ST R tSS(I~) z ,FALSE, 
STRtS~C21) a ,FALSE, 
ST .. fSS(2l) a ,FALSE, 
STN~SS(24) a .~ALSE, 
STN!:SS(2o) a ,FALSI:, 

1b0 JFtLOAO,CT,ACC) GO TO 180 
00 170 J & 1.'> 

110 I:PS(J) a ,FALSE, 
180 N(TUAN 

~000 FORMAT(• AT 
IULANITY") 

THIS ~OINT SNk,STT,(RR ANO EZZ HAVE A LOGANITHMlt t0NP107U 
SINGCOI'fPI08V 

COI'fPIO~O 
HAVE A LOGARITHMIC Sll'fCULAAITY"CUNP110U ~010 FORMAT(* AT THIS POINT SAT ~NO ERT 

l) 

~020 FORMAT(* AT TMJS POINT 
I"IC SIIIICULARITY") 
(l'fO 

SkN,STT,SRT,tRR,(lZ ANO ERT HAV( A 
COioii'111U 

L0GARITMCONP1120 
COI'fP11JU 
CO~o~Ptl40 
Gti\1000111 

S l •lt k 0 U T 1111 t · C E l'f 0 A T (Ill , N H N (.l S , A , A C C ) 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·•·•GtNUOOZU 

THIS SUijNOUTINt CIVI:S TH~ ltkUS Of THt 
PNOOUCTS JO(XA)•JI(X) AND JI(Xk)•JI(X) IN 
THt N 1 Ct1T OAOE.N • T ME SU8St.t.lUE1oi I lt.AO~ All£ 

ST Okt O llol lEk OS ~ON USINC THEM IN INCRAL, 
THI: ZtNUS tJF JO ANO Jl AkE. STORI:U AS 

c 
c 
c 
c 
c 
c ~ZERO~ IN TM( 8L UC~ 0ATA

1 

CENOOOlU 
t.E~o~ooouu 
GE~oooosu 
CI:NOOOt>U 
GEI'f0007U 
&1:11100080 C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~~NUQOqu 

C0MM01o/(,fOATA/SZEROS(IIIq,zl,ltA0 ~(2q8) 
JF(R 1 LT,ACC,ON,AHS(W•I,O),LT,ACCI CO TO ~0 
J•l 
Jat 
00 20 JC&l,2~8 

JF(l,GT,toq) GO TO lO 
IF(J.~T,1~q) CO TO 30 
lf(8ZEHOS(I,li.LT,8ZEROS(J,I'f+l)/R) CO TO 10 
Zt~ O S(IC) a 8ZERUS(J 1 N+I)/~ 
JzJ•I 
CO TO 20 

10 ZfN OS(te)a8ZEROSII,Z) 
I z 1 • 1 

20 CONTlloU~ 
lO l'fltNOS a 11.•1 

Nt:T U R~ 

410 IF (IC,CT .ACC) GO TO 70 
SO 00 t>O l~tt,14~ 

ZtN OStJ)z8ZfROS(I,2) 
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GtND010V 
t.EN0011U 
GEN0012U 
!.ENOOlJU 
GtN0014U 
Ct:l'fOOlSU 
~t:NOOlt>U 
Gt:NOOI70 
&t:1110018U 
G(IIIOOiqU 
GE,.Ouc!OU 
~tN0021U 
~t:IIIOOUV 

t.t. ••IJ02 jU 
(,t.lliOOZ41U 
G(l'f0V25U 
&t:N002t>ll 
Gt:N0027u 
Gt. lo0028U 



CIO CONTI"'Ut 
NZEAOSalijq GtN002qU 
RETURN ~t~DOlOV 

70 Jf(N.f.U.l) GO TO ~0 c;.tNOOllV 
~t'-0Ul2V 

00 eo Kat,l4q ~f.'-UOJiV 
lf.W05(2•M•1):~Zt~OS(K 1 1) Gl,.OOJ"U 
ZlAOS(2U )altlf.IIOS(K 1 2) C.lt•OOiSU 

eo CONTlNUl 
NZf.MOS•2•8 C.lNOOloU 
RETURN Gf.NOOJ7U 
t.NO C.E~OOJeu 

Gt.NOOltJU 
SUBROUTINE ASVMPT(R,.CC) ASVH0 0 1U 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••AST"002U 
C THIS SU~ROUTI~E OWGANIZlS THE COHPUTATJON ASYM003V 
C Of h•E ASYMPTOTIC f.'AUT 0~ THt lNTEGIULS ASYf'IO(I"V 
C AS USED fOR THt TOf.'•LAYtM ONLV 0 ASYHOO~U 
C ASYMf.'T CALLS I'" SU~WUUTINt ASS ASYHOO&U 
C ASYMPT CALLS l'- fUNCTIONS fLLt. ASYM OO .IU 
C FLLK ASYH008U 
C ~LH~OA ASY~OO~U 
C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·•SYMOlOU 

DOUbLE PNEClSION OR,MACC2,C,ELLE 1 tLLK 1 FLLl 1 FLLM ASY~OllU 
CO~HON/CONST/ColLLf.,ELLK,ALHBDA ASYHOllU 
JF(H,LT,ACC) GO TO 10 ASYHOllU 
DA•D&Lf.(R) ASYHUI~ U 
KACCl•CCl.OOO•DRJ•Ct,ODO•ON)+C•C)/((l,OOO+DA)•Cl,ODO+OW)+C•C) A5YM015U 
ELLM•FLLK(KACC2) ASYHOloU 
f.LLta~LLf.(KACCl) ASYH017U 
ALHitDA • fLH80A(OA,C,ELLK 1 tLLf.,KACC2) ASYHOl~U 

10 CALL ASSCACC,R) ASYHOltJO 
Rt.TUAN ASYHOlOU 
[H0 ASYH021V 
DOUBLE PHEClSlDN FUNCTION FLLM(KACC2) FLLMOOIU 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••fLL~UOlU 
C THIS JUNCTlO~SU~RUUTI~E EVALUATtS THt. ~LLkOO}U 
C COMPLETE lLLif.'TlC lNTEG~AL Of THt flMST fLLKOQijU 
C KIND FAOM A SE~lES•lXPA~SION ACCO~Dl~~ TO fLLM005U 
C 8Yk0 AHO JRIE0MAH,HA'-0~00k 0~ ELLIPTIC fLLKOOoU 
C INTEGRALS ~0~ ENC.INtf.~S AHO PHYSICISTS, fLLK0070 
C fQitHULA ~00.00 FOW I'.ACC2.Gt.,Oo'l fLLM008U 
C FOkMULA qoo.oo ~ON KACCl 0 LT.U,5 fLLKOO~U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••FLLKOJOU 

DOUBLE PAECISIO~ KACC2 1 KA 1 Ml,KACC fLLMUllU 
KA c l 0 000•KACC2 ~LL•0120 
1F(KA.GT 0 0 0 ~00) GO TO 10 FLLMOl)U 
fLLK&l 0 00U+KA•(0 0 2SO O +MA•CO.lijOD2~00+KA•(0 0 0~7o5ol~DO+MA•(0.07U7o~~LLK0lijU 
lOboijDO+KA•CO.OoO'lollJl8DO+M4•COoOSU~&~Ul~OUO+k A•( O .OijJ~7~7q)7DO+kAfLLK015U 
2•(0 0 0leSo~l4b500+kAe(0 0 0l"l~~llo4DU+KA+(O.OJ10ij'lij U llOU+KA•(U.0282~fLLK0loU 
l72l~l00+KAe(0 0 02~tJ7q07ij)DO+MA•(0,02~0lqll520U+KAe(O,UllllijlOI200+KfLLK017U 
ijA•0,020eoqtJ7b800)))))))))))))) fLLKOl~U 

GO TO 10 FLLKOt•u 
10 KACC•DSQNT(KACC2) ~LLKOlOU 

IF(KACC.LT.l 0 00•0ij) GO TO 20 ~lLk021U 
Mta•DLOC(MACC) FLLK022U 
FLLMcHt•<t.oDO+KACC2•<o.z~DO+KACC2•<0.l40t~iSDo••AtC2•co.o~7o5ozsooFLLK02lV 
I+KACC2•co.o7ij7o~O«~oijDo•••ccz•co.ooo5«~2llJe Oo •~•ccz•co. osoeeqots ofLL•oziju 
20+KACC2•(0 0 U4187&7~l7 OO +MACCl•IO.Ol8~o5JUo~ OV+kACCl +C O . Ol~Jqqllo~L~K0250 
Jij OO+KACC2•(0 0 0Jl04~ij012 DO+KACtl+(U.Ol~287ll~l DO+KAtC2•<0.02~~7qfLLK02oU 
ijQ74l OO+ItACC2•t0.02~01qll52 0U+MACC2•0.u2llJ"lUl2 0U))))))))))))))FLLK027U 
~+l 0 38o2tJijib00+KACL2•( 0 0 0q~57J~q0}00+KACC2•(0o~l 0&8SlijU'}00+KACC2+(0~LLK028U 
o,Olijq)7&00ijOO+KACC2•(0, 00~7ooll22D0+KALLie( u , 0057548877DO+KACC2•tOFLLM02qU 
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7,00~Ub~bS~S00+KAC(2•(0,003U22S~bSDO+K&CC2•C0 , 002 SS~I~f~00 tKACC2•( 0~LLKO S OV 
8,001ij~8070500+KACC2•(0,001~1S~Ilb00+KA(l~ • (O , OO I~~b~qii00 +KACC2•C O~LLK0 510 
Q,OOIO~~q2~700+K&tC2•(U , OUO~ObO~Qb00 tK&CCi•O, OOU7ij S~II~OU)))))) ))) )fLL K U 32V 
T))) ~LLKUHU 

fLL~ : 2 , 000 •fLL«/S,I~I~~2b~S500 FLL~ O JijU 
~0 TO SO ~LLK035V 

20 FLLK : 0 , 000 ~LL~ O lbU 
30 RETURN fLL,Ol7U 

tNO ~LLK VS8U 
OOUHLl P~tCJSIO~ ~ UNCT I ON FLLlCK&CC2) fLLlOOIV 

C •••••••••••••• •••••••••••••••••••••••••••••••••••••••••••••••••••••···-~ LLt002U 

c 
c 
c 
c 
c 
c 
c 

T~lS FUN(liONSUijAQUT I NE fV &L UATlS T~E 
CO~PLETt fLLtPllC IN lt~W & L OF T~t SlCONO 
KlhO ~~0~ A SEWllS • tXP&NSIUN ACCOQOING TO 
bYRD &NO FWltO~&N,"&NO~UOK 0~ tLLIPTlt 
[NTl~~ & LS ~U~ E~GINtlWS &NO ~"YSICISTS, 
FOWMULA qoo , ul f OW K& CC2 , GE , 0 ,5 
FOkMULA qoO ,I O ~ UH . K&CC2,LT,0,5 

HLf003V 
~ LLlOO~U 
~LLEOOSV 
FLLl:OObU 
HLE007U 
fLLEOOISV 
FLU. ooqu 

C••·•••••·••••••••••••••••••••••••••••••••••••••••••••••••••••••••••····~LL~OlOU 
DOUbLE PRtCISJON K&CC2,KA C( ,K& Fllt01 10 
KA : I, OOO •KA CC2 ~Lll012V 
lFCK&,GT, O ,~DO) GO 10 10 ~ LLl0 13 0 
fLLf:t, OOO •KA•C 0 , 2S00tKA•(O , Oub8 7~00tKA•CO,OIQ~312~00+K&o(O,OIOhRI~LLtUI~V 

II S2 lOu+K 4• (0 , 00b12QI2bODO+K& t (O , OO~b2b27~1DOtK&o(O,OOS37~lql~OO +KAFLLlOISU 
2•(0 , 002S/ 102J100+KA•( O ,O Ol0~ 3uQO~DO+KAo(O,OOlbllQbiS~00tK&oO,OOI3~7FLlt01bU 
3011200)))))))))) ~LLE017V 

GO TO SO ~LLEOIISU 
10 KACC:OSu~T(K&CC2J ~LLEOtqu 

[F(K&CC,LT,I,OO•O~) GO TO 20 ~LLl020V 

fLLl:l,OOO • O,SOOO •K& CC2 • 0LOGC K& CCl •(I, OOO +K& CC2 • C0 ,37SOO +KACC2 oC O FLLl021V 
1 , 2S~S7~00+K&CC2•CO,I 70BQISuS/~00+K &C C2 •(0,1l~SM2SIQb00 +K&tC~ • (0 ,111 fLL~022V 

20lOS7RbOO+K&CC2•(0,0Q~SORI71100•KACC2 • CO , O ISll72731Si0 0 • KAtt2 • C0 , 072~LLE02SU 
l8~SbSlbOO• K&CC2• (U , ObSlSijfjQ]tl0+K &CL2•C O , OSq~bMuQJIOO • ~ & Ct2 • (0 , 0SU~LL(02ijU 
u2tfl011 00+K&CCi•(O,O~qqsq7bOb00t~&CC2 • C0 , 0ijb }22~80200 +K& Ct2 • 0 , 0~ ,l~ LLE02 ~U 
Siq2bcl00))))))))))))))+0,2~00 •KA(t2•C1 , 77l~8872200 tKA CL2 •( 0,227220fLLt02bV 

b770700+K&CCi•tO,Od732S~81700+K&CC2e(O , O~bi780RSb00 +KACC2•(0 , 02ij~~hFLLt02 7V 
7 001200 •K&CCi • CO , Oiqu t8Q73300 +K& CC2 • (0 , 0 1~ 0~ 87SIRO O +k& CC2 •( 0 , 0 10~uR~LLt028U 
8Qul~OO+K & CC2 • C0 , 008lu~58~500 tK&CC2•(0,00o7lbb7j700+KACCi•(O,OO~S22~LLE02QV 
Q281S800+KACC2 • C0,00~~20~ql~OO+KACC2 • (0 , 00l~iiQ30u OO +K&CC2 • (0 , 003372F~Ll0 l OU 
T2SuQOO+K A CC2 • 0 , 002Q2qqz~H00))))l))))))))) ~LLEOli U 

FLLE : 2,000 • ~LLE1l , lui~Q2b~ l500 FLLl032V 
GO TO SO FLLE03SU 

20 fLLt : 2, 000/ l,tutSQZbSiSDO FLLtOl~U 

30 RlTURN FLLtOlSU 
lNO ~Lll Oi bO 
FU~CTI O ~ fLM~0 & (0R , C,tLL K,EL~t,K&CC2) fLM~OOtU 

C-••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••fLM~OOl~ 

c 
c 
c 
c 
c 
c 
c 
c 
c 

TM[S ~UNCTI UNSU ijWOUTJhl tYALU&TtS THE FLMBOOJU 
Ml UH&~"S•LAMbOA ~ UNCTI ON ~ROM A StHJlS• fLHBOO~U 
E•P&NSION &CtOHOIN~ TO FLMHOOSU 
~YW U AhO FHltO~&~,HA~DbUO K OF tLLlPTlC fLM~OObU 
lNT f~NALS FOR t~~lNtf~S &h0 P"lSICISTS, ~LH80 0 7V 
FOW~Ul& qo~, OO fLHbOO~U 

USt IS 01 &0t 0~ THE COI'P Lt H HllPTlC INlt:•fLMBOOQV 
GHALS uF f"t FlHST & ~0 StCO~O KINO llLK ~LHHOIOV 
&NO lll~ tY&L UATt O HY FLLK A~O ~LLE, FLMbOIIU 

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·····~ L~hOJlU 

DOUbLE PklCISIO~ Ok , O & SJ~,SUM , ~~l , OS , OC ,&,T,&J,K&CC2 ,T~&I, O &W,~LLKFL~b013U 

l, ELLt ,E, K,( fLMb01MU 
0&~: O&KS(l,OOO • ON) ~LM801 5 V 

lF(C,LT,O&H) GO TO 10 FLHHOlbU 
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O&SJ~ : O&N / C fLMb017V 
P~I a 1,5707q&Jl•~DO •D &T&N (O & S I~ ) ~LMhOI~U 
GO TO iO ~LH~OlqU 

10 DASJN : C/QAN fLHbOZOV 
Jf(C,Ll, (O,ID·O~•O AM) ) CD TO 20 ~LMUOZIU 
PHJ a DATAN(QASI~) ~LHb022U 
CD TO 1 0 FLH~02lU 

20 PHI a D ASJ~ ~LMB024U 
lO JF( OABS(PHI•J,~P~7qb42&dD0),~1,l, OD •b ) GO TO 40 fLMP02~U 

FLHKD&:J,O FLMb02oV 
GO TO &0 FLH~Ol7U 

40 OSaDSJ~(PHJ) FLMb028U 
OCaDCOS(PMJ) FLHk02qu 
~ a ~LL~ fLHbOlOU 
~ a ELLK fLMbOllV 
flH60AaPMJet fLM80l2U 
T: 0 ,500 •(P~J•OS•Ot) fLMbOiiU 
••o.soo·~•ccz fLH60l4V 
SUHzA•T•(2,0DO•«•() fLMhOlSU 
JF(SUH,LT,I,00•07) t.O TO ft0 fLH80lbU 
I•l fLH80l7U 

