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PREFACE

This report presents a conceptual rigid pavement design system and a
design procedure in the form of a computer program called RPS1 for "Rigid
Pavement System One." Several relationships are developed and combined with
existing models to analyze and design rigid pavements as a system based on
economics.

The report is also meant to be a background document for further work
to be done in improving the working systems model within the guidelines of
the conceptual system described.

This is the fifth in a series of reports that describe the work done in
the project entitled "A System Analysis of Pavement Design and Research
Implementation.'" The project proposed a long range comprehensive research
program to develop a systems analysis of pavement design and management.

The project is supported by the Texas Highway Department in cooperation with
the Federal Highway Administration Department of Transportation.

The computer program presented here is written for the CDC 6600 computer.
It is in FORTRAN language and only minor changes are required to make it com-
patible with the IBM system. Duplicate copies of the program deck and data
cards for the example problem may be obtained from the Center for Highway
Research, The University of Texas at Austin.

Mr. F. H. Scrivner is thanked for writing several concepts used in this
system which were evolved by him during the development of flexible pavement
system reported in 1969. The cooperation of the entire staff of the Center
for Highway Research of The University of Texas at Austin is appreciated.
Thanks are due to Miss Darlene Neva, Mrs. Rose Mary Sturges, and Mrs. Jean
Merritt for typing the drafts of the report and to Mr. Arthur Frakes for his
assistance with the manuscript. The help of Mrs. Nancy Braun for her assis-

tance in computer programming is greatly appreciated.

Ramesh K. Kher

W. Ronald Hudson

B. Frank McCullough
January 1971
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ABSTRACT

Design of portland cement concrete pavements is a complex procedure
involving the evaluation and analysis of numerous variables, A wide variety
of variables within the broad categories of loads, environments, material
properties, maintenance, progressive failure, and economics must be considered
in an ideal design procedure, Concrete pavement and overlay types, rein-
forcement selection, joint detailing, and selection of subbase materials are
other factors increasing the complexity of design.

Various methods of design have been presented in the past, but no
procedure is generally acceptable due to the limited nature of the problem
and analysis. The wide variety of structural and economic factors demands
that a procedure be evolved to analyze various parts in a coordinated effort
called systems analysis,

A conceptual rigid pavement system is presented which formalizes the
myriad of intertwined variables into a series of mathematical models. A
method is developed in the form of a computer program to solve various models,
some developed as part of this work and others adopted from the state-of=-the-
art. The program utilizes about 115 different input variables and analyzes
numerous possible solutions generated within the boundaries defined by con-
straints. Output is a set of pavement design strategies based on increasing
value of present worth of overall costs. Details with respect to selection
of thicknesses, materials, reinforcements, and joints as well as overlay
patterns and predicted lives are presented for each design.

A small sensitivity analysis of the developed system is also presented
in order to create confidence in the reasonableness of the system and its

output.

KEY WORDS: rigid pavements, pavement design, pavements, systems analysis,

systems engineering, optimization, computer program, performance.
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SUMMARY

A procedure has been developed in the form of a computer program, RPS1,
to design rigid pavements in a systematic framework. The program utilizes
about 115 different input variables. All possible solutions to the problem
within the limits specified by the designer are analyzed. Each design strategy
is based on the analysis of details such as thicknesses, materials, reinforce-
ments, joints, and overlay patterns. Initial and future costs incurred are
calculated for each strategy and output is a best set of alternate designs
to choose from based on the present worth of total overall cost. The design
procedure is thus an aid to the administrator in exploring design options
with no loss of decision-making power.

The computer program is one of the software subsystems developed for an
overall systematic pavement design and research program. The development, in
addition to providing the immediate benefits of present knowledge, has also
pointed out areas of further modifications for continual improvement of the

design system, and this needed research is reported.
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IMPLEMENTATION STATEMENT

The rigid pavement system described in this report for the design of
concrete pavements utilizes concepts and models which are already under trial
implementation by the Texas Highway Department. The method of design there-
fore can be implemented with a small effort and no organizational change. A
relatively comfortable and confident transition to this computer-oriented
design procedure can be expected.

The program can be used in a district pavement design function through the
Automation Division computer., Pavement design offices can obtain inputs from
Materials and Tests, Planning Survey, and Automation Divisions. The district
office can furnish data on maintenance, cost inputs, material availability
information, and test results. The feasible design alternates shown in the
computer output will be presented to the district administration for design
selection for inclusion in plans, specifications, and estimates.

The rigid pavement system will be introduced on a gradual basis as time
and personnel are available. A few districts will be involved initially, and
as interest in the system develops, its use will increase.

The pavement design procedure has the potential benefit of obtaining the
design in one computational step and solving the design problem more capably
by using the best of the existing state-of-the-art methods. It is a definite
technical improvement over the simple hand computational methods already in
use, The computer program considers many more design options than presently
considered and provides the administrator with several options to choose from
in a concise output. The procedure, therefore, saves calendar time through
reduction of correspondence, reduces manhours used for going through design
options, eliminates errors inherent in the current simplified hand computa-
tional procedures, and provides advanced technology to be used for rigid

pavement design.
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CHAPTER 1. INTRODUCTION

Portland cement concrete or rigid pavement analysis is a complex soil-
structure interaction problem and many empirical and semiempirical methods of
design have been used since 1900. The empirical nature of the method has
been due in part to the limited knowledge of materials behavior and failure
mechanisms and in part to limitations of analytical techniques.

From time to time, the limited knowledge has been broadened by further
theoretical analysis and observations on controlled field experiments, proto-
types, and laboratory experiments. The research efforts have generally been
oriented to cover a specific aspect of this subject, but unfortunately there
has been a lack of coordination in developing an understanding among the various
parts. As a result, these efforts have not improved the design procedures to
a form general enough to be extrapolated for various materials and environmen-
tal conditions.

Most of the design procedures have been oriented toward the objective of
obtaining a structurally successful thickness of concrete to survive the entire
design life of the facility. Concrete thickness is an important aspect of the
pavement but should not be the only design criterion. Pavement should be con-
sidered as an investment and analyzed using economic concepts. The combina-
tion of money and materials should be analyzed to achieve the best resource
allocation.

A wide variety of interests demands that an effort be directed towards a
fundamental understanding of vrious parts of the problem in a coordinated
framework or system. The multitude of physical and social variables involved
should be sorted out and related in meaningful ways using systems engineering
concepts.

A comprehensive formulation of the rigid pavement design process utilizing
the integration of technological and economic attributes will take a number
of cycles of model formulation, implementation, and feedback. It will involve

a large amount of research over a number of years. However, immediate payoffs



can be obtained by coordinating the various areas of the existing state-of-the-
art as the starting point for the broader framework of a comprehensive system.

Such an approach has led to the formulation of a working system called

the rigid pavement system. This design method uses various models fitted to-
gether in a computer program. Available concepts dealing with various parts
of the system are utilized. Certain models, which are pertinent to the coor-
dination of the design method and for which existing concepts are inadequate,
are mathematically developed using engineering judgments and statistical
techniques.

At this stage of knowledge, it is difficult to quantify the relative
importance which the decision maker should ascribe to various economic, social,
and experience values. The output, therefore, is arranged to present the de-
signer and the decision maker with an ordered choice. A large variety of
pavement design options are investigated, and a set of recommended alterna-
tive designs ordered on the basis of the net present worth of total cost is
presented. The decision maker then selects a design.

Chapter 2 presents an analysis of existing concepts in rigid pavement
design, their limitations, and assumptions involved in using those ideas.

The descriptions of these concepts will be of value in further improvements
of the present design procedure.

Chapter 3 is a brief description of systems concepts, their usefulness,
and applications. A comprehensive systems formulation of the rigid pavement
design problem and ideas applied to develop the present design procedure are
discussed.

Chapter 4 summarizes the mathematical models used, their developments,
and limitations.

Chapter 5 discusses the computer program developed, its input and out-
put, and the optimization procedures adopted.

Chapter 6 presents a brief sensitivity analysis to establish initial
confidence in the reasonableness of the solutions.

Chapter 7 summarizes the report and presents recommendations for future

research and modifications.



CHAPTER 2. EXISTING CONCEPTS OF DESIGN AND ANALYSTS

Rational analysis and design of rigid pavements have long been a
challenging problem for highway designers. The complexity of the vast multi-
tude of variables to be considered has led to various approaches to analysis.
The basic approach has been to use the theory of elasticity in solving various
boundary value problems and then, after making certain assumptions to present
the results of the analysis in an orderly form. Empiricism has been used to
analyze and design the slabs for special cases.

From time to time during the 20th century the validity of these concepts
has been assessed either by conducting laboratory experiments or by observing
in-service pavements and controlled field experiments. Numerous reports of
these investigations are scattered throughout the technical literature. This

chapter presents a review of several existing concepts.

STRESS ANALYSIS AS A DESIGN CONCEPT

The structural analysis of rigid pavements has mostly centered around
the evaluation of stress. The overstress giving rise to cracking in the struc-
ture has been considered as a principal indicator of failure of pavements. In
turn, design of concrete pavements has centered around avoiding the formation
of such cracking by keeping the level of stress below the allowable concrete
strength. The stress analysis has mostly been carried out for two main factors
causing the stress: loads and environment. Analysis with respect to these

factors is described below.

Load Stresses

The analysis for load stresses has been attempted in the following

categories.

Theoretical and Empirical Stress Analysis for Plates. The complete state

of stress and the associated mechanical responses caused by bending in elastic

plates were first analyzed by Timoshenko (Ref 131), who distinguished between



the bending stresses in thin and thick plates and those in thin plates with
small or large deflections. Pavement slabs are generally considered to be
thin plates with small deflections. According to Timoshenko, the deflections
of such plates under lateral loads can be described by the linear partial dif-

ferential equation given below:

4 4
s(-a—‘-"+2 oW +5W)=q-kxw (2.1)
b 4 2 2 4
ox ox 3y oy
where

W = deflection at any point of the slab;

Sb = bending stiffness of the plate;

q = the applied lateral load;

k X w = the reactive pressure below the slab due to a bed of
springs of stiffness, k , or the bouyant pressure of a
dense liquid with density, k ;

x and y = standard Cartesian coordinate directiomns.

The solution of this equation gives the deflection at any point in the
slab. The following assumptions were made in developing the relationship.
(1) There is no deformation of the middle plane of the plate during
bending.

(2) Planes that are initially normal to the middle plane of the plate
remain normal during bending.

(3) Normal stresses in the direction transverse to the plate are dis-

regarded.

The empirical relationships and experimental investigations have always
emphasized the importance of stresses near the corners of rigid pavement slabs.
During the service life of a pavement, the corners in a pavement increase in
number due to cracks intersecting with other cracks and with joints. A stage
may therefore be reached in which every square yard of pavement is subjected
to the stresses equivalent to the application of a load on a corner. Also, a

corner break in turn generates increased wheel loads due to impact., These



increased wheel loads on other corners of adjacent slabs cause them to break
also. The corner area of rigid pavements, which is relatively vulnerable to
overstress, has therefore been the subject of several major investigations,
as described below.

The first attempt towards a design was made in 1919 when Goldbeck (Refs
38 and 39) suggested formulas for approximating stresses in a concrete pave-
ment under certain assumed conditions of wheel load and subgrade support.
Among these approximate formulas is one which has since become generally
known as the "corner formula." The formula is derived by using the theory of
elasticity and the following physical assumptions for applying the simple

bending equation:

(1) The load is applied on the point of the slab corner.

(2) The corner receives no support from the subgrade and acts as a
cantilever.

(3) The stresses in the slab are uniform in any section at a right

angle to the corner bisector.

In 1923, extensive observations of rigid pavement cracking were made by
Clifford Older at the Bates Road Test (Ref 86) conducted by the Illinois State
Highway Department. The concept of corner breakage leading to the ultimate
failure of pavement slabs was demonstrated in this test. It was observed that
the points which represented the loads causing corner breaks and the thick-
ness of broken slabs clustered around the curve given by Goldbeck's corner
formula. Though none of the assumptions of the corner formula was present at
the road test, good agreement between the observations and the corner formula
was observed.

In 1925, the structural analysis of plates using the mathematical theory
of elasticity was extended by Westergaard (Refs 142, 143, and 144) for pave-
ment slabs. It was assumed in the analysis that the ordinary theory of thin
plates was applicable and that the slab was a homogeneous, isotropic, elastic
solid of uniform thickness in equilibrium on a continuous foundation.

Equation 2.1 was solved for three conditions, resulting in the following

formulas for tensile stresses due to corner, edge, and interior loads:

. 0.6
oc=i%|:l-(£—l) ] (2.2)



in which

3
0.529(L + 0.54p) 25 [ log, { . } - 0.71 | (2.3)
D kb -
L Eh>
0.275(1 + p) 5 1og, ("'Z ) (2.4)
D kb

maximum tensile stress in pounds per square inch at the top
of the slab, in a direction parallel to the bisector of the

corner angle and at a distance of 2./a1£ from the corner;

maximum tensile stress in pounds per square inch directly

under the load and in a direction parallel to the edge;

maximum tensile stress in pounds per square inch at the
bottom of the slab directly under the load, which is at a

considerable distance from the edge;
Poisson's ratio for concrete;

modulus of elasticity of the concrete in pounds per square

inch;

subgrade modulus in pounds per square inch;

J/2a where a is radius of area of load contact in inches;

J1.6 a2 + D% - 0.675D when a < 1.724D

a when a > 1.724D ;

radius of relative stiffness, defined by

T

[ ED
2
12(1 - p )k

load in pounds;

depth of slab in inches.



The radius of relative stiffness is a function of the 'relative stiffness"
of the slab and the support.

Distribution of load over a circular area of radius a in place of a
point load as used by Goldbeck creates a reduction of the numerical values of
the bending moments. Thus, Eq 2.2 predicts lower stresses than the cormer
formula proposed by Goldbeck unless the value of a is zero, in which case it
is the same.

In 1942, Spangler (Ref 114) proposed Eq 2.5 for corner stresses on the
basis of field observations and laboratory investigations at Iowa Engineering
Experiment Station. The analysis led to the hypothesis that the locus of v
maximum moment produced in a concrete pavement slab by a corner load follows a
curved path which bends towards the corner as it approaches the edges. Stress
is not uniformly distributed along this path but is less at the edges than in
the vicinity of the bisector. It is not necessarily so but is highly probable
that any corner break would occur near the locus of maximum stress. It should
be noted that the corner formula and Westergaard's formula were both based on
the assumption of stresses uniformly distributed along lines normal to the

corner bisector. Spangler's resulting stress formula is

_3.2L %1 |
9% ~ D2(1'1> (2.5)

The formula as reported above is actually a simplification of Kelley's
formula (Ref 65) which yielded the stresses which were compatible with the
results of Spangler's experimental studies.

Picket (Ref 93) in 1951 proposed the following formulas as a result of
his mathematical work.

For protected cormers

o, = 23%[1- o/l ] (2.6)

c D 0.925 + 0.22 a/y



For unprotected corners

-

4.2L ali
2 [ 1 -

¢ 5 0.925 + 0.22 a/Z @.7)
These were proposed with considerations of lack of subgrade support
under a corner as well as non-uniform distribution of moments along the sections
pPerpendicular to a corner bisector. A later study (Ref 21) has graphically

shown this formula to give favorable resulsts when compared with the other

empirical formulas.

Numerical Solutions for Stresses in Plates. When the biharmonic equa-

tion 2.1 is derived in terms of bending and twisting moments, closed-form solu-
tions give the exact state of stress, but such solutions are not possible by
traditional calculus except for some specific cases of homogeneous, isotropic
plates with simple loadings and boundary conditions. Pavements are not elastic
and often contain discontinuities such as joints, cracks, and partial subgrade
supports. There are varying conditions of loads, supports, and stiffnesses.
Approximate solutions to these involved problems are made possible by the
"numerical' methods developed in recent years.

Hudson and Matlock (Ref 59) have solved the differential equation by the
substitution of finite-difference forms for derivatives. A thin plate has
been modeled by a system of discrete elements as described in Fig 1 and the
components of this model are grouped for analysis into an orthogonal system of
beam-column elements and forces. A complete state of principal stress and
deflection is obtained by solving a large number of simultaneous algebraic
equations.

Further modifications to the concept were made by Stelzer and Hudson
(Ref 120) and Pearre and Hudson (Ref 91). Kelly (Ref 64) modified the
method to include nonlinear support characteristies.

A second numerical method known as the finite-element method has also
shown promise (Refs 46, 108, and 153) but has not yet been applied successfully

to the rigid pavement problem.

Layered System Analysis. With the successful application of numerical

techniques and the computer, layered theory may prove useful for the analysis

of complete state of stress and deflection in rigid pavements, In using such
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of the model (after Hudson and Matlock, Ref 59).
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theory, layers of linear elastic materials of finite thicknesses and infinite
horizontal extensions are assumed to be supported by a semi-infinite elastic
subgrade. Stresses are obtained for axisymmetric cases and circular loads.
This theory offers the relative advantages over the plate theory discussed
earlier, in that
(1) complete state-of-stress beneath the top layer can also be obtained
and

(2) wvertical stress is considered as an integral part of the system.

The disadvantages of layered theory relative to plate theory, however, are

that

(1) it cannot be applied at joints and cracks,

(2) it assumes layers of infinite horizontal extensions and therefore
the exact state of stress at the edges and corners of pavement slabs
cannot be evaluated,

(3) wvariable slabs cannot be handled, and

(4) loss of support cannot be input.

In 1885 Boussinesq (Ref 7), working on stresses in ideal masses, devel-
oped the first concepts of layered analysis and presented equations for verti-
cal and radial stresses and elastic strains in perfectly elastic and homoge-
neous mediums. Foster and Ahlvin (Ref 36) developed charts for computing
horizontal and vertical stresses and vertical elastic strains at any point
below the surface due to circular loaded areas.