50 FLHHOA a fLH604•S~L(SUH) fLHb0l8U 
1=1+1 fLHBOJqu 
AJaJ FLHb040U 
TNAJa2,000•Al•1,001 fLHH04IU 
Ta0,5DO•T•T•AIIAI•0,5DO •OC• <OS ••T•AI)/Al fLHk042U 
Aa0,5DO•A•(T•Al•2,000)•K&CC21Al FLHHOUiU 
SUHaA•T•(2,000•AI•••T~AJe() FlMbOU4U 
1FtSVH,GT,I,00 •07) GO TO ~0 FLHh04~U 

&0 M(TUNH FLHH04bU 
(HO fLH6047U 
SUhROVTIN~ ASS(A((,R) ASS OOIU 

C··-·-·····---··----·········-----------·---·---------------------------•ss oocu C TMIS SUHQOUTINE COH~UTES TMt LIPSCKITZ• ASS OOlU 
C HA~KtL lNTt~RALS I(J,J,K) ~ROM (X~MtSSI • ASS OOUU 
C ONS IN (ARLJlR lVALUATtD ELLJ~lJC FUNCTJ• ASS OOSU 
C ON S OF TH( FIRST &NO StCOND KlNO,ElLK &NO ASS OObU 
C ~ll[,&NO ~[UH&N•S•L&HHDA FUNCTION,ALHHO&, ASS 007U 
C MtFlMENC( ASS OO~U 
C EASON,NOBlt AND SNEOOON,CEHTAJN INTEGRALS ASS ooqu 
C OF LI~SCHJTZ•MANKlL TY~E INVOLVING ~MOe ASS OJOU 
C OUCTS Of BESSEL ~UNCTJONS,PHJLOSO~HICAL ASS OIIU 
C THANSACTJONS,VOL 247,SlNilS A9l5,&~NIL ASS Ol2V 
c tqss,~P s2q-su&, ASS otlu 
C fl UH lZJ(l,O?•l ) ASS Ol4 U 
C Fl OO aJ(l,070) ASS OlSU 
C flUl aJ(1,011 ) ASS OlbU 
C fll•2al(l,l7•2) ASS 017~ 
C ~11MlaJ(1,17•1) ASS Ol8U 
C FllO &1(1,110) ASS Ol~U 
C Fill aJ(l,l71 ) ASS 020U 
c---·-·-----··-···········-··--··········-----···-·-·········-·····---··'Ss 021u 

COHHON/CO~STIC,lLLt.ELLK,ALH"O ' ASS 022V 
CQMHO~/CNTl~~IFtO•l,fl·OO,FlOl,ftl•i,FJJMt,fllU,Flll ASS 02lU 
DOUbLE ~RECISION ON ,t,OEPR,Ot•~,Dt2, 0Rl2 ,0NT, O AO, ON2 , 0MC2,0RNT, ·asS 024U 

1Dt•RR,tLL£,tLLK AS S 02~U 
EC a SN~L(C) ASS 02&U 
lf(M,LT,ACC) GO TO 20 ASS 027U 
(MA a l,O•H ASS 028U 
EPR a l,O•R ASS ozqu 
C2 a £C•EC ASS OlOV 
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~Tc : Cl+l~~•tPR 

~T : SQRT(RTc?l 
~~ ; lhk 
t "'-W : I • O•Hc? 
0 1<: 01.1U.(H) 
OEPI< : I • 000+011 
OlMR : I. ODO•DR 
r>Cc? : C•C 
OHT2 : OC2+ 0l~W•DtPR 
DRT : OSURl (0RT2l 
DAD : OCc.'+OEMH•Ot•R 
OR2 : OH• DR 
OHCl : I) R2+0Cc! 
ONRT : OH•ONT 
OlMkW : l.ODO•ON2 
~101 : o.~OO•ClLLl•CI.O il O•OIIt2)1(0AO•ORT)+tLLK/I)Uf) 
~110: OHT•tlLLK•CI.O OO+ORC2J/OHT2•ELLlJ1(2;0DO•OR) 
~Ill= C•ClLLE•(I.OOO +OHC2)I OAO•ELLo()/(2.000•DAIH) 
F 10 .. 1 : o.~DO•lLLt•Oid 
F!OO : •O.~OO•C•ELLK/OHT 
f 11"2: •C•CC•lLLt• ~NT/(ij.ODO•OAl•C•lLLK•(I.OOO+ON2+0.500oOC2lt 
lC2.000•0HRT))Il.ODO+ O~•COHT•tLLl12.000+0tMAI<•tLLK/(2.000•0HT))/ 
2l.OOO+CELLl•O~T/C2.000•~~l•DlMNk•ELLK/{~.OOO•ORUT))/3.000 

FltMI : O.~DO•co.~OO•tLLE•C•DRT/OH•lLLK•t•(l.OOO+OH2+0.500•0C2)/ 
1 OHIH) 

MLP : R 
lFCI<.GT.l.Ol HLP=l.O/k 
lF(AbSCtMA).LT.ACCl GO TO 10 
FIO"l a FlO"l+O.~•CS~~l(llLM)oEMNA/H{+Sl~~(tCoALMbOA,lMR)) 
FIOO : FlOO+O.~•SlGN(ALMbOA,•lHN) 
Ft!M2 c fiiM2•lt•ALMij~A•SJGN(I 0 0 1 lMiol)o[Mk~/(ij•Q•A) 
~11M2: F!IM2•EC•C~L~12.0+HL~)I3.0 
Fl!MI : F!lMl+SIG~(0.2~,tMk)•tMNk•ALMb0A/H+0.5oHLP 
JF(A.t.T.I.O) GO TU jO 
FlOMI = HOMl•f.C 
F!OO: fiOO+l.O 
GO TO jQ 

10 FIOMl : FlOMl•O.~•lC 
FlOO a flOO+O.S 
fll"l: Fll"2•0.S•EC 
FllMl : FliMI+O.SoHLP 
GO TO jO 

20 AD : I.O+tC•EC 
RT : SUAT(AO) 
AORT a AO•HT 
FlO! : t.OIAOHT 
F I I 0 : 0 • S /A OR T 
Fill : 1.5•£(/(AO•&OAT) 
Fl0'41 : RT•EC 
F 1 0 0 : I • 0 •t C /IU 
Fll"c: o.S•CRT•ECl 
fiiMI : O.S•Cl.O•lC/kl) 

30 HtTUio!N 
tNO 
SUbA OU TikE lkGkAL CI L,IkTV,INTT,lkT) 

ASS Oj!U 
ASS U.Sc.'U 
ASS OHU 
ASS QjijU 
ASS 01'>11 
ASS 03bO 
A~S Ol70 
ASS 038V 
A~~ OHU 
ASS 01100 
ASS 011111 
ASS Qij2U 
ASS 011311 
ASS 011110 
ASS OIISU 
ASS OllbU 
ASS 01170 
ASS 01180 
ASS 011'10 
ASS 05011 
A~S OSIU 
ASS OSc.'U 
ASS OS.SU 
ASS 051111 
ASS 05~11 
ASS OSt>O 
ASS 0570 
ASS 058U 
ASS osqo 
ASS OcOO 
ASS OciU 
ASS Ot>2U 
ASS Ot>lO 
·~s ocuo 
ASS OcSU 
A~s Ot>t>ll 
ASS Ot>711 
ASS Ob80 
ASS ObqU 
ASS 070U 
ASS 0710 
ASS 072U 
ASS 07lU 
ASS 07110 
ASS 075U 
ASS 07bU 
·~s o11u 
ASS 0780 
ASS 07<~U 

ASS 01100 
ASS 0810 
ASS 0821.1 
ASS 0830 
ASS 01\110 
JkliNOOIO 

c-----------------------------·-----------------------------------------J~~k002u 
c 
c 
c 
c 
c 

THIS SUBRUUflNt tONTRULS TH~ SJMULTA~EOUS INI.kOOlO 
COM ... UTAT 10~ Of A l.kOUf.' OUT 0~ IHE 17 lNTt•lNt.kOO~o~U 

GkALS, JN(,kOO~U 
IL=I,TH~ I.HOUf.' •lTH JO(XN)JI(X) lk INTtGP,l~~AOObV 
IL:c?,THE ~HOU ... ~lTH JI(XU)JI(X) IN INTtGR,lNGk0070 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

THf ELlH~~TS Of l~Ty Ak~ THl ~UMbERS Of l~GW008U 
N(wUI~lO l~llGkALS U~ THE GNOUP, IN~KUOqU 
JNTT IS T~E TOTAL ~UH~tk Of NEOVJR~O INTE·I~GkOIOU 
GRAlS IN THt GROUP, [NGR OI IU 
THE SiT o• COMPUftO I~TEGRALS IS DlLIVl• JNGk OilU 
HlO IN INT, 1NGNOI3U 
ACT UAL INTEGHATJ O~ BY HfA~S Of A GAUSS• [N~k 0 14U 
UUAOk A fuN~ IS PERfOkHEO ~y LALLINC I~UAO, INGNOI~U 
JNa GIUTJIIN ._,ROCt.lOS HY UUAOIUTUHE OVER INGkOit>U 
lNTlkYALS fR OM ONE HESSEL ZtkO TO TME l~Gk017U 
NtXT, fR UM TME OkiGIN TO THE FIHST ij~SSfL •lNGH018U 
ZlKO A LEGENOkl • GAUSS OUAOHATUkE OF OHOfR ING~OI9U 
ft,O~TAlNl~G D~SlHtD ACCUHkACY HY SUijSf • [NGk OlUU 
f~UtNT SIII:WIIIlSI O to~ OF TMt lhTlHYAL, INGHOliU 
FH OM TMf FlkST bl~SELlEHO 0~ A JACObi • lNGROllU 
I.AUSS UUAIIN AT UH(, Ub TAINlNC. OI:SlNEO ACC U• l N!ikOliU 
RACY HY SUBSlUUt~T kAISJNC. TH~ OHOI:R [NCkOlUU 
STA"TlhG ~ITH TME 4TH ORDER, lNGHOeSV 
l ~T~GR A TJON STOPS AS SOON AS T"O SUHSE• INCR02b0 
OUENT INTEkVALS (10 NOT CONTklbUTE INGk0270 
StCNlfiLANTLY, lNC.HOl8U 
INTEGRATI ON STOPS PRI:MATUNELY ~~· INCNOl9U 
•IN THI: •JNST INTENYAL MORt THAN lO SUB · lNI.kO]OU 

DIVISIONS ANt NEEOEO, [NGNO]IU 
•IN TMI: fOLLO~lNG lNTtNVALS EVEN TMI: ISTM l~GNOjlu 
~kOlW IS NOT ACCuRATE ENOUC.H, [NCROlJU 
•lV~N THl 149•TH( i 9H TH)[NTENVAL DOtS JNGHO]UU 

GIVE A NUN•NlC.lCIBLl CONTHJHUT JUN, INCRO]SU 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••l ~GAOl~ U 

lNTEGlA ALFA 1 0ROt R,JN1V(t 0) ,l~T V2( 1 0) ,1NT Vl(10) 1 Kk(I O),BI:T4 INGROl7U 
NtAL "l0PNT,L O-EW,LOAO,NU ,ACC VW( ]),~~.COMP( l 0) ,FINST( I 0) , INGHOi8U 
1SEC ON0(10 ) ,l~TCI7),HES(t 0) INCH0 39U 
CU•~O~/ASOr/LAYE~,~LAYS,M,~,Z,NUf lO),ACCVA,LOAO,HUS lkS,NZEHUS, ~Cq)lNCR040U 
t.~S(t0),( ( 1 0) ,AL(9 ) 1 lM JCK (q) ,HAOJUS(10l lN~H04lU 
CQMM QNIC£ 0AT4/8Z(~0~( 149,l),Z~AOS(2~&) JNGH042U 
COH•O~Ic~rJNCt•to~1.Fto o ,F to1,F1 1•Z,•1t•t.~tlo,ft11 INc.wouiu 
COMMQIII/TA~(/~UUT JNGNOU~U 
NllLL a 0 [NC~OuSU 
NINT a 7 INC.~UUbU 
IF(JL,EU,l) Nl"'T • 10 1NGRU~7U 
1.)0 10 00 I • 1 ,Nl"T INGR0118U 

KK(J) a 0 JNGNOU9U 
1000 CONTINUE lNGNOSOu 

1FCLAY[R,NE,1J GO TO 2000 lNC.N O~lU 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••INGNOSlU 
C CALCULATION OF TH~ ASY~PTOTJC PANT 0~ T~E INbkOSlU 
C lNTEG~ALS,FOW ~UlNTS IN TME TOPLAVER 0NLY ,I NGH0 54 U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••··l~GkO~~u 

00 11q0 1 c l ,HINT l~IOROSb O 
K a lNTV(l) 1NGR057U 
JHK,(O, O) CO TO 1190 JNGHOS&U 
GO To ct01n,tozo.1olo,touo,to~o.10bO,to7o,toeu,1o90,t100,11to, l~C.wosqu 

1 11lO,Il]n,tl40, 1150,11t>0 ,1170),K JNGkOt>OU 
1010 lNT(~) a F100+Z•f1Dl IN~HUb1U 

CO TO llqO lNGAOblU 
tOlO INT(K) a ftOO IN~AOblU 

GO TO llqO IN~WObiiU 
10]0 JNT(K) a •l,Oa(1,0•HU( 1))*F10M1•Z•F100 JN~NObSU 

GO TO 11q0 lN~WOt>oU 
1040 INT(I) a (l,O•Z,O+HU(1))*F11Ml•Z•ft10 1NGROb7U 

GO TO 1180 l~GNO b&U 
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JF(! Nlv i(J),fQ,O) GO TO 20q0 
lf(AR~(CO~P(JIJ,LT,AfCU~(2ll GO TO lOUD 
lF(&ijS((COMP(J)•~lHST(J)•SECONO(J))/CUMP(J)),LT,AtCUR(S)) 

l t.O TO lOtiO 
c.o tu 2oqo 

2080 JNTT\ ~ JNTT]•l 
lFtL O ~ER,r.T,ACC UH( l)) GO TO 20q0 
PHTc? :z lNTTC'•l 
INTV](J) a 0 

zoqo CONTlNUI; 
l~CINTTl,tO,O) GO TU 2110 
AlFA a 0 
LO•ER : >1l0PNT 
OELTA a O,S•OtLTl 
HETA ~ IH.TA+1 
lft8ET&,G1,10> GO TO 2150 

ltlt.H\]0\1 
!Nr.K1H U 
I NC.H \ Sc?U 
I"• I•~ I l su 
I .. C.HI]UU 
J II!. A I].,U 
JNt.Al]o U 
JNG~IHO 

INGHI.SUII 
INGHI HU 
INI.R111 0U 
lNGIIl£1111 
INC.HIU211 
INGII1113U 
l'"GRI£~11\1 
IN!.I/1115\1 

c---------···-······------------------------·-···---------·····---------l~GH l~~u c AI/RIVA L MERE MEANS THAT THE INTEC.IIANO IS TOO 1NC.~1U7U 
C JNAEGULAI< TO GEl lNlf(, II AH O Ov tN TME REGION FROM IN!.k141:1U 
C THE OAJGIN TO THE FIRST ~ESSEL LEAO, INIIAI£~qu 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••lhCRtSOU 

liltS a 1 
00 2100 J a I,NJ~T 

C0>1P(J) a SECONO(J) 
AtS(J) a FJAST(J) 

2100 CO,.TINUE 
J!oTTJ a lNTTl 
GO TO 2070 

2110 00 2120 J • \,NJ~T 
11 • INTv2(J) 
IF<~.tQ,O) GO TO 2120 
JNT(~) • I'"T(~ )+FIHST( J)•StC O NO(J) 
lF(lNIV](J),Nt,O) GO TO 2120 
I .. TVc?(J) • 0 

2120 CONTiNUE 
UPPt-A a LO.,EA 
INTT3 • INTT2 
JF(ALFA) ]000,21110,21]0 

2110 OtLTA • OELT A•2,0 
BtU a ~ETA•1 

21£10 ALF& a ALfA+1 
GO TO 2020 

2150 ~HlTt ( ~Oul,q040) 

GO TO Ht!O 

1Nt.A1~1U 
lt.GRI~ill 
INGNI.,JII 
1NGH1 51111. 
I N(,N 1 ~511 
ll•t.~ 1 Sbll 
I'"GH1r,71.1 
1NC.H1~8U 
INGH1~911 
lNGN1bOU 
lNGRlo1U 
1NC.Aib211 
lNGif1o.SU 
JNC.Nlb"U 
1'-G~ Io'>U 
lM,A1ooO 
l~GNio7U 

INC.k1b8U 
JNGN1bqU 
JNGN170U 
1Nl>N17111 
I"'G~172U 
JloC.A171U 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••I~'Nl74U 

c lNTt GN All Uio OV[N THt AtMAlNINC lNllNVALS, JNC.WI7SU 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••I~GR17~U 

l OOO lflN a toltAOS•l I'"C.ki17U 
00 l"I O J a 1 1 NlNT 1NC.N178U 

1Ntv2(J) a l'"TV(J) lNI.IIIHU 
3010 CONTJNIJt 1NGH180U 

1NTT2 a INTT l'"I.Nl81U 
00 l1lU l~tSS a 1,JFIN JNGNI82U 

00 3020 J a 1 ,NlloT 1Nl>lll83U 
I NTV j(J ) a INTV2(J) INGki8"U 
flHST( J) • o.o INC.IIll\~ 11 

1020 CONTJNVt 1N~A18bU 
l~TTl c lNTT2 JloGA~A7U 

00 1070 ORDER a 11,15 JNGR181:1 U 
CALL OUAO(JL,lNlVl,ZEROS(l~ESS),ltROS(J~tSS+I),OROlA,StCONO,l'"GH18qu 

1 NTlll) lNCHiqO II 
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10'>0 

l ObO 

1070 

10110 

1100 

I I 1 0 

1120 

11 ~0 

I Ill 0 

1150 

11oo 

1170 
11 eo 
11qo 

l"'T(K) " l•FI\1 
GO TO 11q0 
lhl(K) c FIOO•l•fiOI 
r.o TO llqO 
l"'T("): •l. O•(I, O•kU(l)) •fi UMI+Z •FI UO 
!.0 TO llqO 
l"'l(K) a •2,0•ti. O•,.U(I)) tf\t 0•Z •flll 
GO TO 1\qO 
l~<T(K) "•fllO 
CO TO llqO 
lhT(K) a f11MI•Z•ftt 0 
C.O TO 1180 
I"I(K) "ftl"'l 
GO TO 11110 
lNT(K) & •l. O t(I.O•hU(II) •fliM2+Z•~IIMI 

co 10 11110 
INl(K) • •HOO 
GO TO 11~0 
lkT(K) s F10~11 

C.O TO llqO 
lkT(Il) • H10 
GO TO 11q0 
!NT(Il) • •FIPII 
GO TO 111'0 
llof(K) a fiiMl 
lf (~ .Gt.ACCUA( I)I JloT(K) a l"'T(K)/A 

C 0k TJ "'Ul 
lf(klAYS.tO.I) GO TO ~1110 

liiiGAOc.qu 
l••CI« 70V 
l't(;HI./7\U 
l"C.WU7t!V 
l"'r.~«u nu 
l"'t.~«IJIIIV 
l .. t.~n7Su 
I"'C~«u7c.U 
I "'(;W077U 
I"!.W0711U 
I"'GN07qu 
I"'CWOiiOU 
l"!.kOIH v 
I"'C~«OII2U 
l"'C~«08lU 
l .. C,k.lhU 
I"'C.WOii',U 
I"'GAOI\c.U 
to,GWOII7U 
I ,.GPOIIIIU 
l .. t.woequ 
l"'t.woqou 
l'<C.kOqiU 
IN«.Auqc?u 
I kt.kuq lO 
l"C#Aoq .. u 
I .. Gifoq-.,u 
I .. Gwoc,e~u 

c---------------------------·-····------·-··---------------------------·l~~"uq7u c 
c 

l"'T~GWATION ~HUM 1M~ ONIGI"' 10 IMt FIAST i"'l.hOqeu 
~~SStLZ~wu. I"'~Aoqc,u 

c-----·--···-·-··············-···-·---·······-·······--···--------------JNG~aoou 
2000 lkf12 a lkTT 

!kiT} a I"'TT 
00 211U J a loNII<T 

l"T~2(J) a 1"'TY(J) 
INfVl(J) • JI<TV(J) 

2010 CONTI!oU( 
UPP(A" ZflfU$(1) 
8£ TA a 0 
AlFA a 0 
tAtS a 0 
OElTA a O.'>•lENOS(1) 

2020 LO~[A • U~~EN•OtLTA 
lf(LO•Eif•ACCUN(II) l0)~,203u,20110 

20)0 Alf A • •I 
l O ~EN a 0.0 

2000 lf(IAES.£0.1) GO TO 2050 
CALL UUAU(ll 1 l"'T~),Lil•Eif,UPPtA,ICI,COMP,NT~ll) 
lf(~<IELL.ht..O) GO TU )\110 
GO TO 2070 

2050 00 20o0 J a J,NINT 
CO,.~(JI • At.SCJ) 

20o0 CONTI .. ut. 
IRES • 0 

2070 MfOP,.T • O ,'>•(L O•tW• UP~(N) 
CALL vu&UCIL,l~l~l,LO•E~,MIOPNt,lt>,FIAST,,.T£lL) 
Jf(Nilll, .. ~.O) GU TU 11110 
CALL QuA0 (ll 1 I~TVl,~IUP~T ,VPPlW,1o,5f.C0~0,kTllL ) 
lf(Nl(LL,N£,0) co TO )1110 
OU lOClO J a 1,,.1~1 
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!><Gil I 021.1 
l"~lt101U 
l"GioiOIIU 
I"!.WIO'>U 
I"'I.AIOoU 
l"'GI1t07U 
1'-l.IIIOqu 
l~<C.~I08U 

ING~IIOU 

lNGIIItlU 
INli ~IIO!U 

I .. C.Ail)U 
I"'GHIIIIV 
l.._CNitSU 
l .. G•Olc.U 
l"C.Ail7U 
I NGA 1\IIU 
I .. GNilqU 
l'<l.lt12UU 
l,.liHI21U 
I'• I.~ 12lU 
Jki.WiilU 
lloC.Nit!~U 

I.,GJtll.,U 
l'"l.ltlc'CI U 
I"'(,WllfU 
I"'GWI28U 
l"'t.WI2qu 



lOlO 
30110 

lOSO 
lObO 

3010 

I 

lf(NilLL,N~,O) ~0 TU ll~O 

00 lObO J: loNINT 
I( : ( NIIIl(J) 
IF(K,~U,U) ~0 TO lObO 
H!&kS(JNl(•)),LI,O,OI) r.u TO l030 
I ~ ( A t:l S ( (F I ~ !> I ( J ) • S H 0 NO ( J ) ) I l N T ( K ) ) , L T , 0 , I *A C ( lJ A ( l ) ) 
GO TO 30110 
GO TO 30')0 
lf(&t:lS!flPST(J)•SlCOIIIO(J)),~l.O,I•ACClJR(l)J GU TO 50~0 
l~oiH<JJ :a 0 
INTT.S: 1'-TTl•l 
GO TO .S ObO 
FIMST(J) : SECUNO(J) 

CO~oT!NUE 

JF(t~oTTl,~U,OJ GO TO .soao 
<.ON T I NUl 
.. Q(f~(N0UT,90o!OJ 
~RI1l!NOU T,9050) lEAUSCJa~SS) 

JN(, Rt91U 
JN~ki92U 

JN(ikJ9jll 
(N(iki911U 
PoG~l9~U 

JNGIU9bU 
l'4GPJ9711 
J~o (,A I9!!0 

J"-t.~I99U 
JNGII200U 
JN(,kcOlU 
(NGHlOlll 
1Nl.f<20lU 
(N~Hc?Ollll 

JNG~lOSU 
(N(,HlOb U 
l"'GIU0711 
lNC.Ac'O~U 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••-·l~~HlOQU 

c 
c 
c 

&AHI II &L MtP~ Mf&NS TM&T THE OtS J~~ O &CC UH ACY CANNOT 
H~ ~ET t:!Y Hf&N!> OF THE AIIAILAt:lL~ l.&USS•JALOBI 
I'OLY'<0M(N&LS, 

lNGitliOU 
1NGH21 1U 
lN(iR212U 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••l~~W2tlU 
GO TO ll/10 

3080 DO ll20 J: t,N(Nt 
K a (Nllll(J) 
1~ (K,EU,O) GO TO H20 
JNI (oq & ("'l(II}•SECONO(JJ 
IF(&~S !J'- l (K)J , LT , O , Ul) GO TO 3090 
IF(&~S(S~CUNO(J)/(NT(K)),LT,O,I•ACCUH(l)) GO TU 3110 
GO TO 510 0 

l090 1~(&6S!SECOND(Jl),LT,O,\•&CCUH(2)) GO TO 3110 
l!OO KK( J) : 0 

l.O TO 5120 
1110 ~<"(J) = ~<I((J)+I 

lf(IIIC(J),LT,c?) GO TO 3120 
(NfYl (J) : 0 
I"TTc? a )Nll2•1 

3120 CONT (NUt. 
IF((NTt2,lQ, O) CO TO 31110 

HlO CONTINUt. 
.. At TE INOuT ,9o.so> 
•A1Tl(N0U 1,90')0) Zl~OSCIFJN) 

JNGHliiiU 
1NGI<21~U 
(Nl.Rc?I&U 
JN(,I(2 J7U 
(Nto(l218U 
(NGH2!9U 
(lo!GAUOU 
J N~ A 22111 
l"'l.A222U 
I '-GkUlU 
JN(,~lc!IIU 

lN!iA225U 
lN!tA22o U 
("'l.N227 11 
INGHlli!U 
1NCH229U 
l~o!GA2JOU 

1 "'l.N2 .SI 0 
1fllt.~<2!cu 
1 loll.A2 HU 

C••-••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••l~~A~]~U 

c 
c 
c 

A~AJV&L ~t~t. ~E&NS T~&T ALL ~VAlLAHLt. ~ESS~L ZtHDS 
~&liE Bl~'' t•~ A USi t O KlCAUSt. U~ ILL CO,.IIEkG[NCl OJ 
T~t INTEGH&LS, 

1"'t.H2j',)U 
l"'l.Ho!loU 
(Nt;A2HU 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••··-·•••••••••••lN~N2J~U 
1#0 TO 5180 

]lliO DO 3170 J a I,N1NT 
I< z I"'TII(J) 
IF (" , lU , O) GO TO l170 
lf(~·Sl i!SO,ii~0 ,3lo0 

31~0 INT ( K) = I NT(K) •L OAO 
GO TO H70 

lloO INI(K) a l~o!T(~< ) •~ OSTPS 

317 0 CO.,TI"U~ 
N(T UAI'( 

l180 •lllTt.(~ OuT ,~Ol O) ((NTYl(J),Jat,NlNT) 
GO t O 3111 0 

9 0 10 F O A~&l ( " DURING CAL CUL ATI ON OJ 1NlfGAALS•,IOl3) 
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I"'GHcHU 
INGA2110U 
1Nl.A2111U 
INGM2112V 
1NGA211iU 
1"'!.~2111111 
(lo!CMciiSII 
INGAc?llbU 
I M; H .?II 7 u 
INGioi2118U 
1Nl.W2li9U 
1NGM2S OU 
JNGRcSlll 



QOlO FO~~AT(" SUS~t~O PkUG~&~ GAUSS POLYS ~·~• U~ Tt U " ) 
QOiO ~ QWWAT C " SYSPt~O PkiJG~ A~ ~lS~tl ltUO~ t~~•VSltO"l 
QOUO FQWMAT(" SVSPl"'IJ Pw flf, WAM SllPS ill ~IH SI [~lt:.r.VA L I OU SI'ALL"l 
QQ!»O FQWMAT (• AI Tkl VAl ll t " ",(ll,w,• FUH IMl l"'lli.~« & 110N v &WI Ab l(") 

l,.GwlS~V 

l .. G~<l'>lU 
l .. , ... ,c,,.u 
I M.llt'>!»V 
1 ••G~<t'S~u 
uv•uon t u 

t~O 

SUBAOUTINt ~UAO ( I L ,INT~,AL U , UP,NC & USS ,~ ~t ,,.TtL L) 
C • ••••••••••••••••••••••••••••••••••••••• •••••••••••• •••••••••••••••CUAUOO iU 
c THI S SVHW(IU TI"'I: ( Al(IIL AHS f OW 1Ht SlT IJUA(IUO lll 
C IN IY Tl< ( I~Tt G w& LS U~ T~l CO ~«~t SPU "' OI NG ~U A UOO uU 
C H INC TJ U"S JGw&,. O Utf ,. Et"' T~t LI""ITS ALO OU&!JuOSU 
C ANO UP HY USl "'~ A ~ A USS ~IJ A QW A IUWI: Of UUA 000 ~U 
C OROt~ N~ A USS, UU A000 7U 
C • fOW "' C & uS ~=I~ A L(~[NUWt•G&USS OU &OWAT U• UU&00u 8V 
C Rt OF OAUtH , UUAOOO QU 
C • FON "-GAUSS , LT,lb A J At01tl • GAUSSOUA01UT II• QU&llO IO U 
C Wt, OU&OO IIU 
C 1Ht ABSti SS &E '"0 "li GHTS UF' BOT H ARE 01lA0012V 
C STUkl O AS AG&USS &NO ~<GA US S I"' THt HL OC K ~UAOOijU 
C OATA, UUAOO II.I U 
C TMt SET OF l~TI:Ck&NOS I S COI' PUI(U DURING OUA OO I~U 
C SUbStOUtNT CALLING IN IJF " Ou &DII IoU 
C SUbROUTINES I'ATNIX UUAU0 17 U 
C ~PJCWA ~U A 00 18V 

C &NO FU,.CTI ON l~NA"'D ~u • DO IQU 
C THE StT OF ktSULTl~G IHTE GN &LS IS OU &OO .?O U 
C OlLI~lRtO IN fSC UUAII02 1U 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••0UA00 22 U 

JIHEGEW l"'lV(IO) 
WEAL IGR&,.O,F'SCCIO) 
(0""0~/GAVSSI&GA USSIIb,lb),HGAUSSC ib,lb) 
HINT a 7 
lf(JL,EIJ,I) HIHT 11 . 10 
00 10 J : lrNJHT 

I( a l"'TV(J) 
lf(~,EQ.O) GU TO 10 
FSCCJl a 0 1 0 

10 CO"'Tl~Vt 
L&HEL a 0 
JFCIL,t0,2 ) CO TO 20 
IFC(lHTvCI)+JNTVI2)+1NTV(l) l ,CT, O) LAHE L : L&BEL+I 
lFI(lHTY(II)+lNT¥(\) ) , GT ,O ) L A8~L : LAbtL+2 
1F((JNTY(~)+lHT~ ( 7) ) , CT , 0) LAbtL c LABtl+l.l 
CO TO lU 

20 IF((l ... TV(I)+INTV I 2) ) ,CT,O ) L•HEL 11 LAHt L+I 
1FC(IHTVC5)+INT~(il)+lN1 V('>) +lHTV (b) +lHTV(7 )) , G1 , 0) LA8tL 
JFCIJNTV(8)•1NTY (Q) +lNTV ( l 0)) ,~l. O) LABtL 11 L•HEL+I.I 

10 Fl 11 O ,S• (U~ •A LOl 

F2 a 0 1 '> •1 U ~•AL 0 ) 
lC&USS 11 >4(i &USS 
JF(HG AUSS ,£0,1b) I~& U SSae 
DO SO I • lrlGA USS 

X a ~I•&~A U~S(J,Nf.AUSS)•Forl 
CALL "&tNil (t,LA~~L,HltLL) 
IF ( ,.ltlL.EU, I) lit TUkH 
CALL FPIGWA CILrXl 
00 fl l) J: I,H)Nl 

K a J~TY(J) 

JFC,,t0,0) GO TO GO 
•st tJ) a fSCCJ ) +k~ A USSCI .~G&USSl •IGNANO ( X,I( ) 

110 C0N11HU( 
SO CONTlNUt 

F-27 

UUA002SV 
Uu&60 2ttU 
l.i U&OOl'> V 
OU&D O~oU 

0UAU(I21 U 
UUA CI0 2t!V 
0U&01) 2QU 
UU•DO l OO 
UUAOO H U 
OU&OO llU 
uu&DO HII 
UU& UO jii U 
OU &OO iSU 
OUA OO loV 
OU& OO HV 
IJU4 ll0 l8U 
OV&OOliiV 

c LA8EL•l0UA 00 110U 
OUAOO III U 
UU&OO IIor/V 
IJUAOO w)U 
0UA00 1111U 
OUAOO w'>ll 
OUADO II~ U 
l.i UA00w 7U 
QU &U0 118 V 
UUAOO wQ (I 
IJUAOOSOV 
loiU&OOSIV 
OU A(IO ':I.?V 
Ou &LiO Sill 
01JA00'>UU 
Ou&OO'>SU 
OU&OO':Ibll 



oo &O J = a.~r~t 
• • ' " '•CJ) 
If( •, [ , OJ GU TO oO 
JSCCJ) a J SCCJ) •fl 

e.o co;,n~ut 
70 lltfUWN 

t to~O 
SU~AO~II"l ~ITAI• C •o l i ~L ,N flLL) 

L;U&I.I05711 
&.iU I D0\811 
(,U&OO')CJU 
uuaoooou 
c.uaooe.au 
vUAU0&4!U 
l.iUIOuoJU 
•aT I'lOOIU 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••--•~AIW002U 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

1"15 SUhWOUIINt Cu ·~ullS l"t Stl Ut ~ "'• ~& fMOO ) U 
~•CftAtsrrc-ru .. Cllu .. s ro,vo,so,uo.ra,vt, ••r~ oouu 
~~ ,UI, IOJ 1"0 SOl tOR 1.,( HLU( 1 Of H•( ooa IWOO!)II 
l"ltGAIIJUN•~I,I•Llt~. US( 15 ooa ot Ot •a thOO e. ll 
cu .. sr a;,rs C• LCuL•tED 1N "' '0"1 '"o ••zco;,,•arwou7u 
IM~Y • E•t STUUlU I~ CO••ON/INO&T&/ 0 ooiiA OOBU 
c~•'•tlL~ISIIC ·~ u .. Ltin~ ~ •Luts awE OLL I•t·••rwooCJ ct 
~tu IN lU••ONIJ'w '"'• •arwoao~ 
L&bl Dlfl~~l,.lS •M I(k (H IW& (IliiJSTIC • oo& TWOIIU 
ru .. ttiOhS aAt Nttoto• ~• ••oazu 
• l 18Lal•ro,,O,SO,UO oo&TW OIJU 
•LIBL•Z•tt,Vt,SI , Ul ooi TR~I~~~ 
•L'~L•l•to,~O,SO,UO ,T I , VI,SI , UI oo& IW015U 
• l i ~L·~·rut,SOI ooa t WOI&U 
· L • BL•~ · ·o .~ o.so . uo ,r a.so1 •arAot JO 
• L• BL•o • tt ,\I,SI, UI ,IQI ,SUI ~arw o te u 