Burmister (Refs 9, 10, and 11) presented the first solutions for deflec-
tions directly beneath the load for one elastic layer on a semi-infinite
elastic subgrade. This finite thickness layer was assumed to be elastic,
weightless, horizontally infinite, and resting on a half space as used by
Boussinesq. 1In addition, this top layer was assumed to be free of normal and
shearing stresses outside the immediate load area. This analysis showed pro-
nounced effects of relative stiffnesses of layers on stresses and deflections
in the system.

Burmister's work was extended (Refs 45 and 92) to analyze for complete
stresses and strains for three-layered systems. In addition, the states of
full continuity and of zero continuity were also analyzed (Ref 45). A computer
program is available that permits analysis of up to 15 layers. The program,

developed by Shell 0il Company and Chevron Research Corporation, permits the
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use of any arbitrary number of layers, zero or full continuity between layers
and the application of multi-loads. The finite-element technique is also
employed by Duncan et al (Ref 29) to solve problems in pavement layered
systems. Anisotropic conditions and nonlinear elastic problems can be solved
with the technique presented.

A comprehensive study in relation to the applicability of layered theory
for the analysis of rigid pavements is presented by McCullough (Ref 78). The
results of layered theory are compared with those given by Westergaard's
equations for stresses and deflections at the interior of a pavement slab and
with comparable field data. Wide ranges of variables are tested in these com-
parisons. The following inferences are derived:

(1) Tensile stresses at the bottom of a concrete slab given by layered

theory are in general agreement with tensile stresses predicted by

Westergaard's interior formula over a wide range of parameters
expected in practice.

(2) Deflections predicted by the two models differ highly, especially for
low values of subgrade modulus. In general, layered theory predicts
two to four times more deflection than the Westergaard interior
equation.

(3) Strains predicted from the layered theory agree reasonably well with
those measured on experimental projects, but predicted deflections
are considerably higher than those measured in the field.

(4) Assumed subgrade thicknesses of 2 to 12 feet (in place of infinite)
resting on a stiff layer cause significant improvement in the de-
flections predicted by layered theory. Subgrade thicknesses also
have a considerable effect on tensile stresses, but the stresses are
not as sensitive to these thicknesses as are the deflections.

A typical comparison of tensile stresses predicted by two theories is

shown in Fig 2.

Environmental Stresses

Various environmental factors affect the mechanical state of the pavement
and thus produce stresses. The most important environmental factor which has
been a matter of wide interest in the past is temperature. Temperature in a
concrete pavement constantly changes due to variations in ailr temperature
which take place at a relatively rapid rate., These changes in slab temperature

can be divided into two parts:



psi

H

Tensile Stress by Westergoards Interior Formula,

12

psi

3

Tensile Stress by Westergaords Interiar Formula,

160
4500 ibs, 68 psi 4500 tbs, 68psi
}‘—'20.‘—"&
140 '.{v'f.*n;'-f"._#‘v'_ LW e e o
Concrate g, Eut Ax0%0nt ) L Yeres 870207
Subbase .. E,: 30,000 psi-. . . -l e -
- i v : 2 I3 \ A
120 Subgrade E, Varies
L0 0]
ico0
[n}
Line of Equality
80 4 )
o .
60 o
Q
o
40 o
[+
a
o O E, : 3000 pai
u
o o g, = 15,000 psi
20 & E, : 30,000 psi
o E, = 45,000 psi
0 ( | | l ] | I
0 20 40 60 80 100 120 140 .

Tensile Stress by Loyered Theory, psi

Fig 2. Comparison of internal load pavement subbase interface stresses

computed by Westergaard and layered theory for varying subgrade
modulus and pavement thicknesses, dual wheels (after
McCullough, Ref 78).



13

(1) the daily and seasonal variations in the average temperature of the
slab and

(2) daily variations between the top surface and the bottom.

One leads to volume change stresses whereas the second produces curling and

warping stresses in concrete pavements.

Temperature Volume Change Stresses. Variations in the average temperature

give rise to frictional forces between the slab and its support. Generally the
slab tries to adjust itself to the slowly changing seasonal temperature condi-
tions, thereby avoiding excessive stress conditions; but an appreciable fall
in mean temperature of the slab in a relatively short time, at night or in
cold weather, gives rise to considerable tensile stresses at or near the mid-
point of the slab. Thus, the maximum contraction stress in a pavement slab is
not necessarily dependent on the annual change in temperature. It is more
dependent upon subgrade resistance that can be developed during a single period
of continuously falling temperature, or at most during relatively few cycles of
temperature changes in which the general level of the minimum temperature is
decreasing. It has been observed that the daily change in average slab temper-
ature is generally less than the daily change in the air temperature and the
relation between the two is influenced by the season of the year and by the
particular climatic conditions. Also, it has been observed experimentally
(Ref 65) that in general the maximum daily change in the average slab tempera-
ture is less during the cold months of the year than during the warm months.
Westergaard (Ref 145) has presented a theoretical analysis of contraction
stresses in the central area and the edge of a very large panel of a slab by
assuming that the friction is sufficient to prevent the slab from contracting
in either direction. Based on experimental observations, Kelley (Ref 65)
also presented the analysis of such stresses generally known as the 'subgrade
drag theory.'" This analysis, in place of coefficient of expansion of concrete,
makes use of a variable coefficient of friction developed at the bottom of the
slab due to its contraction. The approach has been used for the design of

reinforcement in RPS1 and is described in Chapter 4.

Temperature Curling Stresses. The daily changes in the differential in

temperature between the two surfaces of the slab cause it to curl. Since this
curling is prevented by the weight of the slab, considerable bending stresses

are induced. The magnitudes of these stresses under certain conditions are
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quite comparable to the load stresses. The significance of temperature
differential in the slab is not only due to the stresses induced by curling
but also to the decrease in subgrade support caused by the slab moving away
from the subgrade.

In 1926, Westergaard (Ref 145) presented a theoretical analysis of curling
stresses for slabs of infinite lengths and widths and for those of finite
widths and infinite lengths. On the basis of the concepts of Westergaard's
analysis, Bradbury in 1938 (Ref 8) presented the general equations for temper-
ature curling stresses in the corners and interiors of pavement slabs of usual
dimensions. The second elastic theory for the estimation of curling stresses
was presented in 1940 by Thomlinson (Ref 130). The theory assumes a nonlinear
temperature gradient in the slab as compared to linear distribution assumed by
Westergaard. Thomlinson assumed that the heat supplied to the concrete slab
is such as to produce a simple harmoﬁic variation of temperature at the exposed
surface. Observations by Bergstrom, Sparkes, Venkata Subramanian (Refs 4, 116,
and 135), and others have shown that the assumption of nonlinear temperature
gradient is experimentally true to a certain extent, expecially during hot
clear days.

An exact analysis of stresses in concrete pavements must add the curling
and the frictional stresses to the load stresses. The combined stress in the
edge loading case for daytime when the edges are curled downwards is reported
to be the maximum (Ref 65) for a certain range of slab lengths, soil moduli,

and slab thicknesses.

Stresses Due to Moisture Vavciations. The moisture variations in concrete

slabs create stresses in much the same manner as do the temperature variations.
A moisture loss from the top surface of the slab will make the slab warp upwards
and vice versa. A stress analysis for moisture can be obtained on the same ba-

sic lines as those of stress analysis due to temperature variations (Ref 145).

Theories of Support Media Used in Stress Analysis

Support below a concrete slab has usually been represented by two theories,
a dense liquid or Winkler's model and a semi-infinite, elastic, isotropic,
solid.

The dense liquid approach was first introduced by Winkler (Ref 149) in
1867. According to this approach, the foundation is represented by a bed of

linear springs having a spring stiffness equal to k or as a dense liquid
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having a density equal to k . Vertical reactive pressure at any point is
therefore equal to k multiplied by the deflection. The constant has been
widely used in the theoretical analysis dealing with plates by, among others,
Hertz (Ref 47) and Westergaard (Ref 143) and in the numerical analysis of
plates by Hudson and Matlock (Ref 59). The modulus has always been assumed
to be independent of the deflections and constant at all points within the
area of consideration.

In the second theory, the subgrade is considered as an elastic, isotropic,
Hookean, semi-infinite solid defined by its modulus of deformation and
Poisson's ratio. The approach has been used in the analysis of layered systems
as described earlier. The approach has also been widely used for the analysis
of thin elastic plates. Hogg (Ref 49) and Holl (Ref 51) independently analyzed
for deflections of a thin elastic plate of infinite size resting on the so-
called "infinite half space."

Biot, Picket and Ray, and Vesic (Refs 5, 6, 94, and 136).

Among those using this approach are Bergstrom,

According to Vesic and Saxena (Ref 137) major attention in the structural
analysis of rigid pavements should be devoted to the evaluation of models rep-
resenting supports. Predictions based on Winkler's assumption show good
agreement with the observed responses of rigid pavements, but an elastic iso-
tropic solid model may, as shown by the existing evidence, simulate the soil
response to loads more closely than does Winkler ‘s model. Terzaghi (Ref 125)
in a critical analysis of k wvalue accepted its usefulness in giving reason- .
able estimates of stresses in slabs, provided its correct value can be selected.
On the other hand, he also accepted that this constant had little to do with
the actual responses of soils to loads.

Extending Biot's analysis, Vesic (Refs 136 and 138) presented an expres-
sion for selecting a value of k which can obtain good approximations of
both bending moments and deflections of an infinite beam resting on an elastic,
isotropic solid. TFor plates, 'there is no single value of k that can yield
agreement of all statical influences, such as pressures, shearing forces,
bending moments, and deflections, across the slab" (Ref 137). However, a
value ko , modulus of support reaction, can be computed in terms of the param-
eters of elastic subgrade solid which would give the same bending moments in

the vicinity of the load in either analysis. The relation given is
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ko = (2.8)
where

ES = modulus of deformation of subgrade material,

E = modulus of elasticity of slab material,

hg = Poisson's ratio of subgrade material,

D = slab thickness.

According to the above equation, k 1is not a characteristic of the sub-
grade material only but is also a property of the combined slab and subgrade
system. It is indicated that good agreement in the slab deflections can also
be achieved by using the above value of ko s provided the subgrade is assumed
to be of finite depth. 1In that case, the expression suggested for subgrade

modulus is

1.38 ES H 3
k! = ———=—  when < <1.38 /4 2.9)
) 2 D E
(1 - p )H s
where
H = the thickness of elastic isotropic subgrade.

The modulus of subgrade reaction k can be determined in the field by
plate loading tests (a comprehensive analysis is given in Ref 82) or by
loading the existing slabs (Refs 124 and 143). Skempton (Ref 111) has pre-
sented a procedure for determining the load-deflection curve of a plate on a
saturated clay from the data obtained in the laboratory on compression tests
of such soils. Lee (Ref 69) and Seed et al (Ref 106) have demonstrated the
usefulness of the approach to predict the deflection of circular plates under

static and repetitive loads.
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PERFORMANCE AS A DESIGN CONCEPT

The design methods developed on the concepts discussed above are based on
concrete stress, a primary response of the pavement system. The thickness of
the slab is determined by one criterion, holding the stress in the slab below
a certain level. The cracking mechanism of distress which results from loads
that produce overstress has been considered a catastrophic event leading to
the failure of the structure.

It is accepted that overstress produces a crack, which is undesirable,
but it is not the only state that has to be determined in designing a pavement
system. Pavement in its cracked state continues to perform its function,
although possibly at a reduced service level. Failure is an unacceptable per-
formance condition which develops gradually over a span of life due to the
accumulated effects of the distress manifestations rupture, distortion, and
disintegration. These manifestations are the functions of loads, environmment,
construction, maintenance, location, and time (Ref 56).

The three manifestations of failure given above can be weighted and
combined through a mechanistic model into a single response called the service-
ability level of the pavement. The best effort in this direction was made at
the AASHO Road Test, where certain pavement characteristics measured objec-
tively were related to the user's subjecfive evaluations of the ability of the
highway to serve them. This present serviceability concept is perhpas the
most significant single item developed from the Road Test. Present service-
ability index is used to represent the riding quality of a pavement and is
defined as the ability of the pavement to serve high-speed, high-volume mixed
truck and automobile traffic in its existing condition.

The mechanistic model with statistically assigned weighting functions to
certain objectively measured distress factors on portland cement concrete

pavements is given as

PSI

5.41 - 1.78 log (L + SV) - 0.09 J/C, F T, (2.10)

where

1

PSI present serviceability index;
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SV = summary statistic of wheel path roughness as measured by the
Road Test longitudinal profilometer and mathematically

defined as the average squared deviation of slope from its

mean,
Ca = class 2 and sealed cracks, in feet per 1000 square feet,
Pa = patched area in square foot per 1000 square feet.

The present serviceability concept at the AASHO Road Test was developed
and reported initially by Carey and Irick (Ref 13). A short discussion of
pavement roughness and its measuring devices is presented in Refs 12 and 54.
A high-speed profilometer is evaluated, and regression equations to predict
pavement serviceability which were developed for the Texas Highway Department

are discussed by Roberts and Hudson in Ref 98.

AASHO Road Test Equation

The serviceability trends of the pavement sections at the AASHO Road Test
led to a basic assumption that serviceability loss in any trend was propor-
tional to a power function of the axle load applications.

Defined mathematically,

B -p = o (2.11)
where

P1 = the average of all initial trend values for Road Test sections,

p = the serviceability trend value of the section at any time,

B = a positive power depending on the load and design variables,

W = the number of axle load applicationms,

c = a constant.

Rearrangement of Eq 2.11 gave

Log W = log p +% (2.12)
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where

P1 -p
G = log 7 - o (2.13)
1~ P

= serviceability index at which a section was 'out of test'

Py,
at the Road Test - a value of 1.5 was selected,
p = value of W when p=p_ , i.e., p was the experimental

L
life of a section.

It may be noted that B determines the shape of the serviceability
trend for a section. A value of B equal to 1.0 shows the serviceability loss
to be linear as the applications increase, whereas f greater than 1.0 shows
the serviceability loss to be declining along a steeper and steeper curve with
the serviceability loss rate increasing with applicatioms.

The values for B and p were determined as

3.63(L, + L,)°> 2"

B = 1.0+ (2.14)
o + 1)8.461'23.52

1OS.SS(D + 1)7.351'23.28

p = %.62 (2.15)

(L1 + L2)
where
L1 = axle weight, in kips;
L2 = one for single axles, two for tandem axles;

slab thickness.

o
fl

For an 18-kip single axle load which is adopted as a single parameter for

use in the present design system, Eq 2.12 reduces to
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- G
Log W18 = log P1g + 5 (2.16)
18
where
16.196 Xx 106
Big = 1+ %76 2.17)
(DT)
and
prg = -87533 (o) "3’ (2.18)

(D + 1) 1is denoted as the thickness design term DT . W18 is the number of

18-kip single axle load applicatioms.

Modifications of AASHO Road Test Equation

In their general form the relationships shown above have limited applica-
bility because they only relate the slab thickness, magnitude, and configura-
tion of axle load and load applications to the performance of a sectionm.

To develop a procedure to apply the equations to the structural design
of rigid pavements in physical enviromments which generate external and inter-
nal influences appreciably differing from those which existed during the Road
Test, it 1is necessary to adopt certain modifications to these equations to
achieve a rational design procedure.

Two modified forms of the AASHO model have been presented thus far
(Refs 57 and 61). The first was carried out by an AASHO Subcommittee on
Design (Ref 68), which was assigned the responsibility of developing new pave-
ment design procedures utilizing the results of the AASHO Road Test. The
subcommittee developed the following straight line correlation:

Log W = a+b_log leoc (2.19)

18 [

where
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SX/Ocs = the ratio of flexural strength of concrete to the corner
stress calculated by the Spangler equation for the Road

Test pavements,
a = a constant,

b = the slope of the straight line defined by Eq 2.19 and is

a function of terminal serviceability p , as

b, = 4.22 - 0.32 p (2.20)

Substituting Eq 2.19 into the basic AASHO equation, the following correlation

was obtained:

Log Wle = Log W18 + Log CF (2.21)
where
w18m = the modified number of 18-kip single axle applications
that a pavement with different physical properties will
sustain
and
£ - 1.1326)
Log CF = bt Log D’ (2.22)
a
215.6253(L - Zl)
where

£ , J, a, , and £ are the parameters of the pavement being

c 1
designed,
fc = allowable flexural strength of concrete,
J = load transfer characteristic coefficient = 3.2 for free corners,
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a, = /2 a , where a 1is radius of a circle equal in area to

the loaded area. Assumed value of a1 =10

and
/ ED
where

E = modulus of elasticity of concrete;
w = Poisson's ratio of concrete, assumed to be equal to 0.20;
k = modulus of subgrade reactiom.

The second attempt to modify the basic AASHO equation (Ref 57) involves
the use of corner load stresses observed at the Road Test and their correla-
tion with the thickness design term DT .

Corner stresses 018 given by 18-kip single axles in Loop 1 of the AASHO
Road Test are related to the stresses predicted by Spangler's equation, O.g »

by the correlation

1.01
018 = 0.3010cs (2.24)

Also, the thickness design term was correlated to 018 by

98.855
DT = =17 (2.25)

918
Substituting Eq 2.24 in 2.25,

183.9

cSs
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For the purpose of inserting the flexural strength of concrete into the

design equation, it was assumed that the term 0., ¢an be replaced by
S

Oug ?E where Sx is the fixed flexural strength of Road Test pavements
c

(690 psi * random variation) and fc is the flexural strength of any concrete

used in design.