- L • bL•7 · re .~ o . so , uo,rt . ~a.sa , ua,roa,soJ Ma rwotQu 
sua~ourtNt IS I"'Tl•wuPrtu a;,o uttURNlO "''qozou 
•l lw ~ltLL=t ·~l~ SULUIIU~ bECO•ES TOO •&IR021U 
&N atcu•art HlC • u~t or ILL ~a r wa•-c•~or - •atQozzu 
u~ OuDINC lNV[W$10~ . ooaruozsu 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"ATUOlWU 
D(&L LO&O,NU,•(a,G,~J,P(a,l),~~~~.lJ,~I,~Z.K~,k~,li,~Jcl,l,~J,KK~,·•twoz~~ 

IA C(UD( J ), P(l ,I O),~Ji(V),PJ(2J , ~Pl(10), RQ (I0) ooiTI102oU 
CO••ON/&501/L&ltw,;,La'S,•,•,z,~u(lOJ,aCtUW,LOAO,kOSTWS,hZlPOS,H(Q)•&IU027U 
lo•\ CIOJ,[(IO) ,& L(Q),I~ICA(CJI,U I OJuS(IOJ ~~ ~~Ole U 
( 0 ••0 .. I I '0 0 a I I • a I , I I ( CJ I , hI ( Q I , C I ( q I , 0 (II J , t. t ( Q), F ( Q l , G ('I) ," I (a) , ., I T li 0241 U 
IIJ (G), •J ('II, • 2(Q), • O(I0Jo6f('IJ,~U(OJ,6UUCUJ 0 "UC'IJ,~ZU(Q) 0 H2UU(Q),•&1UOJOU 
lJICCIJ,JI,ti(IOJ,SSiloiOJ,COiiC0),~021(Q),r.uzzcoi,Gt2ZCCJ), •&IR O]IU 
S" 012('1) ,~ 0ilCO) ,• Ill!OJ,UOIZ(OJ,OOllCOJ,COIICCII,COll(Q),tUI2(0J , ••IROJlU 
Gf012(CJ),I lll(O),JCllCOJ,CCcu,z,v),OO(l,2,oJ,~'Ci,l ,O J , LG(l,l,lO) , ~atQ O )JU 
\"M(loloi O),U~(a,/,t lo0Ui(O),~i0(Q),~li(Q) ,"i 0(0) , h0il(q),CCl(l~l .~AIR O )wV 
e.•• 2CIO) , COII(Q),QIIICO),C012(V),Cll2(G),Uii2(Q), 0/i(Q) , GIIi(O) , •&IWOJ~U 
7UFOC~J,U1 1CQ),lOII,illloZlllol0lloZI12,Zlll,ZJI2,zozl,/IZI,zOZ2, ••fUO) ou 
Bllllollll,•• ••IW017V 
CO••ON/fCU&N/TO,VO,SO,UO,TI,Vl,SI,UioTUI,SO!,tPJCW,lll,lll •alRO)eU 
CO••ON/I&Pt/NUUI •&IW0)4U 
l&lttL • L•8L "''"O•ov 
lJ(L&t!t.l ,, LT ,II J CO TO 1000 •AIJ!OIIIv 
JJ(I,Lf,l,.&l ) CO 1U 100 "'lfw012U 

c-------------·-----------·---····------------·---------------------·--·••r•o•lu c 
c 

& $~•PTOTIC l¥ 1LU1 fi0N UJ TQI a;,o IQI 
•cc: ~.l.t.,l"'••· 

"' fiiO tnU 
•atwo a~u 

c-----------------------------·---------------·-------------------------~•t&oaeu 
101 • 1,0 .,ITW 0117U 
l•cL•H'~,LU,IJ c;.o tu lO .. ,Twoeeu 
J • lAttO•l •11W QeQU 
00 lO • il loJ ,., I"O!IOI.i 

I l•l l•l,O•CI,O•IL(•)J/((l,O••l(•J)o(l,O•'l(•IJ•O,~•ALC•J•l) ••T• O!II~ 
20 co~rr~ul ••tAO\lu 
lO SOt • 101 • CO , ~ •I L(l i'(R ) ••· CI , O •IL (l l'l ii)J •~l (l l'tA J)/(( 1,0•AL(LI•(~"aiOO§) II 

I )) • (I , O ••I CL IYL AJ) • O , ~ •• Lil ''lW ) •• ) w&tii05•U 



l48tl • lAKtl•4 HAT~O~SU 
GO TO 1000 ~AT~O~c~ 

c-------·········-·-·····--------····--····- ~·T~ o .,7u ----------------------------"~ " C CALCliLAl I liN OF TIH AN () Sill FOH X,L T ,XMAX MA IW058U 
c--··--········-------····-····-----·-···-···- . ~·rLo~"u •• •••••••••••••••••••••••n~ " ~~ 

100 HCJI,EU,Ol GO TO \20 
00 I 1 0 J a I , J 1 

GG2(J+tl a G20CJl•G21CJ)•x 
H"2(J+I) a H20(Jl+C.21(J)*I 

110 COIIrTlNUt 
120 00 ISO K • 11 M 

lf(JI,tU,Ol GO TO 140" 

llO 
1410 

DO tlO 1 a 1rJI 
IFCJ2((),tQ,K) GO TO 1~0 

CON T l NUt 
•I a 0, S * ( I , 0 +K I ( IC) ) 
•2 ••O,.,+K2(K) 
•i • 8((K)•0,25+k 
NJ(IoloK) a AltA} 
NJ(lr2oK) a •l••l 
NJ(l,loK) a ~2+•1 
NJ(2,2,K) a •I••) 

1~0 CO,.TINUt 
J5 • Jl+1 

hO 

170 
uo 
lqO 

200 
210 

212 
214 

llO 
lJO 
240 

DO 300 ""'a 1 1 J5 
N a J5+1•"'"' 
IF(N•1l 1.0,IoO,t70 
J) • l 
GO TO 180 
Jl a Jl(N•l)+l 
lfCJ5•N) lqO,I40 1 lOO 
J4 • "' 
C.O TO 210 
J4 a Jl(N)•I 
IFCJl,GT,J4) GO TO zoo 
DO iJO JJ a JloJM 
(K a JM+Jl•IJ 
ll • lk+1 

tllPOa•a+T2Cil) 
lfi[JPO,LT,•70,0lGD TO 212 
EXP1&[1~(tlPOl•SS(l,lll 
GO TO 2141 
[1P1•",0 
00 220 1•1.2 

SS(l 1 IK) a NJCloloiK)*fX~1+HJ(I,lolk)+S8(2,lll 
CO,.,Tl"'Uf 
hN • llt•l 

txPOc•hfl(Ji) 
lf([XPO,lT,•70,0)G0 TO 2412 
EaP2atxP(£1PO) 
GO TO iU 
E•P2ao,o 
PROO•GG2CN)+SS(t,Jll+llP2 

MATHOC)OU 
MATPObiU 
"'' HIOol~ 
M&IWOblU 
MATkUoiiU 
MATkOoSU 
H&TPOcoU 
H&TkOOIII 
HATH0o8U 
"'' Hcooqu 
~ATP07(JU 

MAT1t071U 
HATW07c!ll 
MATA07)U 
MATA074U 
M&Tk07.,U 
MAik07cU 
MAlk077U 
HATII07~11 

MAfN07qU 
I'IAfNOt!OU 
PUTAOt!1U 
MATROfllU 
~~t4Tk0t!IU 
... ,,~081111 
MAJHOII.,U 
IOATW08bU 
M4fi<Ob7U 
1'14!A0811U 
MATRI)!I~U 

MATkoqou 
1'14TN0~1U 
~o~arkoqzu 

M4TH0q)u 
M4TA0q.SI 
MATitOqJt 
~UTWO~ll 

I'IATIIU~lM 

"''woq~eu 
,.,Twoqsu 
lo4ATAOqbU 
MATA0~711 

MAlNOIHl 
M4TN0~7t 
MATROqJj 
"'&TNOq711 
,..4THOq7) 
M4TI<Oq1SU 
104THOqqu ~2 a PROO+HM2(H)•SS(l,Jl) 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·"''NlOOV 
MAlNIOlU c 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••MATA10lU 
~UTWIOlll 
MATkiOIIU 
MAT N l 05U 
MATA10oU 

lf(48S(P2),LT,t.OE•7+A~S(~A00)/4CCUN(l)) GO TO 2000 
t>P2 a 1.01~2 
1FC~,fQ,1) GO TO llO 
~J2(,.,~) a P~l•OOi(N~) 

F-29 



DO 270 I : 1,2 
270 PHil : SS(I,JJ) •"'Jc! ("<"'l 

PPl:P J (I ) • (lo.Pc!·P H t') 
!;,S(I,Ji•l l: PP2+1,0 
SS(c!,Jl•l l : 1,0 

300 CON TINUE 
110 lF(,..TELL.lO.ll HETURh 

NP2( 1) : •PP2 
lHJl,tcrJ,OJ GO 10 HO 
00 J')O I : J,JJ 

J = J t+l•l 
I~ (LAYER,GT ,Jl(J) l GO 10 lbO 

lSO CO~TlNUE 
J5 :: I 
GO TO HO 

loO 00 380 I : t,J 
NI-'2(I+l) : hJ2(1J•NP2(l) 

38 0 CONTINUE 
J5 : J+l 

$90 J : LA'ftR 
SOl : SS(I 1 Jl•NPl(JS) 
TYI : SS(i,J)•NI-'2(J~l 
LAS~L : LABEL•II 

MAnn o1u 
"'AfkiO"U 
,_ATIIJO'IU 
,.ATWJlOU 
HAfiiiiJU 
IUTRIIlV 
MAT~lliU 

MATIIII31 
M4 fklliiV 
H4TK1l~U 

HAlkllbU 
MATR!l7U 
M4TRIIHU 
M4THIIqU 
MATH!cOU 
11ATki21U 
MAT II I clV 
HATR12lU 
14ATR121.1U 
HATI<l25U 
HA H'l2oU 
Mllkll7U 
MATI<128U 

C•••-•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••····"'Tk12qv 
c 
c 

lSYI'WT OliC EVALUATION Of TO,vO,SO,uO,Tt, 
Vl,!)l A1'; 0 Ul fOk X,C[,XMAX, 

H4TR1l0U 
IUTW!liU 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~Af~lliU 

1000 IF(LA8tL,lO,OJ kliU~N 
IF(~,ll,XMAl) GO TO 1100 
L z LHE .. 
112 = ••• 
aJ = •z•• 
lF(L,t~,NLATS) GO 10 101 0 
Zll : ZOll+X•ZI II+Xi•Zllt 
liZ: ZOII+l•lll?tll•Z212+Xl•ll12 
Zl1 : l~li+X•ll21 
Z22 : Z02l+A•l122+x2•Z222 

1010 lHLA BlL ,GT,t l 1.0 TO 1030 
1020 IF (LAflh,t~,O) Rt.TUWP. 

NP(lol) : l,O•NU(l) 
'-P(Z.tl : 1,0 
GO TO 10110 

1010 NP(l,l) & 1 0 0•2, 0•NU( l) 
"'PI2ol) a •1,0 

10110 PC.~ : 1,0 
IF <L ,E0,1l GO TO lObO 
00 1050 K a 2,1. 

J : IC•l 
PU~ a PQFoKo(J)/(OFO(J)+OFI(Jl•X) 
loti : •AL(J)•ll 
oo9 : H(J) •lC 
"'P(l,K) : NP(I,JJ•COOllCJJ+~Ill (J)•X+ooJooo9)+1';P(2,JJ•(OOI2(J) 

1 +0112(J)•J+Q21t'(J)•J2+•1••~··9) 
1050 I';P(c,K) : ••I•NP (IoJ) +hl-'(l,J)o (a022(J) +Ql22(J)+X•wl•wq) 

IF tL,"'t.NLAYS) GO TO lObO 
s = o.o 
u ,. o.o 
GO TO 1070 

lObO S: (~P(J 1 Ll•LII+N~(l,Ll•ZI2J•~~FICU~OtLJ+UFl(I.J•X) 
U: (NP( l,Ll•Zl i •"'~-' (2,Ll •Z2i)•PQf/(U~OCL)+U~l(L)+X) 

1070 T : NP(I,L)•PUF . 
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HATHtljU 
HATklil.lli 
HolTH!l5V 
"'AT r.t tlo u 
"ATkll7U 
IUTkl$8U 
MAT k lJQU 
MA1111410U 
HolfllllllU 
HHRI412U 
MAlWll.ljU 
Holllll411.1U 
"'AlWlii~V 
HAlRl4bll 
Molllllw7 U 
HATR1116V 
HATR14QU 
IUTW150II 
14ATI<tSlU 
HATRI'>oi!li 
HAlklSlU 
HATIII'>IIU 
HATW1!>5U 
MATRl5bU 
HAIR!57U 
HATRl~KU 

HATkl'>'lV 
HATHioOU 
14ATRiolll 
HAllllbcU 
HATRib}U 
HATWloi.IU 
14ATWibSII 
loU1RibbU 



1080 

V • Nlo'(2,L)*PI.If 
lHLABH.GT.1) r.o 
SO a S 
uo • u 
TO a T 
vo • " 
RtTURN 
Sl • s 
U1 a U 
T t a T 
V 1 a V 
LAijEl a LAHfL•l 
CO TO 1020 

TO IOftO 
HATII1o7U 
HA Tl<lbiW 
~ATR1t>CIII 

~ATk17011 
IUTM171U 
IUTk17ZU 
MAT1117lU 
HATA174U 
HATMI7~U 

MAIIll7bU 
MATil1 nu 
1o!AfW1711U 
IU TN17CIU 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••ATAl80U 
C CALCULATIO~ UF TO,YO,SO,UO,TI,VI,SI ANO HATN1~1U 
C Ul FON XoLToXI'IAXo I'IATM182U 
c---------·····-·-·-··----·····················-----·-------···-····--··"'TwthlU 

1100 lf(JI.EU.O) GO TO 1120 HATN184U 
00 1110 J a 1,J1 lo!ATNI8~U 

~ a Jl(J) H&Tk18bU 
•I &•AL(K)eX I'IATRib7U 
Nq a H(K)•l MATM188U 
CC(1,1,J) a C011CJJ+l 0 0••q HATA18qU 
CC(l,ZoJ) a COI2(J)tl 0 0••q••~ HATII190U 
CC(l,l,J) a C011(J)•i 0 0•wCI HATNiq1U 
00(1,l,J) a 0012(J)t00(1,1,J)••• HATR1qlu 
00(2 1 2,J) a 0022(J)t00(2 1 1,J)••q MATII1q3U 
Ff(I 1 1,J) a •C011CJ)•l.Oewq HATRIC14U 
fF(I 1 2 1 J) a F012(J)tfii~(J)•~~·l,Oew9••q HATklq~u 
fF(2 1 2,J) & f02i(J)+2 0 0•wq I'IATNlqoU 
GG(I,Z,Jt1) a G012(J)tGG(t,I,J+I)*Wq I'IATNlq7u 
~G(i,I,J+l) a COZICJ)+•I P1&TNiq8u 
CG(Z,Z,J+I) a G022CJ)t(~02l(J)eH(K)tG12i(J))eX+-l••q M&TR1qqu 
HI'I(I,2;J+l) a H012(J)+HH(l,!,J+l)••q I'IATWlOOU 
HH(2 1 l 0 J+l) a H021(J)+N1 HAlk201V 
HH(2 1 2 1 J+l) a H022(J)tH02l(J)e•q+H122(J)eXtw1eNq MATII202U 

1110 CONTINUE H4TklOlU 
1120 00 1150 Ka1,M HATN204U 

11 JO 
1lit0 

lFCJ1.tQ 0 0) GO TO 1140 HATRZOSu 
00 IIJO I a I,JI MATN20oU 

lF(J2Cl) 0 tQ 0 K) GO TO 1150 MATN207U 
CONTlNUt MAfk2080 
~~ a 8MU(K)el MATN209U 
wq a H(K)*l MATNeiOU 
W10 a wqea MATR211U 
wl a w10•8f(K) HATW212U 
w11 a •2••CI HATRZilU 
wl a w9•C1(K) MATN214U 
w4 a 8[(K)eX MATN21SU 
wS a ~U(K)eX HATM21oU 
wl a ~UU(K)ea MATNi17U 
•7 a Cl(K)ewqe•q HATN218U 
~(1 1 1 1 K) a Al(K)+NI••l MATNilqU 
•(1,2 1 K) a •tt(k)t.(K)••9twii+82U(K)••IO•wtl MATN220U 
W(1 1 ),K) & 0(K)••l••l••2 MATR221U 
W(1 1 4,K) a •C(()+H1(K)ewq•8UU(K)el•w7t8iUU(K)ew10••11 MATR~lZU 
•(2,1,k) a w4 HATP22JU 
N(2 1 2,K) a 81(K)tw~+W2 MATR224U 
w(z,J,K) a CI(K)+•4 HATN22SU 
•(z,I,K) a ll(K)t•l••S+Wl MATAiZoU 
w(},1,~) a 0(K)+•l•w1•W2 MATA227U 
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I IS 0 

110 0 

1170 
1180 
11 qo 

1200 
121 0 

1212 
12111 

1220 
I 

1210 
12110 

12SO 
I 

,.(3,2,K) = G(K)+I<I (K) *'•q•,. ll+ ioo/•b2UIJ(K) •,.I 0•"11 MATk.?28U 
... (l,},K) : &lC• ) •~~~t1•~~t 2 HAfk22qU 
M(j,U,K) : tl{K)+f (K)••q +• d •~2 U(K) •,.I O •"Il MAINe SOU 
,. ( 14 , I , o. ) : •C I (II ) + "U M A 1 H 2 l I U 
w(I4,2,K) : ll(l<)••d+,.'>+,.c! MAHI2!2U 
.o(U, S,K) : ofil HATH2lJU 
11 (14 ,14,•') : 8t(K)•,.S+w2 HATk2314U 

CO~TIN~E HATR2l~U 
J~ : Jl+l MATN23oU 
PKKo : 1,0 MATNlJ7\I 
00 llOO MH : t,J~ MATN2lll\l 

KilO: 1,0 MATk2JqU 
N : JS+I •~M MAlk2UOU 
(F(N•I) lfo0,llto0,1170 HATk2UtV 
Jj : I MATk2U2U 
GO TO 1180 MAik214lV 
Jl :; J2(N•I )+l HATWc14UU 
J((J'>•N) II~O,tJq 0, 1200 Mllk.?USU 
JU : H MATN2UoU 
~0 TO 1210 MATN2147U 
J14 : J2(~)•1 MATRiUIIU 
IF(Jl,t.T,JU) ~TO 12110 MATRcllqU 
00 12 SO lJ : J},Ju HA Tk2SOU 

}K : JU+Jl•IJ HATW2SIU 
IL : IK+I HATk2~2U 
KKO : KK&•Kb(}ll) MAT N2~3U 

IFCIII,lY,LAYtN) PKIIo: KKb HATN2SUU 
EXPO:•X•T2CILl MATN2~UI 

}f(lXPO,LT,•70 ,0 )GO TO 1212 MATR2SUc! 
tlPI:(lP([lPO) MATU2';14j 
GO TO 12114 MAT~2~~~~ 
EXPJ:O,O MAT~/S14'> 
00 1220 1:1,14 HATW2~~U 

00 1220 K : 1,2 HATN2StoU 
AWCI,•,lKI:("(I,l,lll)tWRti 1 K,ILl+w(!,l,IK)•NR(2,K,JlllMATk2S7\I 

•txPt+• ( I,J,I K)tN~(i ,K,IL l +•(I,U,IK ) *AW(U,II,IL) MATH2';)8U 
CONT l'"Ut Ml TW2toOU 
NN c N•l MATR2to1U 

EXPO:•x•I2(JJ) MATN2bll 
IF CEXPU , LT ,•7 0,0)G0 T~ 12142 MATW2tolc! 
lJP2:fXP(fXP0) HATN2tolj 
GO TO 121411 Mllk.?ol14 
fXP2cO,O HATR2ot'> 
00 1250 1:1,2 Mllk2to2U 

00 12SO II c I, 2 HATW2tolU 
P(J,K) : (LG(I,I,~) • RA(J,K ,Jj)+GL(I,2 , N) •NA(2,11,Jl)) MA1A2toUU 

•tCP2+HM((,l,~)ekA(j,K,JJ)+HH(l,l,N)o~R(~,K,Jl) "llw2to';)U 
I'NOO : P(l.t ) • P(2 ,ll MATWlbtoU 
OtT : PHOO•P(1,2)•P(l,l) MATH2to7U 

c------·--··--·-----------------------·---------···--·------------------"''~2b8U c r~sr war ~ rx. cu~otr t u~ HtFOAt t~vtusr o~ . "''"coqu 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••··~•tN270U 

IF(Ak$(0tl),li,I, Ol •7•A8SCI'A00)/ 4C CUN(J) ) ~u TO 2000 
0KKO: KKo/0[1 
PP(l,l) : PC2 , 2)•Q-Ko 
PP(I ,.?) o: •P ( l,c~)e(lt(KO 
PP(2,t) : • P(2,t ) AIJI\Kb 
PP(2,.?l : P(l,ll•OKKO 
IF (N ,E u ,l ) GO TO I liO 
00 liiiU I : 1,2 

00 12toO K z 1,2 
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P'ATW271U 
MATA272U 
MA TRl7lU 
HAIR27UU 
P'ATRI7.,U 
HAIA27bU 
HATW27711 
loATR2711U 
MATN27qU 



12~0 

1270 

1280 

12~0 

!lOO 
li I 0 

1120 

tHO 

llSO 

ll~O 

ll7Ci 
l380 

tHO 

1400 

1 

NJ(I,K,-N):PP(!,1l• O(•(I ,K,N,_)•P~Cll2 ) •00(i ,K,NN) HATR2IIOU 
00 1270 1 a 1,11 HATW/11\U 

00 1270 " = I d HlofW28iU 
~(J,K) ;(WWf1,t,JJ)oNJ(l,K,NN)•WW(J,;,Jj ) oNJ (I ,K 1 NN)) /(KbHATH28iU 

OU 12~0 1 • 1,2 Hlo TW21!11U 
~~(J,J)a(P(J,I)+l012CNN)oP(2 1 lll•t.XP2tF~(I,I, .. N) MATA211SO 

•PH .I )+~F(1,/INN)oP(II, I) MATR28bli 
p ... ( 2 , I ) • p ( 2 , I ) •t ll p 2. rF ( 2 , 1 I "'N) .... ( l I I ) • f"F ( l , 2 I N" ) • p ((I , 1 ) "" 'w 2 8 7 u 
00 12~0 1 : 1,2 HA1Ri8~U 

00 12~0 K: 1.2 IUTH2qou 
RRC1~K,Jl•l) : CC(I,K,NN)+PP(J,K) MATH2~11i 

RHC3,t,Jl·tl = t,o ""'w2q2u 
kH(l,2,Jl•l) a 0,0 HAT"2qJU 
kR(II,I,Jl•l) a 0,0 MATH2q4U 
WH(11,2,Jl•l) a 1,0 MATA2~~~~ 

CONTJNUt MloTW2qbU 
IF(NTELL,EQ.~) ~0 Tv 100 HATHiq7U 
1F(LABt.L,GT,1) GO 10 1330 MATH2~71 
IF(LAKEL,tQ,O) A{TURN HATW2~bU 
NP(1,1) : PP(1,\) MAIH2~qu 

NPC2,t) : PPCl.ll HATAJOOV 
GO TO 1340 HATWJOIU 
NP(\,1) a PP(1,2) HloTHl02U 
NP(l,l) : PP(2 1 2) HATW}OlV 
IF(Jl,EO,O) CO TO 1Sqo HATHS OII~ 
00 llSO I a 1,Jl HATHJO~U 

J a J1+1•1 HATHlObU 
JF(LAYER,GT,J2CJ)) GO TO lJbO MATHl07U 

CONTINUE HATH308U 
JS a l I'AT•lO U 
~0 TO 1lq0 HATH}IOU 
00 1380 I a l,J HATR31lli 

IH • 1+1 HAT~l120 

00 IJ70 K & 1.2 MATH31lU 
NP(~ 1 JH) a NJ(K,1 1 J)oNP(l 1 l)+NJ(K 1 2,1)•NP(2,1) HATW}I~U 

CONTINUl ~ATkltSU 
JS c J+l ~loTUi1bU 
J c LAYEA HAT~317U 
S c(AN(1 1 1 1 J)•NP(J 1 J~)tNW(1,2,J)oNP(2,JS)l/PKKb HATNJ11!U 
U a(WH(2,1,J)aNP(I,J~)+WN(i,2,J)•~P(2,JS))/PKKb HATAJ1qU 
T c(AA(l,l,J)•NP(1,J~ ) +WW(3,~,J)•NP(2,JS))/PKKb MATAJ20U 
V a(UH(II,I,J)•~P(I,J~)+Ak(II,~,J)•NP(2,J~))/PKKb HATkl/I U 
lfCLAt!fL,C.I,l) liU TO 11100 IUTk3220 
TO a T HATIH2SU 
SO a S MAl~JiiiU 
UO a u HAIRHSU 
110 a V HATU\2bU 
Ht.TU~~ HATNJ27~ 
51 a S IU TRJ211U 
Tt a T HATAj2qU 
Ul a U IUTNHOU 
vI a II MATW331U 

I' A TA}l2U 
H.ATAjBU 

I.A8El a 1.A8t.l.•l 
GO TO 1120 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••M&TNll~U 
C loWk1VAL M[k£ HtAhS THAT SULUT I ON Of THE HATWjj~U 
C t~<AWACTtHI~TIC ~UN~TIUhS HAS ~Elh STO~PtO MATRJj~U 
c ~NlHATUWtLY 8ECAUSE OF ILL Mlo TW 1l CO~OI· HATAJj7U 
C TIUN "'t.l OUWlNG ~C'LUTlO'" ~kOUSS, HATI'HIIU 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••"ATAJlQU 
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-.Tt.LI. • 1 
RETURN 

qOOO FONMAT(• ILL•CO-DITJONEO DETERMINANT ,OR xa•,[t5,7) 
[NO 
SUBROUTINE FPI~A& CJL,X) 

MAtRJUtU 
IUTRJ112U 
MATH)II )U 
loU T R 311 II U 

f'PlCiOOIO 
C••••••••·•••••••••-••••••••••••••••••••••••••••••••••••••••••••••••••••FPlC002U 
C THIS SUSROUTINE COMPUTES THE 8ESSEL,UNC• FPIGOO}U 
C TION•PART OF THE INTEG~ANOS FOR THE FPtCOOIIU 
C INTEGRALS COMPUTED IN INGRAL, FPIG005U 
C FOR IL•1 THIS PART IS• JOCXRl•Jl(X) FPIGOO~U 
C FOR IL•2 THIS PART JS• Jl(XR)•Jl(X) FP1G007U 
C COMPUTED RESULTS &ME OELlVEAEO &5 F~ICA, FPICOO&O 
C EXP1 AND EXP2 IN CDMMON/JCRAN/ FPlCOoqu 
C THE SUBROUTINE CALLS IN FUNCTION BESS, FPICOtOO 
C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••fPICOtSU 

REAL L0AO,NU,ACCUA(J),K5 FP1C012U 
COM~ON/ASOT/LAYEA,NLAYS,H,A,Z,NU(IO),&CCUA,LO&O,HOStRI,NZ£ROS,H(')FPlCOI)U 

I,K5(10),E(l0) 1 AL(9),THJCK(q),AAOIUS(l0) 
co~MON/lCRAN/To,vo,so,uo,Tt,vt,st,ut,TOl,SOt,FPICR,£xPt,ExP2 

IF(LAY(R,NE,ll '0 TO 20 
TO a T0•2,0•NU(l) 
VO • V0•1,0 
T1 a Tl•l,O+l,O•-UCl) 
V1 II Vl+l,O 
TOl a T01•1,0 

20 IF(H,LT,ACCUA(l)) GO TO 110 
1FC1L,E0,2l CO TO )0 
FPlCA • BESS(O,X•A)•BESS(l,X)/X 
CO TO ItO 

30 F~IGR • 8£SS(l,x•Al•8ESScl,X)/(X•R) 
CO TO bO 

110 IFCIL,£0,2) CO TO 50 
FPICR a 8ESSCI 1 X)/X 
CO TO ttO 

50 FPICR a 0,5•8ESS(1 1 X) 
ttO !FC~~AYS,EO,LAYER) CO TO 70 

IF(A8SCX•c2,0•W(LAYEA)•l)),CT,70,0)C0 TO 70 
E•P1 • EXP(•X•(l,OaH(LAYER)•Z)) 
1FCCI•ll,GT,70,0)G0 TO 90 
OP2 a EXP(•X•Z) 
CO TO 100 

70 IF((X•l),GT,70,0)CO TO 80 
[XP1 II 0,0 
EJP2 a ElP(•X•l) 
CO TO 100 

80 EXP1 • 0,0 
qo ExPZ • 0,0 

100 AETUAN 
fHO 
FUNCTION BfSS(H,X) 

FPIG01110 
FPIG01SV 
FPIC01bll 
FPIC0170 
FPIGOUU 
FPlG01 "I 
FPlGOZOO 
FPIC02l U 
FP I COZZU· 
FPJC0230 
FPIGOZIIO 
FP1CCZ5U 
FPIGOZIIU 
FPIG0270 
FPIGOZ80 
FPJcozqu 
FPIG0300 
FP1G0310 
FPJGOliU 
FPICOHU 
FPICOHO 
"1C035U 
FPICOJoU 
FPICOHO 
FPICCIJ&O 
FPlCOHU 
FPICOIIOO 
FPIGOIIlU 
FP1GOII2U 
FPIGOIIJU 
FPlCOIIIIO 
FPIGOII50 
8ESSOOlV 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••8tSSOOl0 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

THE BESSfL FUNCTIONS JO(X) &NO J1(X) ARE 
EVALUATED FROM THEIR CHE8YSHlV SEAI(S, 
(SEE CLEN5HA• 1 M&TH, TAHLES•VOL,S, 
CHEHY5HEV SERIES FOR HATH, FUHCTIONI 
NPL•OSJR), 
THIS PROGRA~ S~LECTS THE APPROPAlATf 
CHE8YSHlV CONSTANTS ACCORDING TO •HETHfA 
N•O OA N&l AND MHETHEA X IS GREATER OR 
LESS THAN 8,0 A~O CALLS JN FUNCTION CHEB 
TO SU" THE SEAlES, 
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BESSOOJU 
8[550000 
8£5500~0 
8ESSOOII0 
Bt:SS0070 
8(550080 
liEssooqu 
8[550100 
8£SSOllU 
liES SO 120 



C··-·-·····-·-·····-···--···-··-···--··---··--·-·-------········--··---·8lSSOtlU 
OOU~LE PRECISION BC12,2l,8PC5 1 2) 1 80CS,2) 1 Z 8ESS0140 
DATA 8 1•,30•8,,7oD•7,•,17b20•5,,32Uo00•Uo•,4oOo2oD•1,,u&l~l80D•2,BESSOI50 
l•,l48~37o~D•I,,IS~Oo7t020t0,•,3700~4~~40 t0,,2o5t78otl0+0, BESSOlbO 
2•,872JUU20•2,,3154S5~Ul0+0,• 0 l0•8,,2~0•7,•,7b2D•b,,I5887D•~, BESSOlTU 
3•,2o0444D•3,,l2402700•2,•,2~t7552SO•t,,l777o9tt70+0,•,ool4~l~Juo.oBtSSotau 
u,t,Z8799410Dt0,•1,19180llb0 t0,1,29o717S4D+O/ BESSOl~U 

DATA 8PI,Z0•8,•,520•7,,J0750•5,•,5lo522D•l,l,9~8920700+0o 8ESS020U 
l•,20•8,,oZD•7,•,J9870•S,.898990D•l,2,00180b080+0/ BESS0210 

DATA 801•,lD•~,,180•7,•,7410•b,.b&l85D•4,•,311117090•l 1 BfSS0220 
I,ID•8,•,21D•7,,9140•o,•,9b277D•4,,9JSS5574D•l/ BESS02JO 

H • Ntl BtSS0240 
JF(X•8,0) 1,1,2 H£SS0250 

1 Z a X•X•O,Oo25•2,0 B£SS02b0 
BESS • CHE8(8(l,H),ll,Z) 8ESS0270 
JF(N,EQ,l) BESS a O,ll5•X•BESS BESS0280 
RETURN HESS0290 

l Z a 25.,0/CX•X)•l,O HESS0300 
•t a X•0,785398to BESS03t0 
JF(N,EQ,I) Xl a Xl•l,57079o] YtSS032U 
8ESS • (0,7.78845o/SQkT(X))•(CHE8C8P(t,H),5,Z)•COSCXJ)•8,0• BfSSOllO 

I CHE8(8Q(l,H),5,Zl•SJN(XJ)IX) BESS0l40 
RETURN BESSOl50 
ENO BESSOJoO 
'UNCTION CHE8CA 1 N,Z) CH£80010 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••CHEBOOlO 
C THIS SUBPROGRAM EVALUATES THE CHEBYSHEV CH[YOO)U. 
C SEAlES USING THE RECUMRENCE RELATION CHEBOOOO 
C TECHNIQUE (SEE CLENSHA• NPL HATH, TABLES CHtH005U 
C VOLUMt 5 PAGE 9) 1 CHE800o0 
C··-·---·-······--·······---·-----·--·--·~·-···-·····--·····--·-····---·CH~B007U 

OOU8L£ PRECtllO~ A(l) 1 H(l4) 1 Z CH£80080 
8(1)•0,00+0 CHE80090 
8(2)a0,00+0 CH~MOlOO 
DO l l•l,N CHE801lU 