Thus Wism in this case is given as
Log W = 7.35 Log (DT ) - 0.05782 + ¢ (2.27)
18m m 6
1 16,196 x 10
+ 8.46
(DT )
where
183.9
DT = (2.28)
m (O .229>.5222
cm £
c
and
a
- 3Ly
Om = 2 1 7 (2.29)
D
L, J, a 4 , and fC are defined in Eqs 2.5, 2.22, and 2.23.

EXISTING CONCEPTS APPLIED TO PAVEMENT DESIGN PROCEDURES

The design of rigid pavements has mostly been based in the past on the
criterion of limiting stresses and therefore the empirical and semi-empirical
formulas described above have been widely used for the design of rigid pave-
ments by predicting such stresses. Corner loads have been of primary interest
because of the higher magnitude of stresses they produce as compared to other
load positions. The use of standard sections of concrete pavements has also
been adopted by various design agencies. The standard sections were evolved

through the design of concrete thickness by empirical stress formulas and the
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subsequent observations of the performance of such designs under actual field
conditions.

The design of rigid pavements has been evolved by different agencies in
the form of simple tables of standard thicknesses, charts, curves, nomographs,
and in one case a somewhat more refined procedure by the Portland Cement
Association (Ref 128). The main basis of all procedures has been the attempt
to hold the level of stress computed by an empirical formula below a certain
level.

Various design criteria have been developed in the past to be used with
empirical stress formulas. The allowable stress in concrete has always been
specified with a large factor of safety, to take into account the stresses
developed due to unforeseen factors not accounted for in the design. Allow-
able concrete stress has generally been specified as one~half of the concrete
flexural strength, to account for the fatigue of concrete due to repeated
stress applications. The factor of safety is based on the fatigue curves of
concrete which show that a pavement can sustain unlimited load applications
without a failure if the maximum stress produced does not exceed one-half the
flexural strength.

The load for which the pavement is designed has been represented by

various criteria such as

(1) maximum anticipated load during the life of the pavement,
(2) predicted average value of a particular number of highest loads,
3) nth highest load where n 1is a specified number, or

(4) a specified legal load.

The 1load thus determined has mostly been increased by a ratio or safety factor
depending upon general engineering judgment to take into account the dynamic
nature of highway loads.

The Portland Cement Association in 1951 (Ref 21) presented a procedure
for designing concrete sections for highway pavements. The procedure is based
on the empirical corner stress formula proposed by Picket (Ref 93).

The pavement is designed for a controlling wheel load which is the average
of the heaviest 100,000 anticipated wheel loads. The loads are increased by
20 percent for impact, and a factor of safety of 2 is used for allowable flex-
ural strength of concrete. The effect of loads heavier than the controlling

wheel loads is checked by the fatigue resistance consumed by heavier load
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groups. It is stated that pavements designed by this method have enough
excess strength to offset the curling stresses also.
The Portland Cement Association in 1966 modified the design procedure
(Ref 128). The following are the main features of the modification:
(1) The stress is computed by charts developed for single and tandem axle

loads at transverse joint edges. The charts are prepared by using
influence charts developed by Picket and Ray (Ref 94).

(2) Different load safety factors are proposed for various types of
facilities to be designed.

(3) Traffic is projected with the help of standard charts using design
life and a yearly rate of traffic growth.

(4) The design is based on a method which computes fatigue resistance
used by each load group.

(5) 1Increase in modulus of subgrade reaction due to subbases is con-
sidered by the use of tables which are based on Burmister's analysis
of the two-layer systems.

A second design procedure is based on the performance concept and is
developed using AASHO Road Test data. The procedure is reported in the
Interim Design Guide (Ref 61). The design equations are developed by modify-
ing the basic AASHO Road Test equations. Design can be carried out by the use
of charts presented in the guide (the method is for the design of jointed con-
crete pavements only). Rigid pavement thickness for a design life of 20 years

is designed by this procedure, using the following values:

(1) equivalent daily 18-kip load applicatioms,
(2) working stress in concrete,
(3) modulus of support reaction, and

(4) final Serviceability Index value.

By using the modified equation (given in the Interim Design Guide) in

place of charts, two more variables can be considered in design:

(1) modulus of elasticity of concrete, and

(2) 1initial Serviceability Index value.

Two design procedures based on two different concepts of analysis are
described above. These are by far the best methods available for design of
rigid highway pavements.

Various concepts related to the analysis of rigid pavements are discussed

in this chapter. The concepts show great promise in understanding and
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quantifying different models of design and analysis. Layered theory and
numerical plate solutions can achieve, for the first time, a complete analysis
of stresses and deflections in rigid pavement structures. Theories for sup-
port media help understand the most controversial phase of rigid pavements,
i.e., how to represent the strength of foundation materials. Theories for
temperature stresses take into account probably the most important environ-
mental factor affecting the mechanical state in rigid pavements. The perfor-
mance concept is the latest and by far the best concept for understanding the
progressive failure of rigid pavements. An understanding of these concepts of
rigid pavement design and the study of referred literature will help develop
a basic understanding and the directions for accomplishing a more rational
procedure for the structural analysis and design of rigid pavements. Such a

conceptual procedure of design is discussed in the next chapter.



CHAPTER 3. SYSTEMS ANALYSIS OF RIGID PAVEMENT DESIGN

Pavements are complex structures. This is mostly due to the variety of

loads, materials, and environments but is also due in part to various economic
parameters involved. To simplify the problem, existing design procedures
have always been oriented towards emphasizing certain important features of
design and neglecting others even though they may have significant effects.
A good description of the problem, a new insight into the complexity, and an
optimization of techniques in the face of various economic criteria may lead
to achieving a rational pavement design procedure. This chapter is directed
towards the application of systems engineering to this design problem.

A system can be described as a device, procedure, or scheme which be-
haves in a describable manner to accomplish an operational process (Ref 56).
Accordingly, pavement is defined as a system which obeys physical laws to
transform the effects of input variables into various responses leading to
pavement distress or success. Design of such a system needs a coordinated
set of procedures to detail the use of money and materials in the most eco-
nomical combinations. Such a procedure of resource allocation is a system
and should be carried out by the application of classical economic concepts.

Systems concepts help accomplish an operational process in the most effi-
cient manner through an integrated approach rather than a piecemeal synthesis
of important parts. The entire system is viewed as an entity and not as an
assembly of individual parts functioning by themselves. The most successful
system does not necessarily require the individual parts to be operating most
efficiently at all times. An integrated approach can achieve this efficient
system by trade-offs among the different interests of its various subsystems.

The coordinated approach towards the solution of the overall problem,
called systems analysis, offers several advantages:

(1) The development of a complete problem description provides new in-

sight and perspective into the complexity of the problem, includ-
ing the feedbacks and interactions involved.

(2) This insight, in turn, provides a structure for coordinating and
utilizing research from many sources,

27
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(3) A system description rapidly points out the areas of weakness and,
consequently, areas of urgently needed research.

(4) A coordinated approach to the problem helps in understanding and
developing the functions and theories which can be used to deter-
mine optimal choices of designs in the face of various judgment
criteria and weighting functions.

(5) The analysis permits the use of various techniques in optimization
and operations research to solve the problem.

(6) In the process of developing an overall optimal solution, immediate
benefits can be gained by use of current state-of-the-art informa-
tion in the systems framework until better techniques of analysis
are developed.

PHASE DEVELOPMENT OF CURRENT DESIGN PROCEDURES

In attempting to apply the concepts to the design of rigid pavements,
existing design procedures will be used as a first step in a systems frame-
work. These procedures in fact are the first phase of the ultimate system
to be developed. Figure 3 is a simple systems diagram of the early rigid
pavement design procedures. The diagram shows a constant feedback from the
actual behavior of highway pavements to Lhe formulation of design criteria
for satisfactory designs.

Formulation of design criteria has been refined by successive cycles
of designing new pavements and observation of their performance. Satisfac-
tory designs have generally been repeated for construction and the designs
which performed poorly have been discontinued. In both cases, the observa-
tions added to the design criteria existing at the time helped to modify
them for future use. '

Early design procedures, when viewed in a systems framework, exhibit a
number of deficiences (Ref 60):

(1) The mechanisms of pavement failure in these procedures are poorly
defined. The progressive and cumulative nature of pavement de-
terioration is not considered; rather, the pavement failure is
assumed to be indicated by such primary responses of the system
as deflections and stresses. A pavement is termed to be satisfac-
tory or unsatisfactory and the concept of the degree of dissatis-

faction is not defined. 1In other words, no correlation is estab-
lished between the design and performance.

(2) Envirommental effects are not quantified and are taken into account
only in a subjective way. The design procedures are, therefore,
not widely transferable from one geographic locality to another.
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(3) Variations in material and construction qualities cannot be taken
into account.

(4) The optimization between the alternative pavement strategies is
not possible because of the lack of data and procedures for economic
comparison of alternatives.

FORMULATION OF AN IDEAL DESIGN SYSTEM

According to the system definition stated above, a comprehensive formu-
lation of the design process characterizing various technical and economic
agpects is needed before a more realistic pavement design system can be pro-
posed for immediate use involving state-of-the-art information, Figure 4
details an attempt to describe many factors involved in a conceptual rigid
pavement system.

Physically, the pavement system can be defined as an operator which when
acted upon by the excitation functions gives system responses. The response
is generally characterized by an immediately observed mechanical state de-
fined by stresses, strains, deflections and coefficient of friction between
the tire and the pavement surface, and eventually by the time-dependent ac-
cumulated effects of these primary responses in the forms of rupture, dis-
tortion, disintegration, and low friction.

System excitation variables, often termed as system inputs, have been
the subject of a great amount of research with respect to their effect on
the system and its responses. An example to this effect is given of various
models developed in the past to predict the stresses and deflections due to
loads applied on the system. System inputs and their main effects are de-

scribed in the following sections.

SYSTEM DESCRIPTION AND INTERACTIONS

System Inputs

The effect of loads caused by traffic is to create a certain mechanical
state in the pavement at a certain time. The materials in the system respond

to this mechanical state in various ways. Main load variables are

(1) magnitudes;

(2) distribution with respect to time as frequency, rate, and durationj;
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(3) total accumulated applications; and

(4) distribution with respect to placement.

An excessive magnitude of load can produce a well-known distress mode
called rupture through overstress, whereas the repeated application of stress
to pavement materials with nonlinear viscoelastic properties can produce sys-
tem distortion and rupture through such phenomena as fatigue (Refs 16, 66,
74, 84, and 85) and creep in concrete and other support materials. Magnitude
of load and repeated applications also produce physical disturbances in sub-
bases and subgrades with respect to the macroscopic reorientations of the
material structures resulting in densification, distortion, and failures.

Environmental inputs are varied and cyclic. Among them are temperature,
moisture, humidity, and rainfall. Temperature variations and their magnitudes,
frequencies, and durations produce stresses in the pavement structure due to
warping, expansion, and contraction. Moisture and humidify variations in
concrete slabs affect stresses in.much the same manner as temperature. Rain-
fall affects the ground water conditions which may producz such physical re-
sults as pumping and loss of support. Maintenance is also an external input
to the system, but its intended effect, contrary to other inputs, is to in-
crease the life of the system by improving the system's responses as well as
riding quality.

There is frequently interaction among various inputs to the system.
Environment, for example, may affect the volume of traffic or the amount of
maintenance required; or the presence of molsture may affect the amount and

distribution of heat in and beneath the pavement.

The System

The physical system is characterized by the material properties, material
arrangements, amount of materials and the shape given to them, and the quality
of construction. The material properties of the system as constructed, gen-
erally described by various engineering characteristics, are very important
parameters of the system. The basic properties of materials are complex
physical functions dependent upon numerocus parameters. The significant basic
properties, for engineering purposes, are defined as functions which quantify
material responses to one or more external inputs and are necessary to com-
pute responses of the pavement system. Materials are nonlinear viscoelastic

in nature and their properties are never constant over time. Inputs such as
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loads and environments are the main reasons for the ever changing basic
properties of the materials,
The following general phenomena are important in rigid pavements with
respect to interactions within the system:
(1) excessive loads change load deformation characteristics of pavement
materials,

(2) repeated stress applications produce fatigue and creep in paving
materials,

(3) densification and consolidation of support materials affect their
characteristics,

(4) thermal and moisture variations in concrete change its properties,

(5) moisture variations in subgrades stimulate their swelling character-
istics, and

(6) traffic produces surface abrasion.

System Responses

System responses consist of two types, primary and limiting. Primary
response is defined by the mechanical state (stresses, strains, deflections,
and surface characteristics) of the system, whereas limiting response is
obtained by the progressive effects produced due to the repetitive existence
of the state of primary response. The limiting response is the actual cri-
teria of failure of pavements.

Limiting response interacts with inputs such as loads and maintenance.
Roughness of a pavement at any time influences the dynamic magnitude of the
traffic loads and the maintenance required.

As defined by Hudson et al (Ref 56) the limiting response denoted as

distress can be conceptually expressed as

8=t
DIG.t) = E [CG.0), $G6), DGOt 3.1)
S=0

where

T
L]

time;

position vector of a point referred to in a coordinate

=
[

system;
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DI(x,t) = distress index, a matrix function of space and time;

C(x,t) = measure of fracture, a matrix function of space and
time;

S(x,t) = measure of distortion, a matrix function of space and
time; and

D(x,t) = measure of disintegration, a matrix function of space

and time.

The progressive deterioration of pavement is of great importance in its
systematic design which takes into account its interactions with inputs and
effects on human responses. Discomfort to the rider is a measure of pave-
ment deterioration. The vibrations of a vehicle moving on a pavement deter-
mine this discomfort and are functions of factors such as suspension character-
istics of vehicles, their speeds, and pavement roughness (Refs 40 and 60).

The average of these human responses characterizes the serviceability
of a pavement, i.e., the extent to which the traveling public is served.
Serviceability-age histories of pavements are essential to evaluate the cost
implications of the system.

Development of mathematical theory to compute the distress index DI in
the above equation will require a comprehensive set of models for input assess-
ment, material behavior, primary and limiting outputs, and finally the human

responses to the motions generated. As an alternate, the best procedure

presently available involves the Present Serviceability Index equations devel-

oped at the AASHO Road Test. These equations were developed by correlating the

subjective ratings of pavements to their objective characteristics, thus by-
passing the formulation of models for the individual subsystems described

above.

Solution Generation and Evaluation

This phase of the system process involves generation of potential alter-
native strategies and their evaluation for the selection of the best. A
strategy is defined as a set of resource allocations necessary for a design
to last the required life, according to the specifications laid down. Possible
strategies are evaluated for obtaining the optimum by invoking the various

decision criteria shown in Fig 4. Each decision criterion has to be
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quantified and weighted to define a function which can be called a Decision
Criteria Index. Such a function is another complex formulation in the system.
In the past, this function has always been used in its simplest form, i.e.,
by subjective evaluation of various factors such as riding quality, safety,

and availability of funds.

Evaluation, Storage, and Feedback

Evaluation and feedback are the long-range planned objectives of any
management system. A pavement management system involving these fulfills
the requirements of a self-sufficient system.

The system's models, when continuously synthesized by feedback from
various sources, improve the system and its capabilities. The feedback con-

sists of

(1) analysis of deviations from predicted capabilities,
(2) research investigations, and

(3) sensitivity analysis of the existing system.

A pavement system data bank is an important part of the feedback sub-
system. It consists of, among other things, the performance evaluations of
the optimal strategies constructed in the past. Data from construction
monitoring, measurement of performance over time, and the observation of
subsequent expenditures are the important characteristics to be observed

from the implemented strategies.

SYSTEMS FORMULATION OF RPS1

Comprehensive formulation of a rigid pavement design system, as dis-
cussed above, is the ultimate goal which may be achieved through stages of
implementation and feedback as well as additional research. In the systems

framework the development of RPSl can be described by the following terms:

(1) objectives,

(2) inputs,

(3) constraints,

(4) decision criteria,
(5) system analysis, and

(6) output.
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Objectives

A large amount of research has been done in the past on various individual
models or groups of models defining various parts of the comprehensive system
discussed above. A large payoff can be obtained from this research while the
ultimate design system and its models are being developed.

Therefore, it was planned to go through the available research literature,
analyze the significant models, and formulate the first version of the rigid
pavement design system utilizing every model which is available in the exist-
ing state~of-the~art and which can be fitted efficiently into the system. It
was also desired that such models which are important links in the system and
for which the research is not available should be mathematically developed
considering their relative importance and time available. Various mathemati-
cal models and their development are described in Chapter 4.

The computer program is developed with the following main objectives:

(1) to evolve an efficient solution process,
(2) to serve as a first block in the continuing research, and

(3) to possess an easy and generalized procedure so that future modifi-
cations can be incorporated in it with a minimum of effort.

Inputs

System inputs consist of about 115 parameters and are described in
Chapter 5. These inputs are dictated by the models used in the system.

Enough inputs are provided so that in general

(1) all traffic loads can be accounted for effectively;

(2) existing performance models can be evaluated with the help of the
required material properties;

(3) serviceability-age histories can be estimated;

(4) different concretes, subbases, and reinforcements can be tried;
(5) subbases can be effectively designed and evaluated;

(6) joints in initial construction can be designed;

(7) seal coats can be provided where required; and

(8) sufficient maintenance can be provided.
Constraints

Adequate constraints must be provided in the system so that only reason-

able amounts of computation time are required for problem solving. This can
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be accomplished by limiting the number of potentially feasible designs to
be analyzed. Three major constraints with respect to the types of designs
are built into the system so that it is possible to constrain the system to

design one or both types of any of the following items:

(1) pavement types (jointed and continuous),
(2) overlay types (asphalt concrete and portland cement concrete), and

(3) reinforcement types (wire mesh and deformed bars).