8Ct+2)aZ•B(Jtl)•8(l)tA(I) CHt~Ol2U 
l CONTINUE CH~801JU 

CHE8 a 0 0 5D0•(8(N+l)•8CN)) CHE80140 
RETURN CHE80150 
END CHlMOl&U 
REAL ~UNCTION IGRANO (X 1 LA8EL) I~MAOOlO 

C••••••••••••••••••••···~··••••••••••••••••••••••••••••••••-•-••••••••••IGRAOOlO 
C THIS SUBROUTINE COMPUTES THt INTEGRAND! JGRAOOJO 
C FOR THE INTEGRALS COMPUTED IN lNGRAL, IGRA0040 
C USE IS MADE 0, THE RESULTS OF FPJ~RA AND lCAAOOSO 
C MATRIX STOMED IN COMMONIJGRANI, ICAAOO•O 
C•••••······························~·············-···•·················1GA•oo7U 

REAL L0A0 1 NU 1 ACCUR(]) 1 KS IGNAOO&U 
COHHON/ASOT/LAYER,NLAYS,M,R,Z,NU(IO),ACCUR,LOAD,HOSTAS,NZEROI,H(q)lCRAOO.O 

l,K5(J0),[(10) 1 AL(9) 1 THICK(9),RAOIU8(10) IGRA0100 
COHH0N/JGRAN/TO,V0 1 SO,UO,Tl,Vl,Sl,U1,TQt,SOI,,PJGR,fXP1,EXPZ tGAAOliU 
GO TO (l0,20,J0 1 40,50 1 b0 1 70 1 80,90,l00 1 ll0,120,llO,l40,ISO,Ib0,170)IGRAOlZO 

t 1 LA8EL JGRAOl)U 
10 !GRAND •'PIGR•X•CCUO•CK5(LAY(R)•X•Z)•80)efXPl+(T0tVO•(K5(LAYtA)+X•lGRAOl40 

lZ))tfXPl) IGRAOISO 
RETURN IGRAOt•O 

lO !GRAND •'PIGR•X•(UO•EXPl+VO•EXPl) IGAA017U 
RETURN IGAAOISU 

JO IGAANO aFPJGR•CCUO•C2.0•K~(LAYER)•X•Zl•SO)•EXPl•CTOtVO•tl,O•K5(LAYIGRA01.U 
tER)+X•Z>l•EXPl) IGRA020U 

RETURN IGAAOllU 
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~0 ICRANO aFPJGR•CCSO+UO•Cl,O+XaZ))a£XPl+CVO•CI,O•X•Z>•TO)•EXP2) 1CRA022U 
RETURN 1CRA02}0 

SO IGAANO •FPIGN•X•R•CCSO+UO•CZ,aHU(~AYER)+X•Z>>•EXPl+CTOtVO•CX•Z•?,•JGRAOZqO 
lNU(~AYER)))a£XP2) ICRA0250 

AETUAN JCHAOZ~U 
~0 lGAANO zFPIGA•X•((Sl+Ula(Z,O•NU(~AYER)+X•Z))*EXPl+(Tl+Vl*(X•Z•2,0elCRA027U 

INU(~AYER)))a[XPl) IGRA028U 
RETURN IGRA0290 

70 ICRANO 2FPIGR•CCSl+Ul•Cl,O+X+Z))•£XPI+(Vl•Cl 1 0•X•Z)•Tl)•EXP2) IGRAOlOU 
RETURN lGRAOllU 

80 IGAAND •FPIGR•X•H•C(Sl+Ul•Cl,O+X•Z))+EXPl+(Vl+(l,O•X•Z)•Tl)e[XP2) IGHA032U 
RETURN IGRAO})O 

90 IG~AND aFPIGRexaRa(Ul•EXPI+Vl•EXP2) ICRAO]~O 
RETURN ICAA0350 

100 IGRAND zFPICR+((Sl+UI•C2,•NU(~AYER)+l+Z))•EXP1+CTI+VI•CX+Z•2,•HU(~lGAA03bU 
IAY[N)))+EIP2) IGRA0}7U 

RETURN ICRAOl8U 
110 IGAAND aFPlGR+(Ul•ExPt•Vl•EXP2) 1CRA0390 

RETURN ICRAO~OO 
120 IGRAND •'PIGRa((Sl+Ul•Cl,+X•ZJ)•£XPI+(Vl+(l,•X*Z)•Tl)*EXP2)/X ICRA0410 

RETURN IGRAO~ZO 

llO IGRANO •'PICA+le(SOI+EXPt•TOI+EXP2) JGRA041V 
RETURN IGAA044U 

1~0 IGAANO aFPIGRe(S0t•EXP1+T01•EXP2) lGRA045U 
RETURN lCRA04~U 

150 IGAANO aFPlGAai•R•CS01•EXPI+TOlaEXP2) IGRA0470 
RETURN IGRA0480 

1•0 IGRANO •'PICRa(S01+ElPI•TOI+EXP2) lGRA0490 
RETURN IGA~OSOO 

170 lGRANO aFPIGA•(SOI+ElPI+i01•EXP2)1X lGRA0510 
NETUAN IGAA0520 
END IGAA05]0 
SUBROUTINE CA~CCINT,v,A,MU,RAOI,,T,~OAO,HOSTAS,PSIO,Z) CA~COOIO 

C••••••••••••••••••••••••••••••••••••••••••••••••••••··-··••••••••••••••CALC0020 
C CO~PONENTS OF THE STRESSES,STAAINS AND CALC0040 
C THIS SU~ROUTINE COMPUTES THE CY~lNORlCA~ CA~COOlU 
C DISPLACEMENTS FROM THE 17 INTEGRALS STO• CALC0050 
C REO I~ INT, THESE CALCU~ATEO COMPONENTS CALCOO~O 
C ARt STORED IN V ANO OUTPUTTED, CALC007U 
C•••••••••••••••••••••••••••••••••••··~•••••••••••••••••••••••••••••••••CALCOO&U 

REAL 1NT(I7),V(15),HU,LOAO,CC~l CALCOO~O 
lNTE~ER FM(19),FMT(S),T(1ll CALCOIOO 
LO~ICAL STRESS,EPS,ALDW CALC01l0 
COMM0NISTROTA/STRESSC27),£PS(t7),RLOw,ST,CT,L,ACC CALCOllO 
COMMONITAPEI~OUT CALC01]0 
OATA FM(l),FMT,FM(19),TI CALC0140 

••cax •,•,Etz•,•.~.t•,•ox •,•,tzx•,• ,t•,•x> •, CALC0150 
+8 0ISP•,•LACE•,•M[NT•,•s •, CALCOt•U 
•• s•,•TAES•,•S£5 •,• •, CALC0170 
•• s•,•THAI•,•NS •,• •t CALCOliO 

00 10 1•1,15 CALC01'0 
10 V(l)•O,O CALCOZOU 

lF((STRESS( 4),0A,STAESS( 5),0R,STAESS( 7),0R,STRESSC10),0R, CALC0210 
• STRESS(ll)),ANO,(,NOT,ALO~)) FCT•C2,0•lNT(l2l•INT( 7l•2,0+1NT(CALC022U 
+ 1~)+~,0•1NTC17))1R CALC0230 

lF(,NOT,STRESSC l)) CO TO 20 CALC024U 
V( 1)aFT+RAOitCT+C2,0•1NTC17l+lNT(I2)•1NTC 7)) CALC0250 
l'CRLO•> CO TO 20 CALCOl•O 
V( l)aV( t)•FT+A+RADl+INT( 4) CALC0270 

lO IFCSTAESS( 2)) V( ZlaFT•AAOl•ST•Cl,O•ClNTC17)•lNT(l4))+lNT(l2Jl CA~C0280 
lFC,NOT,STAESSC ])) GO TO 10 CALC02'0 
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V( l)a•FT•AAOI•INT( l) 
IF(RLO•> GO TO 10 
V( J)•V( l)+FT•A•A&OI•CT•tC2.0•2.0•MU)•INT(ll)•lNTCl0)) 

30 IFC.NOT.ST~ESSC 4)) GO TO 40 
V( U)ICT•(JNT( 8)+2.0•HU•INT( 9))+1NTC l)+INT( 4)•2,0•INT( 2> 
IFCALOw) GO TO 40 
VC U)aV( 4)•CT•FCT 

40 IFC.NOT 0 STAESSC 5)) 
V( 5)aCT•2,0•MU•INT( 
IFtAI.OW) 

GO TO 50 
9)•2,0•MUtiNT( 
GO TO 50 

ll•INTC 4) 

V( 5)•V( S>+CT•FCT 
SO IFC.NOT.STAESS( 7)) GO TO bO 

V( 7)aST•lNT(l5) 
lF(ALO•) 
V( 7)aV( 7)•ST•FCT 

100 TO bO 

bO IFC.~OT,STRESSC10)) GO TO 70 
V(lO)aFTtCCT•INTC 8)+JNT( l)+INT( 4)•(2,0•2,0tMU)tiNT( 2)) 
IFCALOW) GO TO 70 
VClO)aV(tO)•FT•CT•FCT 

70 IF(,NOT,STAESSCtl)) GO lO eo 
V(ll)a•FTeiNT( 4) 
IFCALOW) GO TO 80 
VClt)aV(11)+FT•CT•FCT 

eo lFCSTAESS(12)) V(l2)aFT•CCTt((l 0 0•4 0 0tMU)tlNT( 9)•INT( e))+ 
• 2,0eMUtlNTC 2>•INTC t)) 

IFCZ,I.T,ACC) GO TO 90 
lFCSTAESSC b)) V( b)aCT•CC2,0•2,0•MU)•INT( 9)•INTC 8))•1NT( l) 
IFCSTAESS( e)) V( e):CT•CINT(Jb)+lNT(lO)•lNT( &))•INTC 5) 
IFCSTAESS( 9)) V( 9)aST•CINT(1.)•1NT(ll)+INTC10)) 
GO TO 110 

90 IFCA8SCA•1,0),I.T,ACC) GO TO 100 

tOO 

110 

t20 

tJO 

tOO 
t50 

t70 
uo 

IFCA,GT,1,0) GO TO 110 
IFCSTAESSC b)) V( b)••LOAO 
IF(STRESSC 8)) V( e)a•MOSTAS•COICP$10) 
lFCSTRESS( 9)) V( 9)•MOSTASt$lNCPSI0) 
GO TO 110 
IF CSTAESSC &)) 
IFCSfRtSSC 8)) 
IFCSTAESSC 9)) 
lF(STAESSCtl)) 
IF(STAESS(lCI)) 
1FCSTAESSCl5)) 
00 120 1•2, u 
FH(l)aT(8) 
00 110 IaCI,t.,J 
F"lihFMT(J) 
ICaO 
JaO 
00 210 ta1,U 

J•J+1 

V( &>••O.S•LOAO 
VC 8)••0,5•MOSTAS•COSCPSIO) 
V( 9)a O,S•HOSTAS•SlN(P$10) 
V Cll )aFT•V ( 1) 
V(lU)aFT*V( e) 
VCt5)eFTtVC 9) 

IFCI•4) J90,J&0,140 
IFCI•10) J90,J50,190 
IFCK.EO.O) GO TO teo 
wAITE(H0UT,90tO) CTCJ),Ja5,8) 
wAITECNOUT,FM) CCCJ),Jat,K) 
GO TO t70 
IF(K,EO,O) GO TO teO 
wAITECNOUT,9000) CTCJ),Jat,4) 
•AITE(NOUT,FM) CCCJ),Jat,K) 
KaO 
J•t 
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CALCOlOII 
CALCOltO 
CALC 0 l211 
CALC OHU 
CALCOl .. U 
CALCOl5U 
CALCOloO 
CAI.COl70 
CALCOJ80 
CALCO.l911 
CALCOUCII 
CALCOU10 
CALCOU20 
CALCOCI)II 
CALCOUIIU 
CALCO.,SU 
CALCOIIt> U 
CAI.COU70 
CALCOI.ISO 
CAI.C0490 
CALCOSOO 
CALC051U 
CAI.C0520 
CALCOSlU 
CAI.C05"U 
CALC05SII 
CALC05bll 
CAI.C05'10 
CAI.C0580 
C4&:C059U 
CALCObOO 
CALCOblll 
C&I.COb20 
CAI.CO&JO 
CAI.CObiiO 
CAI.COb50 
CAI.CObbO 
CALCOUO 
CALCOUII 
CALC0&90 
CAI.C0700 
CALC07111 
CALC0720 
CAI.COHU 
CAI.C0740 
CALC0750 
tALCO Tell 
CAI.C0770 
CAI.C0780 
CAI.C079U 
CAI.COeou 
c•LC08111 
CALC0820 
CALCOeJU 
CAI.COUO 
CALC0850 
CAI.CO&•O 
CALCOUO 
CAI.COUO 
CAI.C0890 
CAI.C090(/ 



1~0 Ha}•J CALCO~lll 
IFC,NOT.STRES!(I)) GO TO ZOO CALCO~ZU 

UK+I CALCO~JU 
C(K)•VCI) CALCO~IIU 
FM(M•l)aFMT(l) CALC0~5U 
FM(H )aFMT(l) CALCO~oO 

GO TO 210 CALC0~7U 
200 FM(M•t)aFMT(ij) CALCO~&U 

FM(M )aFMT(5) CALCoqqu 
~10 CONTINUE CALC100U 

lF(K,EQ,O) RETURN CALC1010 
wRJTE(NOU1,q010) CTCJ),Jaq,li) CALC102U 
•RITECNOUT ,FM) (C(J),Jal,K) CALCIOJO 
RETURN CALCIOOO 

qOOO FORMATC1X,q&Q/5X,•RAOIAL",l2X,•TANGENTIAL",IOX,•VERTICAL") CALCIOSU 
q010 FORMAT(lX,OA0/5X,•RAOIAL•,t2X,•TANGENTIAL•,tqX,•VERTICAL 0 ,12X 1 •RAOCALCIOo0 

+0 /TANG.•,tt•,•RAO,IYEAT.•,12X,•TANG,IVERT,•) CALCI07U 
END CALC 1080 
SUBROU TINE OUTPUTCEPS,C,KrL) OUTPOOIU 

C··-·--···-··--···············--·-···----···---·~-------·····---------··OUTP002U c 
c 
c 
c 

THIS SUBROUTINE OUT~UTS BY MEANS OF THREE 
SUBSEQUENT CALLS FROM THE MAIN PROGRAM 
THE TOTAL STRESSES,STRAINS ANO SISPLACE• 
IIIENTS, 

OUTPOOlU 
OUTPOOQU 
OUTP0050 
OUTPOOoO 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••OUTP007U 
INTEGER FM(IO),FMT(8) 
LOGICAL EPSC.) 
DIMENSION C(o),TKST(0,4) 
COMMON/ UP[/NOUT 
DATA TKST/ 

t• T o•,• T A•,• L •,•s T 
z• T o•,• T 1•,• L •,•s T 
3" T o•,• T ••,• L •,•o I 
q•c E "•""' E •,•N r· •,• 

OAU F"'T,FM(lb)/ 
s•co•o•,•,szx•,• 

IFCL.NE,Il GO TO 
FH(t)aFMT(b) 
FM(2)aFMT(7) 
FM(})aFMTC8) 
GO TO 20 

10 FM(l)aFMT(l) 
FM(2)aFMT(I) 
FM(])aFMT(l) 

20 N•O 
Mal•K+l 
00 40 la41 1 Hrl 

J•l/2•1 

•,•R E 
•,•R A 
•,•s P 
•,• 

IFC.NOT,EP8(J)) GO TQ 30 
FM(l)aFMTC•> 
fM(I+l )af"I11TC5) 
llleH+l 
CCNJ•CCJ) 
GO TO UO 

)0 FM(J)aF~T(l) 

FMC 1+1) •'MfCJ) 
40 CONTINUE 

lFCL,EO.S) GO TO bO 
IFCN,EQ,O) GO TO SO 

•,•s s •, 
•,•r N •, 
•,•L A •, 
•,• ., 

•RITECNOUT,F") CTKSTCl,Ll,lal,b),(C(I),lal,N) 
RETURI\I 
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OUTPOO&O 
OUTPOOqO 
OUTPOIOO 
OUTPOIIO 
OUT1'0120 
OUTPOUO 
OUT PO 140 
OUTP0150 
OUTPOlbO 
OUTPOITO 
OU'POI&O 
OUTPOlfJO 
OUTP0200 
OUTPOZIO 
OUTPOZZO 
OUTP0230 
OUTP02110 
OUTP02SQ 
OVTP02oO 
OUTP0270 
OUTP028~' 
OUTP02~0 
OUTPO]OO 
OUTPOllU 
OUTPOllO 
OUTPOllU 
OUTPOHO 
OUTPOJSO 
OUTPO]bO 
OUTPOHO 
OUTPOl&U 
OUTP03ff0 
OUTPOIIOO 
OUTP0410 
OUTPOIIZU 
OUTPOIIIU 



SO •RITE(~OUT,F") (TKST(I,L),J•1,~) OVTPOUUO 
HE TURN OVTP OU'>U 

bO 00 70 I•10,1~ OUTP04b0 
70 FM(I)cFMT(]) OUTP OU70 

IF(N,EO,O) GO TO 80 OU TPOU8U 
wRITECNOUT,FM) (TKST(J,]),Jat,o),(TKSTCI,4),Icl,~),(C(J),I•1,N) OUTPouqO 
RETURN OU TPOSOU 

80 •RITE(NOUT,F") (TKST(I,3),I•1,~),(TKST(J,u),I•1,~) OUTP 051U 
RETURN OUTPOSiO 
(NO OVTPOSJO 
SUHAOUTINE JACOBI (H,U,NO,N,JVEC,w,JQ) JlC 0001 0 

C••••••••••••-••••••••••••••••••••••••••••••••••••••••••••••••••••••••••JACU002U 
C SUBROUTINE JACOBI TO COMPUTE EIGENVAL UES J&COOOlU 
C AND EIGENVECTORS OF A SYMM~THIC HATAI•, JACOOOUO 
C H IS TH~ GIVEN MATRIX,THE DIAGONAL OF JACOOOSO 
C WHICk CONT AI NS AFTER THE ITERATION THE JACOOO~O 
C EIGENVALUES 0' H, JAC 0007U 
C U IS THE MATAI.,TH~ COLUMNS OF WHICH ARE JAC 00080 
C THE EIGENVECTORS OF H, JAC Oooqo 
C N AND NO ARE THE DIMENSIONS OF THE ACT UAL JAC00100 
C MATRIX AND THE ONE USEO IN THE DIMENSION• J&C00110 
C STATEMENT OF THE CALLINGPAOGRAH JAC0012U 
C RESPECTIVELY, JAC001J0 
C lVECaO IF NO EIGENVECTORS ARE REQUIRED, JACOOtaO 
C I VEC•1 IF THE EIGENVECTORS SHOULD BE JAC0015U 
C CALCULATED, HCOOlbO 
C THE ACCURACY OF THE EIGENVALUES IS ABOUT JAC00170 
C 1,0E•o,THE ACCURACY OF AN EIGENVECTOR IS JACOOl80 
C ABOUT t,OE•OIO,wHERE 0 IS THE HlNJHUH• JACOOtqO 
C DISTANCE OF THE COAAESPONOING EIGENVAL UE JACOOZOU 
C FROM THE OTHER EIGENVAL UES, JAC002l0 
C M AND 10 ARE MORKl~GSPACES,wHICH SHOULD BEJAC0022U 
C OIHENSIONEO IN THE CALLING PROGRAM, JAC002JU 
C····--··-······-······-·······-·············-···-··················--··J•coo2~u 

REAL H(N0 1 NO),U(N0 1 N0) 1 w(N0) JAC002SU 
INTEGER iO(NO) JAC002o0 
DOUBLE PRECISION TA,SI,CO,l,Y,HTE,UTE JAC0027U 
AN aN JlC0028U 
NHitaN•1 JAC OOzqo 
IF(I YEC •1 ) oO,lO,bO JACOOJOO 

10 DO SO I•1 1 N JAC00310 
00 40 Ja1 1 N JAC00320 

IFCI•J) 10 1 20,30 J&COOJJO 
20 V(I,J)a1,0 JlCOOJ4U 

GO TO 40 JAC0035U 
10 U(I ,J )aO,O JACOOJ•O 
40 CONTINUf JAC00370 
SO CONTI~Uf JACOOJIO 
•o oo qo I•1,NMil JACOO]qo 

w(J)aO,O JACOO~OU 
J'Ll•I+l JAC0041U 
DO &O J•I'Ll,N JAC00420 

JF(•(l)•A8S(H(I 1 J))) 70,70,80 JAC004)0 
70 W(J)aA8SCM(J,J)) JAC004~U 

IOCI>•J JACOOG5U 
10 CONTINUE JACOou•U 
qo CON TINU! JAC00410 

100 00 120 I•l,NMil JAC00480 
JFCI.EQ,l) GO TO 110 JACOoa•u 
IF (XM AX,Gf,W (I)) GO TO 120 JACOOuq~ 

110 XMAXaW(l) JAC00500 
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IPJVaJ 
JPH••IQ(l) 

120 CONTINUI: 
1F(X~Al•l,E•l2/aN) 170,170,110 

llO l :M(IPIV,IPIVJ•HCJPJV,JPIV) 
Y a 2,0DO•DBLEI•ClPJv,JPIV)) 
TA aY/(DABSCZ)~SORT(ZeZ+YeY)) 
IFCZ,~T,O,ODO) TAa•TA 
CO •I,DOIOSQRfCt,OO+TA•TA) 
SJ •TUCO 
HJiaM(JPIV,JPJV) 
~JJ•H(JPIV,JPIVJ 
HIJ:H (lPI V ,JPIV) 
DO 1140 Kat ,N 

HT[aH(K 1 IPIVJ 
H(K,IPIV)a08LE(H(K,JPJV))*CO+OBLE(H(K 1 J~IV))*SI 
H(M,JPIV)aOtlE(H(K,JPJV))eCO•HTE•Sl 
H([PlV,K)aH(I(,JPJV) 
H(JPIV,K)aH(C,JPJV) 

lliO CONTINUI; 
H(JPJV,JPIV)aO,t 
H(JPIV,lP!V)aO,t 
AUDBLE (HIJ) •TA 
H(IPJV,IPIV)aHli+AA 
H(JPIV,JPJV)aHJJ•AA 
IF(JVEC) &0,&0 1 150 

ISO 00 1~0 Kat,N 
UTE•U (II, lPJ V) 
U(K,JPtv)aOBLE(U(K,IPJV))•CO+DBLECU(I<,JPJV))eSJ 
U(K,JPIV)aOBLECUCK,JPJV))•CO•UTE•Sl 

1~0 CONTINUE 
GO TO &0 

170 RETURN 
END 
SUSROUTINE ESORT (H,U,NO,N,IVEC,~,JQ) 

JACOOStU 
JACOOS2U 
JACOOS]U 
JACOOSliU 
JACOO~SO 
JACOOSou 
JAC0057U 
JACOOS8U 
J4C0059U 
JACOOoOO 
JACOOOI U 
JAC00~2U 
JAC006l0 
JAC00611U 
J4COOo511 
JACOOo&O 
JAC00o70 
JAC0068U 
JAC00~9U 

JAC007QO 
JAC0071U 
JAC00720 
JAC007l0 
JAC00741U 
JAC0075\I 
JAC0070U 
JAC0077U· 
JAC00780 
JAC0079U 
JAC00800 
JAC008t0 
JAC0082U 
JAC008JU 
JAC0084U 
ESONOOIO 

C•••••••••-•••••••••••••••••••••••••••••••••••••••••••••••••••••••••····~SOR002U 
C SU~MOUTINE ESORT, lSOROO]O 
C THIS ROUTINE SORTS EIGENVALUES (AND EICEN ESOROOQU 
C VECTORS) OBTAJNlO FROM SUBROUTINE JACOBI, ESOM0050 
C H a ORJ~INAL MATRJXCND,ND) 1 ESOROO~O 
C U c EIGENVECTORMATNJX(N0 1 N0), ESOR0070 
C NO • MAX, DIMENSION OF MATRICES, ESON0080 
C N a ACTUAL DIMENSION OF MATRICES, ESOR009U 
C IVEC=I •ITM EIGENVECTORS, ESOROIOU 
C ao NO EIGENVECTORS, ESOAOttU 
C • a •ORKlNGSPACl(ND), lSOROt20 
C JQ • •ONK1NGSPACECN0) 1 iSOROilU 
C••••••·••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••ESOA0140 

c 

REAL M(ND,NO),UtNO,ND),•CNO),DU~MY 
INTEGER ~,lQ(NO),FOUHHY,J,J,K,lVEC 
~O"CAL LOGIC 

DO 10 1•1 1 N 
W(J)aH(l.J) 

10 HIC1)•1 
JaN 

20 LOGICa,,AlSE, 
KaJ 
DO lO ta2,K 

IFC•CI•I),GE,•CI>> GO TO JO 
LOIOJC•, TRUE, 
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ESOROI50 
lSOROt&U 
ESOA0170 
ESOR018U 
ESOROt9U 
£SOR0200 
ESOAOllll 
ESOR0220 
ESOA02]0 
ESOA02411 
ESOR02SU 
ESOR02&U 
EIOA0270 



OUMMY aw (I •S l £50~0280 
•<I•I>••CI) tSOROZ•U 
•Cil•OU~"Y ESONOlOU 
FOU~"Y•IO(I•ll tSOPOliU 
IO<I•I)•IO(l) ESilkOl20 
IQ(J)•FOU~MY lSOROJJU 
J •l• t ~s o 

10 CO~ll~UE ~ OROlO 
IF (l.OCtCl CO TO 20 ESOROl5U ESOAOlbU 
IF CIVE.C,EQ,O) CO TO &0 £SOR0370 
00 ijO l •t,N ESOHO}BU 

~ •1 0(1) ESONOJQU 
00 uo Jat,~ ESOAOUOU 

UO H(J,l)aU(Jelt) ESOROUIU 
00 50 Iat,N lSOA002U 

00 SO J •I,N tSOA04lU 
U(l ,J)aH(l,J) ESOAOU\1 

50 M(l,J)aO,O ESOAOUSU 
&0 00 70 Iat,N lSOAOU&U 
70 ~(l ,I ) aw (I ) ESON0070 

RETURN tSOR048U 
END ESOHOaqO 
BLOCK DATA BLOAOOIU 

C•••••·•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••BLOA002U 
C IN THE BLOCK DATA AAE STORED SU85t0UNTJLY•BLOA00)0 
C • THE ABSCISSAE FOR THE l.lGENOAE•CAUSS BLOAOOOO 
C OUl DRlTURl,STlATINC IN A wiTH THE l•HO 8LDA0050 
C ORO[H AND [NOINC lN N w[TH THE IS•TH ~l.0400&0 
C OkOEA, 8L0A007U 
C • THE ABSCISSAE FOR THE JACOBl•CAUSS BLOA0080 
C OU AOA AT URE OF THE &•TH ORDER IN 0, 8LD400QU 
C • THE WEIGHTS FOR THE LEClNOHE•CAUSS BLOAOtOU 
C OUAORATUAE,START[NC IN P ~[TH THE 2•NO ~LOAOIIU 
C O~OEA AND [NO[NC IN CC wiTH THE t5•TH BlDAOIZU 
C OAOER , BLOAOllO 
C • THE •EIGHTS ' 0A THE JACOBI•CAUSS OUAOAA• ~LOAOtOO 
C TURf OF THE 8•TH OAOER lN 00, 8l.OA0150 
C •1 11£ 'lAST IOQ ZEROS OF JO IN EE AND FF BLDAOt&O 
C • THE FIRST IUQ ZEROS OF Jl I~ C~ ANO HH BL0A017U 
C••••••••-•••••••••••••••••••••••••••••••••••••••••••-••••••••••·•••••••HLOAOI&O 

RE AL t,J,K 1 L,H 1 N BLOAOI.O 
OIHEHSION AC2) ,8 ()),C(U),0(5),£(&),FC7) 1 C(B),H(Q),J(IO),J(II),K(I28LOA020U 

I ) ,L (ll),H(IO),N(IS),O( 8),P (2),Q( l),H (U) 1 S(5),T (o),U(7),V(8) ,w (Q),8LOA021U 
2•CIO),Y(lll 1 Z(t2) 1 Al (I)),88(10) 1 CCC15),00( ll,EECIIQ),FF(lO),CC(II8L040220 
}q),HH(}O) BL0A02)0 

COHHOH/C AUSS/ ACaussct&,to),HCAUSS(to,t&> BLO•ozao 
CO~ ~ OH/CEOAll i8 ZfAOS(l4Q,2),ZtAOSCl~8) 8L0l025ij 
EOUIV A L[~CE (AG4USS(1, l), A(l)), ( lGAUSS (I, )), 8(1 )), 8LOlOZ•O 

1(AC4USS(l, 4), C(l)),(lCAUSSCI , 5), O(t)),(lClUSS(l, e), £(1)), ~LOA0270 
2(A,lUSSC1 1 7), FCl)),(AClUSS(l, Bl , C(I)),(ACAUSS(I, ~), H(l)), ~LOAOZIU 
}(lGAU$ 5(1 1 10) , lCI)), ( lCA USSC I,II ) , JCI)),tACAUSS(I,IZ), K(l)), ~lOAOZ~ij 
Q(lCl USSCt .ll ), L(I)),(ACAUSS(I,IO), H(I)),(AClUSS(t,IS), N(l)), 8LOA0}00 
S(AC. AUSS(1 1 1&), 0(1)) 1 CHCAUSS(t, 2) 1 P(l)),(MCAUSS(I, 1), OCI)), bLOA0}10 
•t~"CA U SS CI , U) 1 R(I)),(HClUSS(I, 5), S(I)),(HGlUSS<t, o), TCI)) , IU.040l20 
7(HGA U$S(l 1 7) , U(I)),(HCAUSS(I, 8 ) , V(I)),(HCAUSSCI, •>, W(t)), ~LOAO}}O 
8(H, AU$S(I 1 10), W(I)) 1 (HCAUSS(I 1 11) 1 T(I)),(HClUSSCI,IZ), ZCI)), ~LOA0}40 
•tHCAUSS CI,Il),ll (I) ),(HCA USS( I,II),8B CI)),(HCAUSSC1,15),CCC I)), 8l.0AOJSU 
TCHC 4 USSC I 1 1&),00Cil) 1 CBZER~S(I , 1 ),flCI)),(BZt~OSC120,1),Ff(l)), 8LOAOJ•U 
1 (8ZEROSCI , 2),,C CI)),C8lEROSC I20,2) 1 HH(t)) 8L0l0}7U 
Dat a a,a,c, o , E,f,C,H,l,J,~,L.~ ~l.DAOl&O 

N1•, 417l tl&, 0
1

11721lo, • O,&SuoSl7, 0,0000000, O,o54oSJ7,•0,7&50SSI,BLOlOl•O 
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1•0,2852!15, 0,2852315, 0 , 7b5055J, • O,~l02239, .0,4b88488 , O,OOOOO OO ,KLOA0400 
2 0,4bK8488, 0 ,8302239, • 0,K717402 1 •0,5917 00l ,•0,209299J, O,i0~299t,BLOAOutU 
1 o.~91700I, o,8717400,•0,8997Sao,-n,o7718hl,•O,loJI175, o , ooooooo,~LOAOu20 
u O,Jbll175, O,o7718o3, 0,~997~80 ,• 0 ,919~\J9,•0 ,7l 877~9 ,. 0 ,u7792S O ,BLOA04}U 
S•O,Ib52790, O,lo~2169, 0,47792u~, 0,7387718, 0,919~i38,•0,9340014,8LOA0440 
b•0,7A448Jo,•O,~o52l~4, • 0,2957~82, 0 ,0000000 , 0,2~57581, O,Sb52J~l,HLDA0450 
1 0,7844834, 0,9JuOOI4,•0,9U48975,•0,KI92dl5,•0,ol287~4,•0,399~310,8LDA04b0 
8•0,1lo5529, 0,13&5~29, 0 ,3995309, O,ol28753, 0,8!928!3, 0 ,944A975,B LD A047U 
9•0,95lJ O o9,•0,8uol5J8, • 0 ,~8oi~4J,.o,4829108 ,•0,2u9iHo9 , o,ooooooo,HLOA048U 
T 0,2492Kb8, 0,4829!0o, O,oHol842, 0,84bl~J7, 0 ,95JJ Ob8 ,• 0 ,95992~9,BLDA049U 
I•0,8o78104,•0,72~Ab21, • 0,5~0bUI7 ,•0,J4272JS ,• O ,IIoJJI9, O ,llbll18,8LDAO~OU 
2 O,Ju272J5, 0,550o415, 0,7288o20, 0 ,8& 78104 , 0 ,9599298 ,•0 ,9b52Suu,8LDA0510 
J•0,88~0olo,-o,7ol5Jui, • O,oOo2u77, • 0 , 420o389, • 0 ,215J 539 , o,ooooono,HLDA052o 
4 0,2153538, 0,420ol89, O,b0b2477, 0 ,7o3~J41 1 0 ,8850ol5 , 0,9b525uu,8LDAOSJ0 
S•0,9o958oi,•0,8991 729,•0,7920 153,•0,b52J9l1, •0,48bOS75 ,•0,299Rl ~4 ,HL0A054U 
b•O,I01l2ol, O,I OIJ2o2 , 0,2998304 1 0,48&0575, 0 ,&523930, 0,7920I5!,8LOA0550 
7 0,8991728, 0,9o956b0/ 8LDAO~oO 

OATA ~,0 8LDA057U 
N/•,973\405,•0,9108b02,•0,8\571bb,•0,~910172,•0,541388l,•O,l721744,8LOA0580 
\•0,189512 0 , 0 , 0000000, 0,!895119, 0,1721744, 0 1 5413882 , O,o910170,bLDA0590 
2 0,81571&4, 0,9108b02, 0 ,97 JI404 ,• 0 ,9o02899,.0,79obbb5, •0,~255l24 1 8LDAOoOU 
l•0,18l4J4b, 0,18l4l~b, 0,5255324 , 0 ,79bboo5, 0,9&028991 8LOAObiU 