Decision Criterion

Minimum total overall cost is selected as the prime decision criterion
for the selection of the optimal pavement strategy. Availability of initial
funds is another decision criterion and will also act as a restraint. Safety
will be controlled by the provision of seal coats and by specifying the mini-
mum serviceability level. Riding quality and maintainability will be con-
trolled also by the minimum specified serviceability level.,

For rational economic analysis and decision making in the case of a
public enterprise such as a highway, it is desirable that an interest rate
be built to properly evaluate the future investments with respect to current
revenues. A salvage value of the pavement at the end of the analysis period

is also used to enhance the rationalization of economic analysis.

System Analysis

The concepts of stage construction are used for designs which reach
the minimum specified serviceability levels at times less than the analysis
period. Reinforcement and joints are designed for each initial design.
Subbase, concrete, and overlay thicknesses are computed for each strategy

designed.

All costs of initial and future construction are calculated. Future
costs include those for overlays, maintenance, seal coats, and traffic de-
lays during overlay operation. Initial costs consist of subgrade preparation,

subbase, concrete, reinforcement, and joints.

Output

The decision criteria included in the present system are not compre-
hensive enough to make judgments other than total overall cost. For this

reason and others, the designer is presented with a set of alternative designs
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resulting from various strategies and other pertinent information in the form

of a summary table. The most economical design for each pavement-overlay com-

bination and a complete analysis of the number of initial designs, strategies,
and relative constraining effects of various restraints are also printed.

For each strategy in the output, a complete description of thicknesses,
materials used, overlays, serviceability lives, joint and reinforcement de-

tailing, and each cost involved are printed.



CHAPTER 4. SYSTEM MATHEMATICAL MODELS

The working system RPS1l, described in Chapter 5, is developed using
various mathematical relationships called systems models. Some of these re-
lationahips exist in the literature and were developed as a result of observa-
tions on experimental test roads, laboratory experiments, and other theoretical
analyses. (Certain other relationships which are deemed necessary for develop-
ing a rational working system are derived theoretically by the authors. This
chapter describes the developments, assumptions, and limitations of all the

models used for RPS1. They are subdivided into the following major categories:

(1) performance models,

(2) models for traffic analysis,

(3) subgrade affected performance models,

(4) foundation strength models,

(5) stochastic variations in the material properties,
(6) models for overlay design,

(7) models for reinforcement design,

(8) economic models, and

(9) miscellaneous.

PERFORMANCE MODELS

The performance model used in this design system originates from the data
and results of the AASHO Road Test. The statistical models that were developed
and the data used for their development are described in the reports of the
AASHO Road Test (Ref 127). The subsequent modifications of these models have
been presented in Chapter 2. A thorough understanding of the work done in
response to the AASHO Road Test equations and their modifications, the basic
assumptions involved, and the validity of the results produced is essential
for using the developed models in any kind of a design.

The two modified models (Eqs 2.21 and 2.27) discussed in Chapter 2 encom-

pass the same variables and both can be used for design with the same confidence.

39
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Equation 2.27 is programmed in RPS1 because the slab continuity coefficient
J for this equation has been reported in detail (Ref 57). Continuously rein-
forced concrete pavements can be designed using this equation but with a differ-
ent value of continuity coefficient J . The model given by Eq 2.21 can also
be programmed easily if required.

The design equation 2.27 has been modified for using different concretes,
support media strengths, and different load transfer characteristics. Still,

it relates specifically to

(1) the environment of the test site and the climatic cycles experienced;

(2) the range in pavement thicknesses, axle loads, and their specific
times and rates of aplications;

(3) the construction techniques employed at the Road Test; and
(4) the assumption that E, k , a, and f  have the same effect on
. . . . C,.: v
load applications carried as varying slab thickness D .
The modified equations are accepted for RPS1 as good approximations. As
additional knowledge is obtained, the validity of these approximations will be
questioned and improvements will be made. The use of these equations for a

design procedure is therefore provisional in nature.

Correction Factor for Age

A life-term factor modifies the AASHC Road Test equations to the form they
would have taken had the Road Test pavements (a two-year period of time) been
subjected to traffic over a period of time equaling the life of a normal high-
way pavement under conditions of regular service, i.e., long-time traffic and
gradual deterioration from climatic exposure.

The establishment of such a factor was first attempted in Illinois (Refs
17 and 18), an area where physical enviromment and foundation conditions were
similar to the AASHO Road Test conditions and thus could be eliminated as
variables. This significant effect of a longer period of service was clearly
reflected when actual performance of selected pavements was compared with the
performance as predicted by the AASHO Road Test equations.

This comparison led to a factor known as the time-traffic exposure factor
Tf , the ratio of the required thickness to the predicted thickness D , both
of which are capable of carrying the same traffic loads to the same level of
serviceability.

The design term DT in Eqs 2.17 and 2.18 can be modified to be
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T = 2 +1 %.1)

The value for Tf was established as 1.3, showing that on the average
the performance equation predicted higher levels of performance than could
actually be obtained on pavements in regular service.

To account for such an effect, the AASHO Subcommittee for the development
of the Interim Design Guide (Ref 68) recommended the use of .75fc as the work-
ing stress in concrete for design by Eq 2.21. This corresponds to reducing
the logarithm of the predicted applications by a factor in the range of .924
to .949.

For using Eq 2.27 it was suggested in Ref 57 that the logarithm of pre-
dicted applications be multiplied by a factor of .9155.

Though a value of .9155 is used in the present RPS1, it can easily be
replaced by the other values for life term as discussed above if they provide

a better estimate for this life effect. The Illinois time-traffic exposure

factor shows promise of being a better estimate.

MODELS FOR TRAFFIC ANALYSIS

The AASHO Road Test equation pertained to definite identical axle loadings
and configurations which traveled on the test sections. Pavements in actual
service are not subjected to one type of load but to mixed traffic containing
different axle weights and axle configurations loaded to different capacities:
above, equal to, or below the legal limits.

An ideal design equation can be obtained by transforming the AASHO Road
Test equation to a multiload form so that it includes the effects of magnitudes,
configurations, and number of repetitions of various wheel loads as variables.
Such an equation is described in Refs 101 and 102 and is very complicated to
solve.

The second approach is that of combining the effects of various axle loads
into a single summary statistic, for example, the equivalent applications of
an 18-kip single axle load. The AASHO Road Test single load equation can be
used for computing equivalence factors for transforming the applications of
various loads into the equivalent applications of 18-kip single axles. The

equivalence factor Ei is a ratio of the 18-kip single axle applications w18
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to the number of applications Wi of any other load producing the same amount

of distress, i.e., that which brings the pavement to the same level of ser-

viceability index:

“.2)

where WiS and Wi are defined by Eqs 2.16 and 2.12 respectively and 1

represents any axle load.

For RPS1 total equivalent 18-kip axles are determined as
Wiot = ;; Eicwic | (4.3)

where

Wic = the counted number of axles in the ith category, per day,
Eic = the computed equivalency factor for the ith axle load,
j = the total number of categories of axle loads.

The average number of axles in both directions per day in each category
is the input. A category is characterized by a load range with lower and
upper values of L{ and Lé respectively.

Load L; » used to determine E, , is taken as the average of L{ and
L

»
.

’
2
1! = - 4.4)

Calculating 18-kip equivalent single axles per day by Eq 4.3, the total number

for the entire analysis period WAP is given as

A
- _P
WAP = 365Wt0t X Dfl X Dgy (1 + Gfa % 2 )y % AP (4.5)
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where

Ap = the length of the analysis period,
Dfd = the directional distribution factor,
Df1 = the lane distribution factor,

Gfa = the axle growth rate, per day.

A distribution pattern of total 18-kip axles WAP , calculated above, is
developed for use by the Texas Highway Department. The correlation is given
below:

2
t t .
wt_wAP[A(A>+B(A>:| (4.6
p P
where
Wt = the number of equivalent 18-kip axles experienced by the
design facility up to time ¢t ,
WAP = the number of equivalent 18-kip axles which will be exper-

ienced by the facility for the entire analysis period AP .

A and B are constants:

A X G
A = T e +2 (4.7)
p F
and
B = ——= (4.8)
AprF+2 ’

where



44

GF = the one-direction ADT growth factor per year.

Equation 4.6 is described graphically in Fig 5.

SUBGRADE AFFECTED PERFORMANCE MODELS

Subgrade soils exhibit varying properties with changing physical and
environmental conditions. One of the detrimental effects of soils on highway
pavements is the producing of differential vertical movements which may de-
crease the serviceability index by making the pavements rougher.

The vertical movements of soils can be determined with some degree of
success by complex theoretical and empirical relationships, but the correlation
of the resulting differential movements with the decrease in serviceability of
the pavement imposes a very complex problem. The simplest way to consider such
effects of soils is to assume a relationship for the loss of serviceability
over time. The variables of such a relationship can then be determined by
actual observations of pavements over different soils.

Scrivner et al (Ref 104) have presented such a relation in the form of an
exponential curve as shown in Fig 6. The curve starts at an initial service-
ability index value and is completely defined by the lowest serviceability
index it will attain and the rate at which this value will be reached.

The lowest serviceability index, denoted as Pp ,» 1s theoretically defined
as the ultimate value of serviceability index that a pavement will attain over
infinite time when subjected to no traffic or traffic so light that its effect
on the pavement can be neglected. The relative rate at which the service-
ability index P will approach its ultimate value is called b

The mathematical form of the relation is derived in terms of a service-

ability loss function and is given below:

8 = ¢ (L-ePhH (% .9)

where ¢ 1is defined as the serviceability loss function for time t and the

corresponding present serviceability index P ,

p = (5- P)O'5 - (5 - Pl)o'5 (4.10)
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’ is the final value of the serviceability loss function at infinite time

¢

when the serviceability index is Pp s
, 0.5 0.
N R N R A i (4.11)

P1 is the initial value of the serviceability index.

Substituting the values of ¢ and ¢’ in Eq 4.9, P at any time ¢t

can be defined as
P = 5- [(5 -0+ {(5 - Pp)o’5
- (5 - PI)O'S} a- e-bt)} %.12)

If solved for t , the equation yields the form used in RPS1:

- P )0.5 - (5 - Pl)0.5 jl/b

P’
Log_ I: {(5 - Pp)o.s - Pl)o.‘S} - {(5 - p)O.S - (5 - Pl)O.S} i

t =

(4.13)

The serviceability loss curve due to swelling clay is modified after an overlay
construction (Ref 103). Assuming that the slope of the serviceability loss
function g% remains the same before and after an overlay construction and
that the ultimate value of serviceability index Pp remains unchanged, the

following new value for b results:

-b_t

¢l
b, = 575 b, e PP .14)

where bc is the new value for b for the present performance period, bp

is the value of b for the previous performance period, ¢; and ¢é are the
values of total serviceability loss functions for the previous and the present
performance periods respectively, and tp is the duration of the previous per-

formance period.
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FOUNDATION STRENGTH MODELS

The strength of the pavement foundation enters the design equation as a
factor k which, as used by Spangler and originally defined by Westergaard
(Ref 143), is a linear stiffness constant of an assumed bed of foundation
springs. It was assumed that an appropriate value of this modulus k will
lead to a sufficiently accurate analysis of the deflections and stresses in
pavement slabs.

The value of this empirical constant can generally be improved by pro-
viding an intermediate layer of material above the subgrade. This layer under
a rigid pavement is called subbase. The improved value of k , according to
per formance models, reduces the thickness requirement of the concrete slab.

Subbases under rigid pavements are also provided for other functions such
as to provide a uniform and stable support for the concrete slab, to minimize
the effects of volume changes of subgrades, and to prevent pumping. These
improvements tend to increase the performance of concrete pavements through-
out their lifetime of service.

The theoretical increase in the lives of pavements as calculated by the
per formance equation is analyzed in light of the economics in RPS1. The
improvement in the value of modulus k 1is determined by the models developed
using elastic layered theory. The statistical equations or models are developed
to simulate the results given by elastic layer theory. The procedure for de-
veloping these models is presented in Appendix 6A. The models are built into
the computer program and the program user may avoid the details of the develop-
ment or the models.

Three prediction models are developed and used in RPS1. The following
are the relationships along with the transformations used for the analysis.

Subbase thickness 0-6 inches:
KT = 385.76 + 69.7T

+ 8.59‘1‘2 + 27.06e, + 3.9Se2 + 5.55¢

1 1 3
+ 66.48M1 - 1.6M2 + 0.43M3 + 31.07‘1'1(-:1 + 4.41T162 + 5.061‘1(-:3
+ 7.081'1M1 - 2.35T1M2 + 0.25T1M3 + 4.01T231 + 0.427232

+ 1.13T2M1 + 3.56€1M1 + 0.3662M1 - 0.20e2M2 + 1.0633M1
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+ 4,227 e M, - 0.46Tle1M + 0.47T132M - 0.18T1e2M

1°171 2 1 2
+ 0.66'1'2e1M1 + 0.11T292M1 + 0.13elM3 + 0.14T131M3 (4.15)
Subbase thickness 6-12 inches:
KT = 578.62 + 115.16T1 + 0.59'1'2 + 108.03e1 + 13.39e2 + 13.09e3

+ 88.40M1 - 7.09M2 + 1.35M3 + 45.94¢1e1 + 4.57-rle2 + 2.92-1-1e:3

. - 3. M . . - 1.
+ 13 811'1M1 3 00'1‘1 9 + 0 58T1M3 + 15 36elM1 1 46elM2

+ 0.40elM + 1.55(—:2M1 ~ 0.45e2M + 0.07e2M + 2.36e3M1

2

3 3

+ 6.9371e M, - 0,56T1e M, + 0.13T1€ M. + 0.61T1€ M

171 172 13 271
- 0.10T1€2M2 (4.16)
Subbase thickness 12-18 inches:
KT = 810.62 + 115.99'1'1 + 200.53e1 + 23.2132 + 18.75e3 + 116.50M1
- 13.39M2 + 2.66M3 + 46.54T1€1 + 5.3571e2 + 2-75T1€3 + 14.1971M1
- 3.3071M2 + 0.71'1'1M3 + 29.35e1M1 - 2.94e1M2 + 0.74elM3
+ 3.00€2M1 - 0.72e2M2 + 0.17e2M3 + 3.19e3M1 - 0.54e3M2
+ 7.08TlelM1 - 0-92T1€1M2 + O.ZOTlelM3 + 0.8871e2M1
- 0.177192M2 4.17)
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Transformations are defined as

Log10E3 - 5,05

1 7 0.35 (4.18a)
= 2 4 (4.18b
e = € - .18b)
e, - Te
S S |
€q = 3 (4.18c¢c)
E& - 8100
Ml = TIs00 (4.18d)
3M12 - 35
Mz = __.......—8_.—..- (4.186)
s, - 101
M3 = 5 | (4.18fF)
™ and T, are different for the three equations.
For 0-6 inches:
D3 -3
= 4,
¢1 3 (4.19a)
= 3.2 -2 (4.19b)
T2 7T .
For 6-12 inches:
D3 -9
T, = 3 (4.20a)
2
= 37,5 - 2 (4.20b)
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For 12-18 inches:

D, - 15
v, - 2— (4.21a)
= 3.2 4.21b
T2 - Tl - (4. )

E3 , and E4 are defined in Appendix 6A.

For each of these equations the values of correlation coefficient R

D3 s

and the standard error of residuals are given below:

Standard Error R2
Equation, 0-6 inches 3.752 .9998
Equation, 6-12 inches 3.797 .9999
Equation, 12-18 inches 7.178 .9998

The value of the modulus as determined above is liable to variations due
to the instability caused by traffic and environmental factors during the
lifetime of the pavement. Erosion, pumping, repetitive loadings, and freeze
and thaw are detrimental parameters which result in a system's loss of integ-
rity and support media strength.

Susceptible soils (generally fine-grained) go into suspension in the free
water if present immediately below the pavement and are pumped out along the
edges and joints by repetitive deflections of the slab due to the wheel loads.
The phenomenon is characterized as '"pavement pumping' and results in void
spaces of varying sizes along the edges and the joints.

Models to quantify the loss of support due to the above factors and their
effects on performance have never been attempted. For rigid pavement system,
a model is developed for this purpose using numerical solutions for stresses
in plates. The details of development are given in Appendix 6B. The model

developed is given below.

Log ok, = 1.685 - O.21Eé +0.007 EZ° + 0.0ZBEE"-+ 0.081k /
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s e b, 7 _ iy, 41 - " ’
+ 0.00Skt + 0.002kt 0.01Efkt O.OOZEfkt 0.006Ef kt

- 0.0 7 I14 . lukl . 0y 1 ey HY
OSEf kt + 0 006Ef ¢ + 0 OO4Ef kt + 0.001Ef kt

- n I£X) - 2y 2t
0.002E k/ 0.0004E fk; (4.22)

Polynomial regression transformations are

) E. - 1.5
Eg = ——5— (4.23a)
Bl = —F— (4.23b)
e 5E§3 4155
BESY = — (4.23c)
' s -
kl = 10 (LoglOkT 2.3) | (4.23d)
kéz - 21

k' = —— (4.23e)
ké3 - 37k;

k= (4.235)

t 12

kM s kT , and Ef are defined in Appendix 6B.
Figure 7 describes the model graphically. The value kT as given on

the abscissa, with an erodability factor Ef , modifies to a value kM , as
given on the ordinate.

This is the first attempt to quantify the effects of this particular
kind of deterioration. For simplification, slab dimensions, load intensities,
and certain other parameters are held constant, Values given to them are

based on engineering judgment. As additional knowledge is obtained through



K

Log

3.0

2.4

2.2

0.8 —

0.6

Fig 7.