DATA P,O,~,S,T,u,v,~,x,Y,Z,AA,H8 BLDA0b20 
N/0,8333334, 0,8333331, 0,5444443, 0,7111111, 0 1 5444444, O,l78U749,8LDAO&lU 
I 0,5548583, 0 ,554858\, 0 ,3784750, 0 ,27o82ol, 0,4317451, 0,487&190,BLOAOb4U 
2 0,4317U55, 0 ,27o82bl, 0 ,21 07044 1 0,3UI12lO , 0,4124591, 0,4l2459 1 1 HLDA0b50 
3 O,JOI1230, 0 ,21 0704b , O,\o5495J , 0,2745391, 0,34&4290, 0,3715193,~LOAO&b0 
4 O,Juou290, 0,27U5388, O,lo5U955 , O,IJ3JOo1, 0,2248897, 0,29204JI,BLDAOo70 
s 0,1275404, 0,3275403, 0,2920429, 0,22U8897 , o,13330o1, O,I 09ol2o ,8LD}Ob80 
b 0,1871701, 0,2480485, 0,28od792, 0 ,300217b, 0,28b8798, 0 ,:4804~S,8LOA0b9U 
7 0,1871700, O,IOQo12o, 0,091o8~7 , 0,1579750, 0,2125089, 0,2SI27~8,ijLOA070U 
8 0,27140b0, 0,27140o0, 0,251~7~9, 0 ,2125089 , 0 ,1579746, 0 , 09 1o8~o,HL0A0710 
q 0,0778019 1 0 ,1349820, 0,183&473, 0 , 2207b79 , 0 ,2440lbl, 0 ,25193 0A ,8LDA0720 
T 0,2U40!o5, 0,2207b79, 0, 183bU73, 0,1349820, 0,077aOt9 , O,Ooo8J71,6LOA073U 
I 0 1 11&5~70, 0,1&00221, 0,19482&8, 0,21912&&, 0 ,211o1Jb, 0,2JI~138,8LP'07411 
2 0,21912oo, 0,19482b8, 0,1b00223 , O,llb58o9 , O,Obb8l75 , 0,05~030I,BLD4075U 
J 0 1 101bb05, O,IU 05119, 0,1727902 1 0,19&9877, 0 ,2119743, 0,21704~0,8L0407oO 
4 0,2119743, 0,19&987&, 0,1727903 , 0,1405120, O,IOiobOI, 0,0580JOI,BLDA077U 
5 0,0508505, 0,0893939, 0,12425~9, 0,1540275, 0,1774924, 0,193b907,8LDA07~0 
b 0,2019594 1 0 ,2019594, O,I9Jo90o, 0,1774925, 0,1540275, 0,1242554,6LDA0790 
7 0,0893940 1 O,OS0850b/ 8LDA080U 

DATA CC,OD BLDA0810 
N/0,0449221, 0,0791985, 0 ,11 05931 , 0 ,1379879, 0,1&03954, 0,1770052,8LOAOB2U 
I 0,1872171, 0,190ool8, 0 ,1872172, 0,1770049 , 0,1&03951, 0,137~8~J,~LDAO~JU 
2 0,1105928, 0,0791985, 0,0449221, 0,1012285, 0,2221810 1 0,31370b7,8LDA084U 
l 0,3b2b8}~, 0,3h2o838 1 O,lt370o7 , 0,2223810 , 0 ,1012285/ 8LOA0850 

0AT4 EE /2 1 40U82b, 5,520078 , 8,&53728, 11,79153, 14,93092, 8LOA08o0 
I 18,0710b, 21,211o4, 24,35247, 27,49]48, 30 ,bl4bl, 33,77582, BLOA0870 
2 3&,91710 1 40,05843, 43,19979, 4b,l4119, 49,462b1, >2,&2405, 8LDA0880 
l 55,7&551, 58,90b98, &2,04847, o5 ,1~99o, &6,\3147, 71,47298, 8LDA089U 
4 74,bl450, 77,75&01, 60,8975&, 84 , 03909, 87,\80&3, 90,32217, 8LOA0900 
5 93,4ol72, 9o,o0527, 99,74o82,102,8~6l, 10&,0299, 109,1715, BLDA091U 
&112,3\31, 115,454o, 116,59&2, 121,7377, 12U,A793, 128,0209, BLDA0920 
71J1,\b24, 13U,3040 1 ll7,445b, 1~0.5~72, 143,7287, l4b,870J, 8L0A09}0 
8150,0119, 153,1535, 15o,2950, 159,u3oo, 1&2.~782, 1&5,7198, ijLOA094U 
91o8,8bl3, 172, 0029, 175,1445, 178,28bl, 181,4277, 184,5&92, 8LOA095U 
Tl87,7106, 190,8524, 193,9940, t97,1J5o, 200,2772, 201,4187, 8LDAU9o0 
120o ,So03 , 209,7019, 212,8435, 21~,9850, 219,\2&7, 222,2&82, BLOA0970 
2225,4 098 , 228,5514, 2ll,b9JO, 234,634&, 237,97&2, 241,1178, ~LDA0960 
3244,2593, 247,U009, 250,5425, 25J,o841 1 25o,8257, 259,9&73, 8LDA099U 
42&1,1089, 2oo,2S04, 2o9,J920, 272,533o, 275,o752, 278,81&8, HLDA100U 
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5281,95811, 2ti5.1000 , 288,211ltl , 291,3831, 2911.52117, 297 , oool, tllOAIOIU 
bl00 , 81)7Q, l03 ,91195 1 }07 , 0911 . JI0 , 2J27, lll,l714}, llb,SISQ, Bl0AI02U 
7H9,o5711, 32.? , 7990 , J25 , 9110b , 329, 0822 , 312,22111, HS , Jo'>ll, BLOAIOJU 
8B8,5070 , }lll,bllllb, }1111,7902 , l117,9ll7, l'>1,07ll, 351.1 ,21 119 , BlDAIOioll> 
9l57 ,l5o5 , loO,II981, lol,ol97, lbo , 71113, lo9,Q229, l7 J , 011145/ BlOAIO'>I> 

OATA fF I l7o,20ol, J79,Ji17b, 382,11892, j85,o3oe , 188 . 77 2ll, bLOAtOe.U 
1}91,91110, H5,055o 1 398,1972, 1101 , 3388 1 14011,148011, 1407,o220, HlDAI07U 
2ui0,7ol5 , 11 13,9051 , 11l7 , 011 b7, Cl20 , 1883, 1123, 3299, 112b 0 111151 8LOA108U 
31129,1>131, 1132 ,7547 , u35 , 89ol, 1139 , 0379, 11112,17914, ull5 ,l21o , 8LDAI09U 
llllll8,llo2o , 41SI,b0ll2 1 llSll,71158, CIS7,81!711 , 111>1 , 0290 1 Clbii,I70o , BLOAIIOU 
511o7 ,l1221 BLOAIIIU 

DATA GG 13 , 831701>, 7 , 015587 , 10,171117, 13,32309, lb , Cl70bJ , 8LO A112U 
1 19,11t58b, 22,70008, 25,90lo7, 29 , OlloiH, 32 , 18Qb8, 35,33231 , BlOAIIlO 
2 l8,ll71177, 141,1>1709, ull,7S932, 117 , 90IIIb, 51,043511, 511 , 18555, BLOAIIIIO 
l 57,32753, b0,llb911b 1 o1,o11lo, bb , 75321, o9 , 8QS07, 73,031>QO , 8LDAIISU 
14 711,17870, 7Q ,J20ll9 , 82 , llo22o , 85 , 1>01102 , 88 , 7ll577, 91 , 88750 , BlOAIIoU 
5 95,02921, 98 ,17 095 1 101 , 3127 , IOII,ll51111 1 I07,59ol, 110,7l7b , BlD AI17 0 
bll3 , 87911 , 117,0211 , 120 , 11>28, t21 , 30ll5, t2b,ullot, 129,5878 , bLD41180 
7112 ,7295, 135,8711, 139, 0128 , 1112" ')II (I, tll 5 ,29ol, JG8 1 4]77 1 BLOA 11 9U 
815t ,S79CI, 1511,7210, 157 , 8o2o, lbi,OOCI], lbll,l1159, lb7 . 287b , BLDAI20 U 
9170 , 11292 , 171,5708, 171>,7125, 179 , 8541 , 182,9957, 18o,ll74, 8LD41210 
TI89,2790, 192,li20o, 195,So22 , 198,7038, 201,81155 , 2011,9871 ' BLOA I UU 
1208 , 1287 , 21 1,2703, 2141,11120, 2t7,5Slb, 220,o9'>2, 22l , 8.lo8 , 8LDA12lU 
222&,978u, 230ol200 1 2H,2tolo, 23o,llo :n, 239,511119, 2112,1>81>5 , 8LO A1 211U 
12115,8281, 2118,9bQ7, 252 ,1 1ll , 255,2529, 258,3911'>, 2tot,53b2, 8LDAI25V 
112bl.l ,b7 73 , 2117,819ll, 270,'>1110, 2711,1 0211 , 277,211112, 280,385'), BlD'AI2b0 
5281, 52711 , 28o,ob90, 289,81 01> , 292,9522, 291>,09311, 299 , 23511, I!I,. DA127U 
blOl,l771, 305,5187, l 08 , ob03 , 311,8019, 3111,911]5, 31&,0851, BlDA128V 
7121,221>7, 3211,31>83, 327,50QQ, HO,b515, lH,7931, ne-,93117, 8LOA1290 
83u0 , 07o3 , 3111,2179, 311o,lS95, lli'I ,SOII, 152,111127, 355 ,78111, 8LD41300 
9358,9259, 31>2,01175, 3o5,209 1, 31>8,3507, 371,11923, 1H,bll91 8lDA13 1 U 

DA lA HM I 377,7755, 38o,cn 71 , 3811,0587, 387,20C1, 390,31119, BLOAIJ2U 
11Q3,11835, 39b,o251, 399 , 7t.o7 , CI02 , 908J, Cl0b , OII99 , Cl09 , 1919 , BlDAllll> 
ZUI2 .33Jt, IIIS , CI7117 1 Cll8.111e.3, 1.121.7'>79, li2C1,8995, 1128 , 0CIII, BL OAI1C10 
31131.1827, 11311,121.13, Li17,11o!t9, 11110 1 b07'), 11111, 7ll91, CIC1o , &907 , EILO AI35U 
111150 , 012 1, C15l,1739, oso , ll5S, 1.1!19,11570, Clb2,S91!7, 41>'> ,711 03, 8LOA1lbU 
'illo8 ,88191 8L0Ail71> 

END 8LOAll80 



INPUT GUIDE 

The input guide is listed in Tables Fl- F8 . 
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Tables Fl , F2 , and F3 

Table 1: TiLle 

- LE; X T 2 0 A~ .:L ___ ---

Tabl~ :>: 

Columna 1-;> r;~ys • number of problems 

Tabl~ 3: 

Columns 1-2 Nl~YS • number of layers in pavem~nt syst~m 
'"jJ Columns 3-5 iSMO • 0 r~qUt'St ror rouah computational procedure 
+:"" 
V1 

' 

1SNO • 1 request for smooth computational proc~dure (see Note 1) 
Column 6 iRED • 0 AK(i) is input in Tablt' 4 or 

iR£0. 1 ALK(i) is input in Table 4 

:;OT£ (1): 7ht> smoa~h calcula~iou rrocedure is oort' s:ablt' bu~ less efficie~: ~har. :t.e ro~h 
proc,.dure and is USt'd ror CYDtf!IIIS vith fr!c:ior.less sli~ bet•eer: :he layers cr 

for cases vhere numerical i' !abiliti~s are expected. 



Cards for layers 1•1 thru /ILAYS - 1 

E( 1) IIU( i) 

f' 1 0 • 0 f' 1 0 0 

Card ror layer 1 r !HAYS 

t( i l NU(i) 

I' l 0 . 0 f' 1 0 . 0 

Table F4 

Tabl" :.. t.y .. r Ir.!'"onu.~ior.· en .. card fer each lsy~r (see r.o~" 2) 

Colur.ms 1-10 E(!) • modu ll 1 la r~r I 

Colur.ms ll-20 IN( 1) • f'olsson 1 s rar.i -o 
Columns 21-JO Thiel<(!) • thickness or layer i 
Columns ]l-110 AK( 1) : interrace :o~pliance 

c'r AJ.K( 1) • reduc~d Interface compliance (see :lot., 3) 

Note (2): Columns 21-40 left blank for last layer 

(3): AK(!) valu .. s ar~ generally VPry small thus it may bf" mor~ 

THICK(i) 

I' 1 0 . 0 

desirable to usf" ALK(i) where ALK(i) 
Ei 

= 1 + '1 • • AK(l) 
l 

ror complete adhesion between layers i and i + 1 set AK(i) • ALK(i) • 0 

ror almost frictionless slip between layers Ei 
set -:-1- +-=:-V,... At.( 1) • Al.K( i) > 1000 

i 

AK(!) or ALK(i) 

I' 1 0 . 0 



Tables F5 and F6 

Tabl~ 5: 

Columns 1-2 .!;LOAD • numbPr of loaded ar~as 

Tat,le G: Load information: One card for each load 

Columns 1-10 l.DST~fl(l) • vertical load in units of load for loadPd area i 

Columns ll-?0 RADIUS(!) • radius of load~d area i 
I'Zj 
I Columns 21-30 X( i) • abacic&a of c~nt~r of load~d area 
::-
--l Columns 31-~0 Y(il • ordinate or center of loade;l area 

Columns h1-50 HOSTR(i) • hor1•onta1 load in units of load for loaded area 1 
Columns 51-LO PSI (I J • anal~ of HOSTR(i) v1tt. respect. to positiv~ X-u:is in degrees 

LDS'I'RS RADIUS X Y HOSTR PSI 
r 1 o . o r 1 o . o r 1 o . o f 1 0 . 0 F 1 0 . 0 F 1 0 . 0 

--~--------~---L----------~ 



1-zj 
I 
~ 
CX> 

~~ 
tf 

AX 

F 1 0 . 0 

Tables F7 and F8 

Columns 1-2 
Table ]. 

VPOS a th~ number or position ror vhich stress, Stra!na, 

and displacements are to be co~puted 

Table 8: Position data; one card for each position 
Columns t-2 

Columna 11-20 

Columns 21-30 

COlUIII!ls 31-40 

Columna 41-50 

AY 

F 1 0 . 0 

LAYF:R(i) • layer number for position i 

AX(i) • abscissa or position 
AY(i) • ordinate ot position 

Depth(!) • depth rrom pavement surface to position 

ETA(i) a angle from vhich position is observed vith 

respect to the direction or the tangen~ial 
loading 

DEPTH ETA 
F 1 0 . 0 F 1 0 . 0 

Ir another problem ia needed return to Table 3 and repeat input thru Table B. 



EXAMPLE PROBLEr-1 

The example problem is for the computation of the tensile stress 

nt t wo locations at the bottom of a ?CC slab which is subjected to the 

landing of a dual - wheel aircraft gear . Figure Fl shows the pavement 

section , the characteristics of the applied l oad, and the locations at 

which the stress is computed . The coded dat a f or the example problem 

are given in Table F9, and the output in Table FlO . 

COOR DINA TE 
!.YSTEM 

J7 s 
!>() 000 ~( 

~: 
!>() 000 '7 ' 
~RADIUS 

t> <l ·~ 
o--·. ·. :· 
. . . " . 
• • • • , . 
! • 
• • 

. . 

COMPtJTA TIONAL 
POSIT IONS A T 
BOTTOM OF SLAB 

16 PCC !.l.A B 

l2 GR ... N UI.AR 
BASE 

212 SUBGRADE 

RIGID SUBI. ... YER 

I I _,...x .,.....x 

E 

E = 3 • 10• 

1' ==0.3 

E 1 • 10 • 

j.. =0. 

E 1 • 10• 

I 0 • 

0 • • • • : . . 

. 
• . . . . .. ·. 

. . 

NOTE COOR DI NA TE FOR COMPUT ... TIONAI. POSITIONS 
POSITI0NN0 . 1 • 00) OO i!! 12 
POSitiON NO 2 • 18 .75 y - o 0 ~ 12 

COORDIN" T ES FOR l.OADS 

l.O AO N O 1 ' 0 ,0 , y 0 0 
l.OAO N O 2 • 37 . 5 y 0 0 

.. 

921 

Figure Fl. Diagran for example problem 
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.. _ 
C oc/,d JJclo ... 

rAil 
• • I 

.1. 
4 .1.1. 

4o o.oo.tM ... 
3.c o, e>.o .•. 

;C'.O,C,(I, ., 

.o. o.o.o.o.o .. ' 

.2 
5ooo.o, .. 
:io.oo.o .. 

2. 
. 1. 

• • 

DUAL 

0 ,, .2 , 

0 ,. ' 3 
o .. . 4, 
0,.,4 

9 ... 2. ?., 
9 ... 2 , '] 

0 ,. ' 
,i, t .1. . . 75. 

L ' 

... _. "'- . 
-· l 

' 
' ._, 

l 

-· .. 
_ , _. _ .. _ .__ l 

' 

Table F9 

Coded Data for BISAR Program Example Problem 

c,FNE:RA L PUF>F'OSE DATA FORM 

-/t>r 13 I$ AR 'Pt-oj"tlhf 
od ::.:_ _;2..Awsl-/rr 

•• -- ~---

'WJI F.£1. , .?R.o.$.L.EJ.! 

• 

L 

J. .b.. 
Ll. . , 
2, I, '2 •. , 

o .. 1 

3.1 .• . 5 

o .. 
o, .. 

• 

i .o.o.a,. 
o. 
o ... 

0 ,. 
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