Reduced support value

erodability factor

E

2.2 2.4 2.6
Log kit
kM as given by initial value

f

2.8

kT and

3.0

39



54

further research, the validity of this approach will be improved and the

models presented above will be verified or modified.

STOCHASTIC VARTATIONS IN THE MATERIAL PROPERTIES

In RPS1, probability is applied in computing the design values of the

following variables:

(1) flexural strength of concrete,
(2) modulus of subgrade reaction, and

(3) Texas triaxial class of the subgrade.

It is assumed that these properties in a large population of samples, if
plotted against percentages of occurrences, will fall along a continuous prob-
ability distribution defined by a normal curve.

For this type of data, the probability that =x will assume a valué

between x and x + dx is given by dP as

_.2
ap = Lo LoD gy (.24)
J2n 20

o

where T and  are, respectively, the universe mean and standard deviation.
The integral of the above equation over all values of x 1is equal to unity.
This integral can be solved by using an inverse error function subroutine in
the computer. However, for RPS1 the following procedure for solutiomn is
adopted.

A value A is determined based on the confidence level Vc specified in

the input:

50 -V
c

A= et (4.25)

The absolute value of A 1is the area under the normal curve from the
mean value Vm to the design value Vd to be computed. The values of z

corresponding to the values of A are built in RPS1 in data arrays where
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z = ——21 (4.26)

A value of 2z corresponding to the value of A determined above gives

the design value of the variable as

Vd = V, t ez (4.27a)
or
v, = V- oz (4.27b)

according to whether A is +ve or -ve

The limits are 0 <z < 3.9 for 0.0 <A <0.5.

MODELS FOR OVERLAY DESIGN

Overlays for rehabilitation of existing highway pavements are generally
designed by evaluating the in-place load-carrying capacities of existing
structures. Major procedures followed to evaluate the existing pavement

structures are

(1) deflection measurements,
(2) assigning strength coefficients to the various layers,
(3) estimation or determination of properties of layer materials, and

(4) condition surveys.

RPS1, which formulates the alternative strategies by using the concepts
of stage construction and relative economy, needs the prediction of would-be
in-place evaluations of the pavement structures overlayed at any time after
the initial construcﬁion. Different procedures available and the ones used

for RPS1 will be discussed under two categories:

(1) asphalt concrete overlays and

(2) portland cement concrete overlays.
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Asphalt Concrete Overlays

Asphalt concrete overlays over rigid pavements may be designed by any of

the procedures given below:

(1) wusing the AASHO model for flexible pavements as reported in the
Interim‘Guide (Ref 61),

(2) using the deflection based model for flexible pavements as developed
by Scrivner et al (Ref 104), and

(3) wusing the Corps of Engineers' empirical equation for the design of

flexible overlays over rigid pavements (Ref 32).

The above given methods have certain drawbacks. The AASHO model requires
the use of material coefficients for the layers. The values of these coeffi-
cients can at best be the designer's estimates in the present state of know-
ledge. The deflection based model has more applicability in that the coeffi-
cients used in the model can be quantitatively determined by Dynaflect data
(Ref 105) on similar existing pavements. However, both the mothods are ques-
tionable extrapolations of the empirical equations derived for the design of
flexible pavements. The Corps of Engineers' empirical formula involves the
use of a factor related to the condition of the pavement at the time of over-
lay. This factor is again not quantified properly and its value is mainly
based on the designer's estimate.

In view of the difficulties encountered in the use of the above given
models, a new model for the design of asphalt concrete overlay is developed
using layered elastic theory. The details of the method adopted for developing
the model are given in Appendix 6C. The details of the model and its develop-
ment are rather involved, and it is not necessary for a program user to go
through them. Layer elastic theory was used to develop this model.

The thickness of the composite pavement, consisting of existing concrete
thickness D2 and the asphalt concrete overlay thickness D1 , is theoreti-
cally replaced by a concrete thickness D , which is evaluated in analysis by
the extended AASHO model (Ref 57) for the design of rigid pavements. The

model is given as

L L

D = 11.77 + 0.8E, - O.O6Eq + 0.93D P

+ 0.03Dq.+ 0.55K, + 0.12Kq
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0.02E£D£ - O.léEgKg - 0.0BEﬂKq + 0.007EqD£ + 0'01EqK£

t

[}

0.03D£Kz - O'OZDﬁKq + 0.04DqK£ + 0.01DqKq + 0.0ZEzDng

+ 0.008E,D 0.02E D K, + 1.51T, + 0.11T_ - 0.02T
A 4 q c

&Kq - 2Pq )
) - 0. - 0. 0.01 )
+ 0 43T£E£ 0 04T£Eq 0 04T£D£ -+ TﬁDq + 0 OOSTﬁEﬂDZKE

+ 0.26T K, + 0.05T K + 0.02T E, - 0.008T E - 0.005T
L4 24 q 4 q%q = 0% q’s

0.0ZTqK - O.OITCE - 0.009T E D, - 0.09T E,K, - 0.02T E K

L Z L7474 L°24 L4 q

+ O.OO&TquDL - 0.009T£D£K£ - 0.009T£D£Kq (4.28)

The transformations are

E, - 45,000
By, = 350,000 (4.29a)
R (4.29b)
q L )
D, = D, -9 (4.29¢)
Dzz -5
D, = g (4.29d)
Log. . k - 2,301
_ 10 "M
Ky = 0.699 (4.29)
2
K = 3K °-2 (4.29£)
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D1 - 6
R . (4.29g)
T =T2-2 4.29
q 2 (4.29h)
5T - 17T
2 2
T, = ——— (4.291)

kM is -the modified value of modulus of support reaction at the top of the
subbase, and E1 is the asphalt concrete modulus value. The prediction
equation has a correlation coefficient R2 of 0.9998.

The performance of the equivalent thickness determined by the above model
and analyzed by the extended rigid pavement design equation (Eq 2.27) is com-
pared with the AASHO flexible pavement design model (Ref 61) to gain confidence

in the new concept. Comparisons are shown in Fig 8.

Portland Cement Concrete Overlays

These overlays have not been frequently used in the past, and not much is
reported in the literature about their design. A rational design method should
obviously consider factors such as fatigue of concrete, volume change stresses,
and reflection cracking. The Corps of Engineers (Refs 2 and 31) has reported
an empirical equation for the design of such overlays, primarily for airfield

pavements. The equation is used in RPS1 and is given as

T. :
p = Ao than (4.30)

where D is concrete thickness which can be replaced for existing concrete
thickness he plus a concrete overlay thickness ho . CD is a coefficient
determined by the condition of the existing pavement at the time of the over-
lay.

The value of CD generally varies between 0.35 and 1.0 for badly cracked
slabs and slabs in excellent condition, respectively. A slight variation of

this coefficient produces considerable differences in computed thickness D .

For example, a difference of 0.1 in the value of CD for an 8-~inch existing
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pavement produces an average error of 0.63 inches in computed overlay thickness
(Ref 78). The coefficient can be qualitatively associated with the amount of
cracking observed on existing slabs, other fatigue considerations, or engineer-
ing judgment. Fig 9 graphically describes this model for two extreme values

of CD .

MODELS FOR REINFORCEMENT DESIGN

Reinforcement is designed in RPS1 for controlling crack widths produced
by tensile stresses due to volume changes in concrete slabs in horizontal
directions. Since the magnitude of such tensile stresses is dependent upon
the free length of the slab, different models for reinforcement design apply
to jointed and continuously reinforced pavements. The underlying basic theory
for design, however, remains the same for both types.

Total resistance to the horizontal movement of the slab on partially

elastic support may be considered to be due to three factors:

(1) resistance due to elastic deformation of the support,
(2) resistance due to inelastic deformation of the support, and

(3) resistance due to sliding friction.

At the lowest temperature, the slab ceases to shorten, and since the
horizontal movement ceases, the stress due to inelastic deformation and fric-
tional resistance vanishes. The volume change stresses, therefore, are most
critical in a state of continuously decreasing temperature when all three
stress producing factors are active.

If the slab displacement is small only the resistance to elastic deforma-
tion can be developed, but in cases of large displacements all three resistances
can be active. The magnitude of the coefficient of resistance at each horizon-
tal increment of slab length or width is dependent upon the horizontal dis-
placement of the increment.

In a pavement slab the total displacement due to contraction increases
at a nearly uniform rate from zero at the center line to the maximum at the
end of the slab. Thus, the developed coefficient of support resistance has a
zero value at the center of the slab, and as the distance from the center of
the slab is gradually increased the corresponding coefficient of resistance
also increases until a point is reached where the coefficient reaches a maxi-

mum and a constant value.
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In the proposed models an average value of this coefficient of resistance
applied over the entire area of the slab is used for the computation of maxi-
mum contraction stresses. The exact distribution and the procedure to calcu-
late the average value of the coefficient of resistance from its maximum value

can be found in Ref 65.

Longitudinal steel in jointed concrete pavements is designed by the

following model:

D wc Ld Fa

A = —

s x: (4.31)
s
where

AS = ¢ross-sectional area of steel in square inches per foot of
slab width;

D = the thickness of concrete, inches;

v, = weight of concrete, pounds per cubic foot;

Ld = distance between free transverse joints, feet;

Fa = average value of coefficient of support resistance;

fs = allowable unit stress in reinforcement, psi.

Since the total cost of transverse joints decreases as the required
amount of steel increases, RPS1 optimizes the area of steel to give minimum
total cost of joints and reinforcement.

Longitudinal reinforcement for continuously reinforced pavements is
designed by considering the pavement as a continuous, restrained member. The
model used in RPS1 is taken from the final report of NCHRP Project 1-11
(Ref 77) and is given below:

T
- - _s
A, = 12D(1.3 - 0.2F)) 3 (4.32)

where TS is the tensile strength of concrete, in psi. Other terms are as

previously defined.
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Transverse reinforcement in both types of pavements is designed by the
model given in Eq 4.31 with the value of Ld redefined to be the free width
of the pavement. The area of steel required for tie bars across the longitu-
dinal joint is taken to be equal to the area of transverse reinforcement cal-
culated at that section.

If the reinforcement is to hold the cracks in a tightly closed condition,
its elongation at cracks should be limited to small amounts. The total elong-
ation of steel is dependent on the length that is free to elongate, and this
free length is created when the bond is destroyed over a certain length of
steel at a crack. Since the length over which the bond is destroyed remains
unknown, it is not possible to compute accurately the total elongation corres-
ponding to a given stress. This, in turn, makes it rather impossible to
specify an allowable steel stress that will insure the maintenance of tightly
closed cracks. With this uncertainty in view, a safety factor is specified in
RPS1 with respect to steel stress. The working stress is taken to be 0.75
times the yield point strength. Minimum area of steel in continuously rein-
forced pavements is specified to be 0.4 percent because experience has shown
that the continuity condition across transverse cracks is lost when the per-

centage of steel decreases below this value (Ref 76).

ECONOMIC MODELS

Systems analysis results in alternate strategies which are compared and
optimized in RPS1 by the single decision criterion of overall costs of the
strategies. Each strategy consists of a variety of expenses incurred at dif-
ferent times during the design life. Relative comparisons, therefore, are made
with all future costs discounted back to present value. The interest rate for
this purpose is input by the program user.

Future costs are discounted to the present worth by a compound interest
model. For example, the present worth Cp at interest rate Ir of a future

cost Cf incurred after t years will be

c = —=Lf (4.33)
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Pavement investment can be divided into three main categories:

(1) initial costs,
(2) future costs, and

(3) salvage returns.

Total overall cost is therefore given by

Ct = Ci + Cpf - CSa1 (4.34)
where

Ci = the cost of initial construction,

Cpf = the summation of present worth of all future costs incurred

for a strategy,
sal = the salvage return discounted to its present value, and

C = the total cost.

Initial Costs

Initial costs consist of the expenses for initial design. These expenses

are
(1) cost of subgrade preparation CSp s
(2) cost of in-place concrete Cc ’
(3) cost of in-place subbase CS s
(4) cost of reinforcement Cr , and
(5) cost of joints Cj .
Thus

Ci = CSp + Cc + CS + Cr + Cj (4.35)
The cost of subgrade preparation CSp consists of the costs of scarifi-
cation and mechanical or chemical stabilization per square yard of subgrade
surface.
The in-place cost of concrete Cc is the sum of three different cost

inputs.
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C = C +C_+C (4.36)

where

Cce = the initial cost of mixing and hauling equipment as well as

labor for pouring concrete, per square yard of the pavement;

Ccu = the cost per square yard of concrete in the pavement; and

CCS = the cost of curing, finishing, and surfacing the concrete,

per square yard of the pavement.
In-place cost of subbase CS is the sum of two different costs:

C = C _+¢C (4.37)

where

CSe = the cost of mixing, hauling, and compaction equipment as
well as the cost of labor, per square yard of the pavement;

and

CSu = the cost per square yard of subbase in the pavement.

Cost of reinforcement Cr is the sum of three different costs:

= + .
Cr Crl + Crt Crb (4.38)
where
Cr1 = the cost of longitudinal reinforcement,
Crt = the cost of transverse reinforcement, and
C b the cost of tie bars provided in the longitudinal joints.
T

Cost of reinforcement is computed by the areas of steels designed

for the section:
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Crl = 30.625 Arl X CSl (4.39)
Crt = 30.625 Art X CSt (4.40)
where Arl and Art are respectively the required areas per foot width of
longitudinal and transverse steels, in square inches, and Csl and C ¢ are
s

respectively the costs of longitudinal and transverse steels, in dollars per

pound.
153, .
c _ 53.13 Drb Arb NJ1 CSb @)
rb B .
where
Arb = the area of tie bars required per foot length of the longi-
tudinal joint;
Drb = the diameter of tie bars used, inches;
le = the number of longitudinal joints provided in the pavement;
B = the total width of pavement, feet; and
CSb = the cost of tie bar steel, dollar per pound.
Crl ’ Crt , and Crb are costs computed per square yard of the pavement.

Steels are assumed to weigh 490 pounds per cubic feet. Lengths of tie bars
are assumed to be 60 times the diameter of the bars provided.

Cost of joints Cj is the sum of two costs:

c, = C.,+c, (4 .42)

where C,1 and Cjt are respectively the costs of longitudinal and transverse
J

joints per square yard of pavement.

. C c
¢, = 9] B+t (4.43)
B SJt
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where

le = cost per foot of longitudinal joint excluding the cost of
tie bars;
th = cost per foot of transverse joint including dowels, sawing

and sealing, etc.; and

Sjt = computed spacing of transverse joints in feet.

Future Costs

The expenses subsequent to the initial construction are accumulated

throughout the analysis period. These expenses are

(1) present worth of the overlays C0 s
(2) present worth of the maintenance Cmt , and

(3) present worth of the seal coats CSc .

Thus, the present value of all future costs Cpf is given as
Cpf = C0 + Cmt + CSc v (4.44)
Cpf s Co s Cmt s CSc are costs computed per square yard of the pavement.

Cost of Overlays. There are two specific aspects of overlay cost analysis:

(1) overlay construction cost Coc , and

(2) traffic delay cost during overlay operations COd .

Overlay construction cost is the present worth of all future overlays.

For asphalt concrete overlays COC is computed as

N T «C +C
n a

ae
= 4.4
Coc 2 t (4.45)
36 (1L +
where
. th
T = thickness, in inches, of n ~ overlay;

n
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tn = time, in years, when nth overlay 1is provided;

Cak = cost per cubic yard of compacted asphalt concrete overlay;

Cae = cost per square yard of equipment, labor and other charges;
and

N = number of overlays computed for design strategy.

Cost analysis of PCC overlays is the same as that of concrete in the

original PCC pavement (Eq 4.36). The model is

T «C +C +¢C
n cc ce cs

t

: n
nel 1+ Ir)

oc (4.46)

N
cC = T
L

where Ccc is cost per cubic yard of PCC provided in the overlay and all other
terms are as previously defined.

Traffic delay cost during overlay construction deals with indirect costs
which an overlay operation will incur due to the disturbances it produces in
traffic flow. Speed fluctuations and delays caused thereby give rise to these
costs. .

The following basic types of delays and time losses are considered during

the overlay operations:

(1) having to stop outside the restricted area because of congestion,

(2) having to stop in a restricted area because of the movement of
personnel and equipment, and

(3) having to travel at a reduced speed in the restricted area.

The following basic costs are calculated for traffic delay:

(1) excess time and operating cost due to the cycles of reducing from
a particular speed to a stop and returning to that speed,

(2) excess time and operating (idling) cost due to being stopped,

(3) excess time and operating cost due to a cycle of reducing from the
approach speed to the through speed and returning to the approach
speed, and

(4) excess time and operating cost due to traveling a certain distance
at a reduced speed instead of the approach speed.

The first two kinds of costs occur
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(1) outside the restricted area due to congestion when hourly traffic
input into the area is greater than the output from the area and
therefore a certain amount of traffic is stopped, and

(2) 1inside the restricted area when the vehicles have to be stopped

because of the movement of overlay equipment and personnel.

The excess time and operating cost of slowing or stopping from different
speeds and traveling at reduced uniform speeds and the costs of idling are
calculated in RPS1 by the tables in the form of data arrays. The tables for
these costs are taken from Ref 104. The original sources of information are
Refs 1, 44, 112, 123, 134, and 148. The procedure and models for traffic
delay costs are described in Appendix 7.

Total traffic delay cost of all overlays discounted to the present worth

COd per square yard of pavement is given by

N Cn

Cod = S’ tn (4.47)
n=1 (1 + Ir)

where

N = number of overlays computed for the design strategy;

Ir = interest rate;
. . th . .

tn = time, in years, when n overlay is provided;

Cn = total cost of traffic delay per square yard of pavement during

th
the construction of n overlay as determined in Appendix 7.

Cost of Maintenance. NCHRP Report 42 (Ref 62) describes a comprehensive

nationwide study undertaken to quantify maintenance requirements on interstate
highways. Twenty-eight test sections were selected in five states: New York,
Florida, Ohio, Texas, and California. Different maintenance cost requirements
were compiled for a period of 12 months on these sections. A regression analy-
sis of data with respect to maintenance requirements for pavement and shoulders

gave the following model:

U = 19.72 X2

n 1t 13.72 X, - 183 (4.48)
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where

U = yearly pavement and maintenance requirement units for a

m
centerline mile of four-lame interstate highway or its equiva-
lent in interchanges or its equivalent in multilane pavements,

X1 = age of pavement in years after initial or an overlay con-
struction up to the beginning of the year for which Um is
calculated,

X2 = mnumber of days in a year when the maximum daily temperature

is below 32O F.

The requirement units Um include comparable units of labor, equipment,
and materials. The total units are divided into quantities of each component
by the factors based on average distribution of these components. The factors

are

Urban Rural
Areas Areas
Labor 607, '44%
Equipment 19% 21%
Material 217 35%

The units can be interpreted directly as dollars if the following conver-

sion rates, as assumed in regression analysis, are used:

Composite labor rate = $2.20 per maintenance unit
Composite equipment rental rate = $2.72 per maintenance unit
Material cost = $1.00 per maintenance unit.

The original report should be referred to for definitions of ''Composite'
values. The above rates are averages of the values determined for the five
states. The values considered in the amalysis for labor, equipment, and mate-
rials for the State of Texas are respectively $1.98, $2.66, and $1.00. 1In
RPS1 maintenance, the model uses any values for these rates specified by the

designer.
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There are accuracy limitations on the model developed because of
relatively small samples taken in five states over a single year. On the
other hand, it should be noted that the State of Texas had six sections in an
analysis of a total of 28 test sections. The sections in Texas were spread
throughout the state.

The model is reported to be best suited for large segments of the inter-
state system and should be modified for other types of highways. The predic-
tion accuracy of the model with respect to the original data is an overall
difference of 0.85 percent.

Assuming that each year's maintenance cost calculated by the model is
paid at the beginning of the year, the total discounted maintenance cost for

a strategy is given as

L
J j C .
c. o= ) Y 2% + Bk (L'-L\
mt = L Z, N, +4 -1 N, + L, j j)
j=1 z=1<1+1) <1+1) J
T T
(4.49)
where
i
< 4
Nyo= ) T
k=1
L’ = 0.0
o
L, = A_-N
] p ]
The quantities are defined as
£ = vyear number after initial or overlay construction for which
C . 1is calculated;
2,51
. th . .th
C, . = cost of maintenance for [ year in j per formance

period after initial or an overlay construction, per square

yard of pavement;
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Lj = value of L; in jth performance period, rounded off to

the lower whole number;
) . .th .

Lj = 1life of the j performance period;

i = performance period number;

J = total number of performance periods within the analysis
period;

Ap = analysis period; and

Ir = 1interest rate.

Cost of Seal Coats. Seal coats in RPS1 are provided for strategies where

asphalt concrete overlays are provided. The time to the first seal coat after
an overlay and the time between consecutive seal coats within the same perform-
ance period are specified by the designer along with the cost of one seal
coat per lane mile.

If J, number of seal coats are provided in the kth per formance period

k

and if the cost per square yard of one seal coat is given by Cone , the pres-

ent worth of all seal coats provided on a strategy will be

K k
C
c_ = )y ) — (4.50)
sC L i) k
k=2 j=1 (1 +1) g
where
K = total number of performance periods for a strategy, with the

last performance period ending with the end of the analysis

period, and

t’k = time when the particular seal coat is provided after the
]
initial construction.

The number of seal coats and their schedules in a performance period are

calculated by simple additions.
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Salvage Returns

The salvage returns of a pavement are the values of usable materials at
the time when pavement is abandoned. Since the utility of pavement materials
when abandoned cannot be generalized and depends upon circumstances at that
time, a salvage percentage is built into the program, to be specified by the
user.

The salvage percent PSV is defined as the returns in percent of the
cost of initial and overlay materials provided in the pavement.

The present worth of salvage returns as calculated in RPS1 is

P
Csal - (ch ) Cc‘ + Tov ) Co ) = A (4.51)
y ¥/ 3600(1 + 1)7%p
where
TCC = thickness of concrete, inches;
CCy = cost of concrete per cubic yard in the pavement;
Tov = total thickness of all overlays during the life of the
pavement, inches;
Coy = cost of overlay material per cubic yard in the pavement; and
Ap = analysis period, years.
MISCELLANEOUS

Certain models used in RPS1 do not fall in any of the categories

described previously. They are given here.

Simultaneous Solution of Equations

Finding the life of a pavement structure requires the simultaneous solu-
tion of the three equations described earlier. They are the performance equa-
tion (Eq 2.27), the traffic equation (Eq 4.6), and the swelling clay equation

(Eq 4.13). The three equations can be written as shown below.
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Per formance equation:

w = f (Pl’ P, D, k, E, fC’ N)) (4.52a)

Traffic equation:

W= f (5 G A, t) (4.52b)

Swelling clay equation:

t = £ (P, R, b, P (4.52¢)

Most of the variables in these equations are known. Equations written in

their simplest forms using only the unknown variables are

W = f (p) (4.53a)
W = £ (t) (4.53b)
t = f (P) (4.53C)

Several attempts were made to combine these equations and to solve them
simultaneously for the value of t . The simplest method would have been to
combine them mathematically so that they could be solved directly for the
value of t . As the derivation of such a model is very complex, a decision
was made to solve these equations by an iterative procedure resulting in a
value of t acceptable within an allowable tolerance. The procedure when
adapted on the computer showed acceptable efficiency.

According to the basic AASHO equation, the rate of change of serviceability
index increases with the number of load applications (or time). Physically it
means that pavement deterioration at any time is a function of present service-

ability index of the pavement at that time. Expressing this mathematically

SR ¢ (loss of serviceability caused by traffic)
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A generalized form of this observation is applied to the cases where swelling
clays are also active. It is assumed that the rate of deterioration caused by
traffic is a function of present serviceability produced as a result of both

previous traffic and the swelling clay.

%ﬁ = f (loss of serviceability caused by traffic plus swelling

clay)

This approach is used in the RPS1 solution process by using small incre-
ments of serviceability index. A brief description of the method is discussed
below in reference to Fig 10 which explains graphically the solution process.

A small decrement dP in P 1is substituted in the swelling clay equa-
tion and the corresponding increment in t 1is calculated as At . For very
small values of swelling clay parameter this process is reversed. A small
increment At in t 1is substituted in the swelling clay equation and the
corresponding decrement in P 1is calculated as dP.

Increment At is substituted in the traffic equation to give an increment
MW in the traffic. The value of dP when subtracted from the value of the

initial serviceability index P, gives a new value Pm , which when used in

1
the performance equation along with AW gives a value of p . The value
(Pm - p) is the serviceability loss due to the incremental traffic AW . The

process is repeated until p approaches the value of terminal serviceability
P2 within a specified tolerance. The final value of t gives the desired
life.

It is obvious from Fig 10 that serviceability loss due to swelling clay
is considered continuous whereas the loss due to traffic is calculated in dis-
crete steps along the performance curve. For each step, serviceability loss
due to traffic is dependent upon the serviceability index at the beginning of
the step. Contrary to this, the loss in serviceability due to swelling clay
is independent and continuous. Physically it will mean that serviceability
loss due to traffic is dependent upon swelling clay deterioration, but the loss
in serviceability due to swelling clay is continuous and is not affected by
load repetitions. The finer the value of decrement dP , the better the

answers will be. An exact solution will be obtained whem dP tends to zero.
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Models for Correlation of Material Properties

Certain relationships correlating material properties are used in RPS1
and are described below.

An empirical relationship is developed correlating the experimental data
(Refs 61 and 77) available for Texas Triaxial Class TTC of a material and
its resilient modulus value MR .

The relationship is
log - 4.906 - 0.107 T, '*? % .54)
10"R : : TC .

Since elastic layered theory is used to develop the model for improved
modulus of support, the same loading is used to generate data to determine k

values corresponding to various MR values. The relation developed is

MR = 23.925k (4.55)

where

k = modulus of subgrade reaction.
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CHAPTER 5. THE WORKING SYSTEMS MODEL

The rigid pavement system generates alternate solutions for the design
with the help of a working systems model in the form of a computer program.
The explicit mathematical models described in Chapter 4 are solved by this
computer program. The computer program has been named Rigid Pavement System
One, RPS1. A number has been added to the system ID to signify the stage of
improvement. The number 1 designates this as the first working system for
the design of rigid pavements. Subsequently, improved versions will be called

RPS2, RPS3, and so on.

SYSTEM INPUTS

The design involves the use of a large number of input variables pro-
ducing a large variety of pavement design options in a systematic manner.
The exact number of pieces of information to be input depends upon the indi-
vidual problem and can be determined from Table 1.

This relatively large set of inputs is subdivided into the following

groupings:

(1) system controls;

(2) system constraints;

(3) performance variables;

(4) traffic volume, growth, and distribution variables;
(5) traffic delay variables;

(6) material properties;

(7) stochastic parameters;

(8) cost variables;

(9) envirommental factors;

(10) dimensional inputs; and

(11) miscellaneous parameters.

A brief discussion of these groupings, the variables in each group, and

their functions are described below.

79
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TABLE 1. NUMBER OF

INPUTS FOR PROGRAM RPS1

Type of Input

Number of Inputs

(1) Program controls 5

(2) Traffic volume 1 +NL % 4
(3) Traffic growth and distribution 5

(4) Designer's restraints 9

(5) Performance variables 5

(6) Traffic delay variables 16

(7) Concrete 1 +NC x 11
(8) Concrete dimensions 3

(9) Subgrade 6

(10) Subbase 1+ NSB %x 9
(11) Bar streel longitudinal NLB x 3
(12) Bar steel transverse NTB x 3
(13) Wire mesh NWM x 3
(14) Tie bar steel NTB x 3
(15) Steel sizes NB + 2 X NW + NT
(16) Overlays 6
(17) Seal coats 3
(18) Joints 5
(19) Maintenance, dimensions, and miscellaneous 8

Definitions
NI, - number of load groups,

NC -
NSB -
NLB -
NTB -

NIB -
NB -~

NT ~

number of concretes,
number of subbases,

number of longitudinal bar steels,

number of transverse bar steels,
number of wire mesh steels,
number of tie bar steels,

number of deformed bar numbers,
number of wire mesh sizes,
number of tie bar numbers.

The program uses 114 different types of numerical inputs,
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System Controls

The operation of the computer program is controlled by these optional
parameters. To create maximum flexibility in design, three main options,
giving rise to eight different types of designs, are built into the computer
program. The options are for

(1) pavement type: jointed concrete pavements or continuously reinforced

concrete pavements;

(2) overlay type: asphalt concrete overlays or portland cement concrete
overlays; and

(3) reinforcement type: wire mesh reinforcement or deformed bar rein-
forcement.
Table 2 describes these different types of designs.
The user can specify both types of pavements and/or overlays and/or
reinforcements to be analyzed.
The output for RPS1 can be varied also. The following options are avail-
able:

(1) the number of alternate strategies desired and

(2) the long or the short form of output.

Designs are printed in a summary table where the optimal design appears
first, and the others are presented in the order of increasing total overall
cost.

The long and the short forms of the output determine respectively whether
or not to print out reinforcement size and layout and the seal coat schedule
for each strategy printed in the summary table.

It may be noted that program controls largely determine the operation and
output of the system, and thus, with their proper use, computation time can be

largely decreased.

System Constraints

As the name implies, this set of variables enforces different restraints
on the working system. A set of specified constraints generates the overall
number of possible designs, which are ther analyzed and checked against a num-
ber of other constraints located at various places in the system. The designs
are rejected or accepted at these checks. A strategy which fulfills all the
requirements of these restraints is a feasible strategy and is considered for

the optimization process.
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TABLE 2. TYPES OF DESIGN STRATEGIES WHICH CAN BE ANALYZED BY RPS1

Design type 1 2 3 4 5 6 7 8
Pavement type JCP JCP JCP JCP CRCP CRCP CRCP CRCP
Overlay type AC AC PCC PCC AC AC PCC PCC
Reinforcement type WM DB WM DB WM DB WM DB
JCP -~ jointed concrete pavements,

CRCP - continuously reinforced concrete pavements,

AC - asphalt concrete,

PCC - portland cement concrete

WM - wire meshes,

DB - deformed bars.
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System constraints are different from the system controls in the sense
that the latter control the types of solutions to be generated whereas the
former formulate or reject the individual designs within those types.

Generally system constraints are the designer's decisions to generate a
reasonable number of solutions, but at certain times they can be the actual
physical limitations advocated by the special conditions of design and con-
struction. The constraints decide the number of feasible designs considered
for a particular problem and therefore may at times be very restrictive and
reject some designs which are otherwise more economical. On the other hand,
opening these restrictions beyond certain values may result in bringing a num-
ber of unnecessary designs under consideration and thereby increasing the com-
putation time. For certain cases these constraints may increase the computa-
tion time considerably, and the solution process may itself become uneconomical.
Therefore an efficient use of these variables should be made. These con-
straints are of two major types.

Constraints which limit the number of designs to be generated are

(1) minimum allowable concrete thickness;
(2) maximum allowable concrete thickness;

(3) increment at which concrete can practically be poured or the incre-
ment at which the solutions should be tried, whichever is greater;

(4) minimum allowable compacted thickness of each subbase;
(5) maximum allowable compacted thickness of each subbase;

(6) practical increment at which the subbase can be constructed or at
which the solutions should be tried, whichever is greater, for each
subbase;

(7) minimum asphalt concrete and/or portland cement concrete overlay
thickness at one time;

(8) maximum total asphalt concrete and/or portland cement concrete
overlay thickness; and

(9) wire mesh and/or deformed bar sizes to be tried for reinforcement.

Constraints which reject the generated designs or which partially abandon

the process of generating designs of a certain kind are

(1) maximum funds available for initial construction,

(2) maximum total allowable thickness of initial comstruction,
(3) minimum time allowed for the first overlay,

(4) minimum time allowed between two consecutive overlays, and

(5) 1length of the analysis period.
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Per formance Variables

These variables are used in the system performance models to determine the
life of an initial design or the overlayed structure when its serviceability
index is allowed to drop from its initial value to a certain level specified
as the minimum allowable for the facility under consideration. The performance
model was developed by the statistical analysis of the serviceability trend
values observed on the AASHO Road Test sections and therefore is supposed to
be defined on the basis of the same distress responses as used at the Road
Test or any other correlation thereof.

The following per formance variables are used in RPS1:

(1) anticipated initial serviceability index of new pavement,

(2) minimum serviceability index to be maintained at all times for the
facility,

(3) serviceability index which can be obtained after an overlay con-
struction, and

(4) a theoretically assumed minimum value of the serviceability index
which a pavement with no traffic will attain over an infinite period
of time due to the effects of the swelling type of foundation soils.

Traffic Volume, Growth, and Distribution Variables

These inputs are used to specify the loads the pavement will have to

carry during its analysis period. They are divided in two main groups:

(1) 1initial traffic volume and

(2) traffic growth and distribution.

Initial Traffic Volume. This includes

(1) number of axle load ranges which will sufficiently divide the axle
weights into a reasonable number of groups,

(2) 1lower and upper value of each load range,
(3) type of axle,
(4) frequency of axles per day in both directions, and

(5) initial expected average daily traffic in one direction.

Traffic Growth and Distribution. These data determine the distribution

of the above given traffic volume data over space and the projection in time
during the analysis period. These growth and distribution variables of traf-
fic are generally very complex and difficult to define and evaluate in a

simple way. This design system contains simple versions of these growth
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factors which can easily be defined and quantified with the present state of
available data and knowledge. These variables are
(1) percent per year of linear growth of the number of axles in each
load range,
(2) percent per year of linear growth of the average daily traffic,
(3) percent of directional distribution of traffic, and
(4) percent of one-directional distribution of traffic for the design

lane.

Traffic Delay Inputs

This set of variables is used to analyze the indirect economic costs of
overlay construction incurred due to the inconvenience to traffic users. The
present design system considers such inconvenience by mathematically calculat-
ing the costs of traffic delays and operating time losses.

Variables used to determine traffic delay costs are given in the following

subgroups.

Speed Profile Variables. These variables indicate the anticipated changes

in the speeds of vehicles at the time of overlay construction. They are
(1) approach speed of the vehicles from both directions to the overlay
area,
(2) average through-speed of the traffic in the overlay direction, and

(3) average through-speed of the traffic in the nonoverlay direction.

Time Related Variables. These variables describe the time losses during
traffic delay. They are
(1) average delay per vehicle moving in the overlay direction when it is

stopped in the restricted zone by the construction equipment and/or
personnel and :

(2) average delay per vehicle moving in the nonoverlay direction when it
is stopped in the restricted zone by the construction equipment
and/or personmel.

Overlay Site Description Variables. These variables describe the overlay

site and the distances over which the traffic will be affected. These vari-

ables are

(1) the model number describing the handling of traffic during the
overlay operation,

(2) distance in the overlay direction over which the traffic is slowed,
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(3) distance in the nonoverlay direction over which the traffic is
slowed,

(4) distance of the alternate route if the traffic in the overlay direc-
tion is diverted,

(5) number of open lanes in the overlay direction in the restricted zone,

(6) number of open lanes in the nonoverlay direction in the restricted
zone, and

(7) location of the facility, in a rural or urban area.

Traffic Variables. These describe the amount of original and affected

traffic volumes during the overlay operation. They are
(1) percent of vehicles stopped by road equipment and personnel in the
overlay direction,

(2) percent of vehicles stopped by road equipment and personmmnel in the
nonoverlay direction, and

(3) percent of average daily traffic arriving during each hour of over-
lay construction.

Construction Time Variables. These variables determine the total number

of hours that it will take to construct an overlay of a particular thickness.

They are as follows:

(1) cubic feet per hour of asphalt concrete production,
(2) cubic feet per hour of cement concrete production, and

(3) number of hours per day that the overlay construction takes place.

Material Properties

These variables are required by various models of the system for analyzing
the pavement structures. These are generally the engineering characteristics
of the materials and can be determined in the laboratory or in the field with
the exception of some which are theoretically defined. These properties are
given below.

Subgrade. It is represented by the following properties:

(1) mean value of modulus of subgrade reaction or the mean Texas Triaxial

Class of subgrade material,

(2) erodability factor for subgrade,

(3) swelling clay parameter, which is a mathematically described property
of the subgrade representing the rate of loss of pavement service-
ability of the system due to the swelling nature of the subgrade, and

(4) coefficient of friction between the subgrade and the concrete slab.
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Subbase. Subbase is the layer of material which is used above the
subgrade to improve its load supporting capacity. In the present procedure
the improvement achieved by using a particular subbase is considered by com-
puting the increased value of modulus of support reaction. The following

properties of each of the subbase materials are input:

(1) resilient modulus or Texas Triaxial Class of subbase material,
(2) erodability factor for the subbase, and

(3) coefficient of friction between the subbase and the concrete slab.

The coefficient of friction is used to determine the temperature stresses

produced in concrete due to the shrinkage or expansion of the concrete slab.

Concrete. 1In addition to the supporting strength of the foundation below
the slab, the properties of the concrete are vital factors for the performance
of a design. They are used in the performance models of the system to deter-
mine the life of a design as well as the amount of steel to be used in the
design. The parameters to be input in the present system are

(1) mean value of the flexural strength of concrete, the position of the

testing loads, and the age of the concrete samples when tested in
days;

(2) modulus of elasticity of concrete at 28 days;
(3) weight of concrete; and

(4) tensile strength of concrete.

Reinforcement. This is generally used in concrete slabs to minimize

temperature cracking. The steel property used for this purpose is the tensile

yield point strength of steel.

Overlays. Overlays are provided on designs where the original slab does
not last the required analysis period. Various models and techniques are
built into this working system for the design and analysis of the composite
structures resulting from the overlay thicknesses of different materials. For
rigid overlays the same properties of concrete are used for overlays as for
the concrete used in the initial design. In addition, the program requires
the input of a theoretical concrete coefficient determining the load-carrying
capacity of the existing slab as compared to a new slab. For asphalt concrete
overlays the modulus of elasticity of asphalt concrete is the required input

for the design.
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Stochastic Parameters

For the nonhomogeneous materials used in pavements, the material properties
change from point to point and are functions of time and environment. To take
such variations into account, the dispersion data of the laboratory tests con-
ducted to determine these properties can be utilized. Assuming the dispersion
data for a material property to fall along a normal distribution curve, a
design value can be found by specifying a certain level of confidence desired
for design with respect to that particular material property. The present
design system utilizes this concept for two important variables of design and

requires the following inputs:

(1) standard deviation for the flexural strength of concrete,

(2) confidence level desired with respect to the flexural strength of
concrete,

(3) standard deviation for the modulus of subgrade reaction or Texas
Triaxial Class of subgrade, and

(4) confidence level desired with respect to the modulus of subgrade
reaction or Texas Triaxial Class of subgrade.

Cost Inputs

The criterion of total overall cost is used for this working system to
indicate the preference of any design over the other. The overall cost is
calculated by considering the cost of materials, construction, maintenance,
and other operations. A number of cost inputs are therefore required by the
computer program for its evaluation of different strategies. These cost

inputs are

(1) cost per lane-mile of subgrade preparation,
(2) 1initial cost per lane-mile of construction equipment for each subbase,
(3) in-place cost per compacted cubic yard of each subbase,

(4) 1initial cost per lane-mile of construction equipment for each type
of concrete,

(5) unit cost per cubic yard for each concrete,
(6) cost per lane-mile of surfacing (curing and finishing) each concrete,
(7) cost per pound of each type of reinforcement,

(8) 1initial cost per lane-mile of construction equipment for asphalt
concrete overlays,

(9) in-place cost per cubic yard of compacted asphalt concrete,
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(11)

(12)
(13)
(14)
(15)
(16)
(17)

(18)
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present worth of any additional cost per square yard incurred for
any special treatment of old pavement before an overlay construc-
tion,

cost per lane-mile of providing a seal coat. The seal coats are
used for pavement strategies provided with asphalt concrete over-
lays. The total cost of seal coats is determined with the help of
the following schedule which is to be input:

(a) minimum time to the first seal coat after an asphalt concrete
overlay and

(b) minimum time allowed between two consecutive seal coats,

cost per foot of transverse joint,

cost per foot of longitudinal joint,

composite labor wage per unit of maintenance,

composite equipment rental rate per unit of maintenance,

cost of materials per unit of maintenance,

salvage percent of structural value at the end of the analysis
period, and

percent interest rate or time value of money.

Environmental Factors

The only environmental effect built into the system at present is needed

to compute the maintenance requirements of various designs and is an index of

the number of days with freezing temperature per year.

Dimensional Inputs

These inputs determine the dimensions of the facility to be provided.

They are

(D
(2)
(3

(4)

number of total lanes to be provided in both directions,
width of each lane,

number of transverse construction or warping joints (if any) to be
provided for continuously reinforced concrete pavements, and

range of spacing (lower and upper values) specified for transverse
joints in jointed concrete pavements.

Miscellaneous Parameters

Certain inputs do not fall in any of the above categories. They are

provided to aid in other inputs and the computer output. They are

(1
(2)

number of concretes,

number of subbases,
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(3) description of subbases, and

(4) identifications for all reinforcements.

INPUT SUMMARY

For the sake of quick reference, all the inputs discussed earlier are
presented in Table 3. The subdivisions of variables for this table are
different from those described above and are the ones used in the computer
program, for the sake of the convenience of data input. The names assigned

to the variables in the computer program are also given.

GENERAL DESCRIPTION OF RPS1

The computer program RPS1 is written to solve various performance and
cost models, giving arrays of designs and pertinent information. These stra-
tegies are stored and scanned for optimization by a technique utilizing mini-
mum storage requirement and computational time. A general procedure of analyl
sis is described in this section. A thorough understanding of the program
can be achieved by going through, in addition to this section, various mathe-
matical models used, the general flow diagram, and the listing of the computer
program. Appendices 1 through 5, respectively, describe the operating manual,
general flow diagram, listing of computer program, sample input, and the
output for the example problem.

A summary flow chart for the program is shown in Fig 11. The program
begins by reading all input data. A number of checks have been included for
wrong data input and invalid parameters. A relevant error message is printed
in such cases and the program is terminated. All data, if successfully read,
are echo printed.

Based upon data input the design values of certain variables are found
using probability. The subsequent design process can broadly be divided into

the following major parts:

(1) generating possible initial designs,

(2) selecting feasible initial designs,

(3) developing overlay strategies,

(4) storing, optimization, and scanning, and

(5) output.

Each major part is discussed separately in the following sections.
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TABLE 3. PROGRAM INPUTS, RPS1

(1) Program controls

(a) Control switch deciding the type or types of pavements to be designed,
NCS1

(b) Control switch deciding the type or types of overlays to be designed,
NCS2

(¢c) Control switch deciding the type or types of reinforcements to be
designed, NCS3

(d) Control switch to decide whether to print the long or the short
form of output, PSN1

(e) Control switch to specify the number of designs for the output in
the summary table, PSN4.

(2) Traffic volume

(a) Number of axle load ranges, NL

(b) Lower value of load range, Ll

(c) Upper value of load range, L2

(d) Type of axle, NCODE

(e) Number of axles per day in both directions for each load range, NA

(3) Traffic growth and distribution

(a) Axle growth factor, AGF

(b) ADT growth rate, ADIGR

(¢c) Directional distribution factor, DDF
(d) Lane distribution factor, DFL

(e) 1Initial one direction ADT expected, ADT

(4) Program restraints

(a) Maximum funds available for initial construction, CMAX
(b) Maximum total thickness of initial construction, TMAX
(c) Minimum time to the first overlay, OFMIN

(d) Minimum time between overlays, BOMIN

(e) Maximum accumulated thickness of all AC overlays, OMAXA
(f) Minimum thickness of a single AC overlay, OMINA

(g) Maximum accumulated thickness of all CC overlays, OMAXC
(h) Minimum thickness of a single CC overlay, OMINC

(i) Length of the analysis period, AP

(5) Performance variables

(a) 1Initial serviceability index, Pl

(b) Terminal serviceability index, P2

(¢) Serviceability index after an overlay, POV

(d) Minimum serviceability index which will be reached due to swelling
clay alone, P2P

(e) Swelling clay exponent, BONE

(Continued)
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TABLE 3. (Continued)

(6) Traffic delay variables

(a) Distance over which traffic is allowed
(1) 1in overlay direction, DTSO
(2) 1in nonoverlay direction, DTSN
(b) Detour distance of the alternate route, if adopted, DDOZ
(c) Percent of ADT arriving during each hour of overlay construction,
PAPH
(d) Number of hours per day that the overlay construction takes place,
HPDC
(e) Number of open lanes in the restricted zone
(1) 1in overlay direction, NOLO
(2) in nonoverlay direction, NOLN
(f) Project location, rural or urban, ITYPE
(g) Percent of vehicles stopped by road equipment and personnel
(1) 1in overlay direction, PVSO
(2) in nonoverlay direction, PVSN
(h) Average delay per vehicle stopped in the restricted zone
(1) 1in overlay direction, DEQO
(2) 1in nonoverlay direction, DEQN
(i) Average approach speed of vehicles, AAS
(i) Average speed through restricted zone
(1) 1in overlay direction, ASOD
(2) in nonoverlay direction, ASND
(k) Model describing the traffic situation, MODEL

(7) Materials, concretes

(a) Number of concrete types, NC

(b) Number of days at which concrete strength was measured, ND

(c) Position of loads for flexural strength test, center or third
point, NP

(d) Mean value of concrete flexural strength, SX

(e) Concrete flexural strength standard deviation, SXSD

(f) Confidence level desired with respect to concrete flexural
strength, SXCL

(g) Weight of concrete, WC

(h) Modulus of elasticity of concrete, E

(i) Tensile strength of concrete, TS

(j) Initial cost of construction equipment, CIC
(k) Unit cost per cubic yard of concrete, CPCYC
(1) Cost of surfacing concrete, CSC

(8) Concrete dimensions

(a) Minimum allowable concrete thickness, TCMIN

(b) Maximum allowable concrete thickness, TCMAX

(c) Practical increment at which concrete can be poured or the solutions
to be tried, CINC

(9) Subgrade properties

(a) Subgrade k, mean value, SGK
(b) Subgrade k, standard deviation, SGKSD

(Continued)
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(d)
(e)
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(h)
(i)

TABLE 3. (Continued)

Subgrade k, confidence level, SGKCL

Texas Triaxial Class, mean value, TTC

Texas Triaxial Class, standard deviation, TTCSD
Texas Triaxial Class, confidence level, TTCCL
Friction factor for subgrade, FFSG

Erodability factor for subgrade, EFSG

Cost of subgrade preparation, CPLMSG

(10) Materials, subbases

(a)
(b)
(c)
(d)
(e)
(£)
(8)
(h)
(i)
(1
(k)

Number of subbase types, NSB

Description of subbase, NAME

Erodability factor for the subbase, EF

Friction factor for subbase, FFSB

Texas Triaxial Class for subbase, TTCS

Subbase material modulus value, ES

Initial cost of construction equipment, CIS
Cost per cubic yard of compacted subbase, CPCYS
Minimum allowable subbase thickness, TSMIN
Maximum allowable subbase thickness, TSMAX
Practical increment at which subbase can be poured, SINC

(11) Materials, reinforcements

(a)

(b)

(c)

(d)

Longitudinal and transverse
(1) bar steel identification number, NAMEBRS
(2) tensile yield point strength of bar steel, TYSBS
(3) cost per pound of bar steel, CPPBS
Wire mesh steel
(1) wire mesh steel identification number, NAMEWS
(2) tensile yield point strength of wire mesh steel, TYSWS
(3) cost per pound of wire mesh steel, CPPWS
Tie bar steel
(1) tie bar steel identification number, NAMETS
(2) tensile yield point strength of tie bar steel, TYSTS
(3) cost per pound of tie bar steel, CPPTS
Steel sizes
(1) bar numbers to be tried, BARN
(2) mesh spacings to be tried,
(a) 1longitudinal, SL
(b} transverse, ST
(3) tie bar numbers to be tried, TBARN

(12) Materials, overlays

(a)
(b)
(c)
@)
(e)
(£)
(g)

Initial cost of construction equipment for AC overlays, CIOV
Cost per cubic yard of asphalt concrete, CPCYAC

Asphalt concrete modulus value, ACE

Asphalt concrete production rate, ACPR

Concrete production rate, CPR

Concrete coefficient, COEF

Any additional cost per square yard, present value, CPSYR
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TABLE 3. (Continued)

(13) Seal coats

(a) Time to first seal coat after an AC overlay, TFS
(b) Time between seal coats, TBS
(¢c) Cost per lane-mile of a seal coat, CPLMS

(l4) Joints

(a) Cost per foot of transverse joint, CPFTJ

(b) Cost per foot of longitudinal joint, CPFLJ

(c) Transverse joint spacing
(1) 1lower value, SLV
(2) upper value, SUV

(d) Number of transverse joints, if any, provided for CRC pavements,
NJM

(15) Maintenance, Dimensions, and Miscellaneous

(a) Days of freezing temperature per year, DFTY

(b) Composite labor wage for maintenance, CLW

(¢) Composite equipment rental rate for maintenance, CERR

(d) Cost of materials for maintenance, CMAT

(e) 1Interest rate or time value of money, RINT

(f) Salvage percent of structural value at the end of analysis period,
PSVGE

(g) Width of each lane, WL

(h) Total number of lanes in both directions, NLT
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Generating Possible Initial Designs

The thicknesses of concrete and subbases, starting with their minimum
values and incrementing up to the maximum, produce a number of combinations of
initial designs. These initial designs, when considered with different sets
of concrete and subbase properties and for different types of pavements, pro-
duce a large number of initial designs, each of which is considered and
analyzed separately. For efficiency in programming and to avoid unnecessary
calculations, the initial designs are generated in RPS1 in the order shown in

Fig 12,

Selecting Feasible Initial Designs

Each design of the possible initial design array discussed above is

further analyzed as follows:

(1) equivalent traffic loads are computed for the design;

(2) improved roadbed support due to the subbase is calculated and then
reduced for the specified erodability effect;

(3) 1initial life of the design is computed;
(4) reinforcement is designed and joint spacings are determined; and

(5) initial cost of the design is computed.

During this analysis, the initial design is subjected to three restraints

specified by the designer:

(1) maximum allowable total thickness of initial constructionm,

(2) minimum time allowed for the first overlay after initial construction,
and

(3) maximum allowable cost of initial construction.

If the design under consideration does not satisfy any of these three
restraints, it is rejected. All the designs which do meet these restrictions
are feasible initial designs.

The first restriction is active when the sum of the thicknesses of the
concrete slab and the subbase is more than the maximum allowable total speci-
fied thickness. In terms of structural design, this restriction generally
helps to avoid some of the designs having high subbase thicknesses.

The second restriction is applied when the first three of the above given
steps of the analyses have been carried out. All the designs having their

initial lives less than the allowable time before they can be overlayed are
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rejected as being unfeasible designs. Generally this restriction rejects
initial designs which are relatively weak in their structural strength. For

a designer following general current practices for providing overlays over
initial construction, this restriction proves helpful in rejecting weak
designs which require overlays in a short time after the initial construction.

Cost of initial construction is checked when all phases of an initial
design contributing to cost are analyzed. The design is rejected if the cost
of the design is more than the money available for initial construction. This
is a very useful restriction for the designer who has a limited amount of
money to start with and hopes to get more funds in the future.

The restrictions discussed above are very effective and useful from the
analysis point of view but can be misleading if not properly used. TFor a par-
ticular set of design variables, certain values of these restrictions may
reject initial designs which might otherwise have been found to be more econ-
omical, had the values of the restrictions been a little less restrictive.

On the other hand, highly nonrestrictive values may in certain cases produce
a large number of initial designs resulting in very high computation time.

It is therefore recommended that values used for these restrictions be those
which give a fair representation of all types of designs with respect to cost
and strength.

The length of analysis period, though used as a parameter in several
phases of the design process such as predicting traffic loads and being the
ultimate criterion for a successful design, also acts theoretically as a
restriction on initial designs. If an initial design with a particular con-
crete and subbase lasts the analysis period, all such designs which have the
same concrete thickness and larger subbase thicknesses are rejected.

The designs which meet all the restrictions are called feasible initial
designs and, except for the designs whose initial lives last the analysis

period, are taken to the overlay subsystem for designing overlay strategies.

Developing Overlay Strategies

Every initial design which does not last the analysis period but meets all
other feasibility requirements is overlayed with portland cement concrete or
asphalt concrete overlays, as specified. Miminum thickness of the overlay and

maximum combined thickness of all overlays is specified by the program user.



99

As soon as an initial design falls to its terminal serviceability index level,
an overlay is provided and the composite structure is reanalyzed for its life.
Every overlay life is subjected to a restraint specified by the designer.
If a strategy requires its next overlay before the minimum specified time
between overlays, it is abandoned. Once an initial design is started to be
overlayed, the program adopts the following procedure:
(1) The minimum thickness of an overlay is provided and again the life
up to the minimum allowable serviceability index is calculated.

(2) 1If this life is less than the minimum time between overlays, the
overlay thickness is incremented and the structure is reanalyzed.

(3) 1If the life of a composite structure does satisfy the time-between-
overlay requirement but the total life including overlay life is
still less than the analysis period, the structure is again over-
layed with the minimum allowable thickness. This procedure is
followed until any of the following haprens:

(a) Number of overlays exceeds eight.

(b) The total thickness of all overlays provided exceeds the speci-
fied value. 1In this case, the procedure increases the thickness
of the previous overlay and analysis is resumed.

(¢) The total life after an overlay is more than the analysis
period. This is considered to be a successful strategy. The
program, having met this condition, tries other overlay stra-
tegies which can be possible.

For a successful overlay, the cost of providing the overlay, the cost of
traffic delay during the overlay operation, and the cost of maintenance over
the life of the overlay are calculated. The total cost for each individual
item is also computed and stored.

For the sake of illustrating the number of possible overlay strategies
which may be analyzed for a design, the following simple example is given.

If an overlay with a minimum thickness value at one time of 2 inches and
a total maximum overlay thickness of 9 inches is to be provided, and if the
increment specified is one inch, there will be 21 different overlay strategies
possible. Table 4 illustrates the patterns of these overlay thickness com-
binations.

In the actual solution process, all the strategies shown in this table
may or may not be tried. For example, if strategy number 2 does survive the
analysis period, number 3 will not be considered. Similarly, if the first two

overlays of strategy number 1 survive the analysis period, the next one to be
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TABLE 4. AN EXAMPLE FOR THICKNESSES OF VARIOUS
POSSIBLE OVERLAY STRATEGIES

(Minimum overlay thickness at one time = 2.0 inches,
maximum total overlay thickness = 8.0 inches,
thickness increment = 1.0 inch.)

Thickness Thickness Thickness Thickness Total
Strategy of of of of Overlay
Number Overlay 1 Overlay 2 Overlay 3 Overlay 4 Thickness
1 2.0 2.0 2.0 2.0 8.0
2 2.0 2.0 3.0 7.0
3 2.0 2.0 4.0 8.0
4 2. 3.0 2.0 7.0
5 2.0 3.0 3.0 8.0
6 2.0 4.0 2.0 8.0
7 2,0 5.0 7.0
8 2.0 6.0 8.0
9 3.0 2.0 2.0 7.0
10 3.0 2.0 3.0 8.0
11 3.0 3.0 2.0 8.0
12 3.0 4.0 7.0
13 3.0 5.0 8.0
14 4.0 2.0 2.0 8.0
15 4.0 3.0 7.0
16 4.0 4.0 8.0
17 5.0 2.0 7.0
18 5.0 3.0 8.0
19 6.0 2.0 8.0
20 7.0

7.0
8.0

N
=
[00]
o
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tried will be number 9, in anticipation that the increased thickness of the
first overlay may last the analysis period. Designs number 2 through 8 will
be rejected in that case.

Figure 13 graphically illustrates the general overlay performance patterns
and also compares the relative differences in the performance patterns of ini-
tial designs with low, medium, and high structural strengths. This figure

does not represent an actual problem.

Storing, Scanning, and Optimization

Storage of generated information can be a considerable problem in a pro-
gram such as RPS1. The program is designed to consider an unlimited number of
initial designs and overlay strategies. The big volume of pertinent informa-
tion accompanying every strategy makes it necessary to store at ons time as
small a number of designs as possible.

Designs are optimized for total overall cost and a certain number of
designs NREQ, as specified by the program input, are printed out. The optimi-
zation process, therefore, itself requires a design storage at least equal to
the NREQ number of spaces. A method is devised to use this minimum storage
at all times.

The computational process is arranged so that every strategy is designed
and its pertinent information computed up to its overall cost. This overall
cost is compared with the overall costs of all the strategies previously
stored and the new design is either rejected or accepted according to decision
criteria built into the program, as follows.

The program keeps every design until the first NREQ designs are stored.
Tor every design after this, the total costs of the designs in storage are
scanned and the index number of the design which has the maximum total cost is
determined. TIf the total cost of the new design is less than this cost, the
new design is accepted and it takes the place of the design with the highest
total cost. Otherwise, the new design is rejected and the program analyzes
the next design.

The output is printed, with the summary table having the information of
the designs in the order of increasing total overall cost. As is indicated by
the process explained above, a minimum of computer storage is utilized with
the method adopted. The computer work for optimization is also kept to a

minimum. The whole optimization process consists of scanning the total cost,
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finding the index numbers of designs, replacing a design if required, and
finally determining the order of designs for output by their index numbers.
The output part of the program gets a little involved with this kind of opti-
mization process, but the relative disadvantage is insignificant. Figure 14
illustrates the process discussed above, in the form of an easily understand-
able flow chart.

During the optimization process, the program also stores the optimal
design for each combination of pavement-overlay type. Every new design
belonging to a particular combination is tested against the design already in
storage for that combination. The design is rejected or accepted according
to whether its cost is more or less than the design in storage. There being
a maximum of four different pavement-overlay combinations, four storage spaces,
NREQ+1 to NREQ+H:, are reserved to keep these optimal designs. If an initial
design lasts the analysis period, further designs with increased thicknesses
of the same concrete and subbase are not considered for analysis. The most
optimal initial design which lasts the analysis period, if any, is stored in a
separate array NREQ+5. Thus, in addition to NREQ storage arrays used for
storing the specified number of designs for output, five more arrays are

reserved for optimal designs out of various combinations.

OQutput

The design and cost information stored as discussed in the previous sec-
tion is finally printed when all possible strategies are analyzed. Due to
methods used for economizing storage and computation time, the program stores
information in arrays which can be printed very easily with the use of sub-
scripted subscripts. Because of the inability of the present FORTRAN compilers
to handle such arrays, a new procedure is adopted for the output. The designs
are handled in groups of six in increasing order of their total costs starting
with the optimal design. Each group is shuffled in six spaces assigned for
this purpose and then printed for output. The procedure requires very small
additional storage, as it reuses five already reserved spaces for keeping the

optimal designs, as discussed above.

DESCRIPTION OF RPS1 OUTPUT

All information necessary for the designer to investigate a variety of

pavement strategies is printed at the end of the problem analysis. Three

kinds of output are printed.
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Optimal Designs for the Combinations

There are four types of pavement-overlay combinations which can be

analyzed by the program:

(1) jointed concrete pavements with asphalt concrete overlays,
(2) jointed concrete pavements with portland cement concrete overlays,

(3) continuously reinforced concrete pavements with asphalt concrete
overlays, and

(4) continuously reinforced concrete pavements with portland cement
concrete overlays.
The optimal designs for the combinations specified by the designer are printed
in RPS1 output. 1In addition, the optimal initial design which lasts the analy-

sis period without any overlays, if there is one, is also printed.

Summary Table

A summary table describing as many nearly optimal strategies as specified
by the designer is also printed. These strategies are printed in the increas-
ing order of total overall cost. The optimizafion for summary table includes
all the designs of every combination tried, including the one without overlays.
The first design of the summary table is therefore the most economical design

possible for the given input.

Design Analysis

The last page of the output contains a summary of the number of possible
strategies, the rejected number of strategies due to each restraint specified
by the designer, and the total strategies possible for the problem. All

important information is given in two parts.

Initial Design Analysis. This describes the following:

(1) the total initial designs possible for the problem,

(2) number of designs rejected because their initial thicknesses are
greater than the allowable value,

(3) number of designs rejected because their initial lives are less than
the allowable minimum time to the first overlay,

(4) number of designs rejected because their costs are more than the
money available for initial construction,

(5) number of acceptable initial designs lasting the analysis period,

(6) number of unacceptable initial designs lasting the analysis period,
and
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(7) number of initial designs for which overlay strategies are
formulated.

Overlay Subsystem Analysis. This describes the following for each com-

bination analyzed by the program:

(1) total number of acceptable strategies designed,

(2) number of strategies rejected during analysis because of maximum
overlay thickness restraint,

(3) number of strategies rejected during analysis because the lives of
the overlays provided are less than the minimum specified time
between overlays.

(4) number of strategies rejected because the number of overlays required
is more than eight, and

(5) number of times when each subroutine is called.

Contrary to the initial design analysis which accounts for every possible
initial design, overlay subsystem analysis is only indicative of the relative
constraining effects of various constraints provided. The process of discon-
continuing the analysis of a strategy on meeting a restraint, the selection of
the next strategy for analysis in such cases, and the automatic rejection of
several strategies due to criteria built into RPS1 is a complicated process.
The designer should understand the computer program and the general flow

diagram for completely understanding this part of the output.

Qutput Information for a Design

The following information is provided for each design listed in the out-

put of the program.

(1) the type of pavement, overlay, and reinforcement;

(2) identification of concrete, subbase, and reinforcement used;

(3) thickness of concrete and subbase used for initial construction;
(4) reinforcement size and spacing;

(5) subsequent overlay thicknesses to be provided;

(6) 1initial life, life after each overlay, and the total life of the
strategy;

(7) wvarious initial construction costs;
(8) various costs of subsequent construction and maintenance; and

(9) overall cost of the design.



107

Total overall cost of a design, in addition to initial cost, consists of

(1) overlay construction cost,

(2) traffic delay cost during overlay construction,
(3) maintenance cost,

(4) seal coat cost, if provided; and

(5) salvage returns.

It may be emphasized that all costs incurred in the future are discounted
to their present values by the interest rate specified by the designer. Over-
lay and traffic delay cost is the sum of all such costs discounted separately
from the time they are incurred. Maintenance cost is calculated only for the
analysis period even if the design life exceeds the analysis period. The cost
shown for the maintenance is the sum of each year's separately discounted
maintenance cost. Similarly, for the seal coats, if provided, the costs are
discounted to the present value from the time they are provided. Salvage

returns are discounted from the end of the analysis period.

EXAMPLE PROBLEM

An example problem has been solved and its ocutput is given in Appendix 5.
The output consists of the echo printing of the input data as well as the solu-
tion of the problem. The example problem is described as follows.

A facility on the interstate system is designed for a rural area to carry
high-speed high-volume traffic. The facility will carry an initial average
daily traffic of 10,000 vehicles with a 5 percent per year growth. The traffic
loads are such that about 5 million equivalent 18-kip single axles will be
obtained during a lifetime of 20 years. Serviceability index values after the
initial construction and after an overlay construction are estimated to be,
respectively, 4.2 and 4.0. A minimum serviceability index of 2.5 will be
maintained at all times.

Initial funds of $6.25 per square yard of pavement are available. It is
specified that pavement will not be overlayed during the first five years after
the initial construction or in the first six years after an overlay construc-
tion. 1Initial total thickness of construction is not restricted.

The facility passes through an area of moderate swelling clays. The
subgrade has a mean value of modulus of subgrade reaction of 100 pci with a

standard deviation of 15 pci. Two subbases, one granular and one cement-treated,
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are available with modulus values of 20,000 and 900,000 psi, respectively.
Granular subbases are observed to create a mild loss of support during their
service life, whereas cement-~treated subbases remain very stable. A low and a
high strength concrete are available with mean flexural strengths of 450 and
650 psi and standard deviations of 40 and 60 psi, respectively. It is speci-
fied that the design should have a confidence level of 95 percent with respect
to both subgrade modulus and concrete flexural strength.

The solution for the above problem generated 196 initial possible designs
out of which 117 designs were rejected due to the different restraints speci-
fied above. The remaining 79 initial designs gave rise to 751 strategies, out
of which 657 were feasible.

Twelve nearly optimal designs are printed in the output. These consist
of jointed and continuously reinforced pavements with wire mesh or deformed
bar reinforcements to be provided in initial construction and asphalt concrete
overlays to be provided in the future. Present worth of the total cost for
these designs varies from $5.432 per square yard (for the optimal design) to

$5.606 per square yard (for the 12th nearly optimal design).



CHAPTER 6. SENSITIVITY ANALYSIS OF THE WORKING SYSTEMS MODEL

Program RPS1 is the first version of a systematic design procedure for
rigid pavements. Tt links a large number of mathematical models quantifying
various aspects of design into a working systems model. A large number of
variables known to influence pavement performance are considered in the pro-
cedure.

The validity of such a system can only be ascertained through actual
implementation and the feedback. Implementation requires enough initial con-
fidence in the system and its concepts with respect to design and economy to
stimulate the process of its adoption. Such confidence can be gained by a
sensitivity analysis of the system, studying the behavior of different models
and the relative effects and interactions of individual variables.

The complete study of this nature, being very elaborate and complex, will
be a topic of future research. However, a small experiment for sensitivity

analysis was undertaken at this stage with the following objectives:

(1) to gain confidence in the use of the computer program;
(2) to establish the ''reasonableness' of the solutions;
(3) to check the functioning of various models and concepts used;

(4) to debug the program, find anomalies and problem areas, and deter-
mine approximate estimates of computation time required; and

(5) to have a feel for the cost sensitivity of some important variables
of the system.
With these objectives in view a small experiment was undertaken. Based
upon engineering judgment, all the variables of the system are given certain
values called their "average' values and a solution is obtained for this aver-

age problem. The output for this average problem is given in Appendix 5.

STUDY OF IMPORTANT DESTIGN VARIABLES

By the experience gained during the development of the program and other
studies (Refs 67 and 132), ten important variables are selected and each vari-

able is assigned a low and a high value. Two problems are solved for every
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variable, one with each of the low and the high value, while the values of all
other variables are held at their average levels. Table 5 describes the
variables chosen for study, the low and high values given to these variables .
and the design information obtained by solving the problems at these levels.
Figure 15 describes the plots of optimal cests versus the values of the vari-
ables, both as percentages of the values for the average problem. The cost

and design sensitivity of each variable are discussed as follows.

Total Equivalent 18-Kip Axles

Total applications of equivalent 18-kip axles determined by the traffic
input are distributed over the entire analysis period according to the traffic
equation (Eq 4.6). A higher traffic density, say in terms of applications per
year, requires structurally stronger designs which cost more and thereby result
in an optimal design having higher cost. As can be noticed by comparing opti-
mal cost curves in Fig 15 this is one of the variables highly sensitive to

cost.

One Direction Initial Average Daily Traffic

This variable is used for the calculation of traffic delay cost during
the overlay construction and does not affect the structural strength require-
ments of the system. However, with a higher value of ADT the designs having
higher serviceability lives and fewer overlays are preferred. The designer
should be careful about the input for this variable and not make the facility
saturated with traffic,

Traffic delay cost increases very rapidly beyond a certain value of ADT
arriving during overlay construction. Such a trend can be noted in Fig 15.

A traffic volume of about 1500 vehicles per hour in one lane during the over-
lay construction period will result in exceptionally high traffic delay cost

(Ref 67).

Initial and Terminal Serviceability Indices

These limits on serviceability indices are imposed, depending on the type
of facility to be designed. Performance as determined by traffic is always
modified by the serviceability loss function due to the swelling clay. Since
the combined effect is complex, observations on the effects of initial and
terminal serviceability indices are very involved. However, it has been noted
that the difference in initial and terminal serviceability, called 'range of

serviceability loss," is an important factor from the design and cost point of



TABLE 5.

SENSITIVITY ANALYSIS OF VARIABLES

Value, Most optimal Most optimal Feasible Total
percent cost, dollars cost, percent initial feasible
Value of average per sq. yd. of average designs strategies

Average Problem 100% 5.432 1007 79 657
Total 18 kip axles, two directions

Low .5x10° 10% 4,528 83.3 126 329

Average 5)(106

High 10><106 200% 5.800 106.7 49 618
Average daily traffic, one direction

Low 1,000 10% 5.362 98.7 79 657

Average 10,000

High 15,000 150% 5.800 106.7 79 657
Initial serviceability index

Low 4.0 95% 5.448 100.2 71 544

Average 4.2

High 4.5 107% 5.411 99.6 81 632
Terminal serviceability index

Low 1.5 607% 5.103 93.9 192 427

Average

High 3.0 120% 5.652 104.0 55 1058

I11

(Continued)



TABLE 5. (Continued)
Value, Mosgt optimal Most optimal Feasible Total
percent cost, dollars cost, percent initial feasible
Value of average per sg. yd. of average designs strategies

Average Problem 100% 5.432 100% 79 657
Swelling clay parameter

Low 0.0 0% 5.115 94.1 81 370

Average 0.06

High 0.15 250% 5.834 107 .4 42 703
Concrete flexural strength, psi

Low 360, 520 80% 6.003 110.5 39 617

Average 450, 650

High 540, 780 120% ‘5,020 92.4 100 535
Subgrade k value, pci

Low 40 407, 5.481 100.9 59 527

Average 100

High 300 3007 4,855 89.3 95 534
Asphalt concrete modulus, psi

Low 80,000 407% 5.437 100.1 79 702

Average 200,000

High 1,000,000 500% 5.345 98.4 79 468

(Continued)
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TABLE 5. (Continued)

Value, Most optimal Most optimal Feasible Total
percent cost, dollars cost, percent initial feasible
Value of average per sq. yd. of average designs strategies
Average Problem 100% 5.432 100% 79 657
Salvage percent
Low 0.0% 0% 6.178 113.7 79 657
Average 50.0%
High 100.0% 200% 4,543 83.6 79 657
Interest rate, percent
Low 0.0% 0% 4,840 89.1 79 657
Average 5.0%
High 10.0% 200% 5.412 99.6 79 657

AN}
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view. This range is the ''serviceability loss potential" for a facility and a
higher value of this range reduces the structural strength requirements by in-
creasing the lives of the designs. The cost of the optimal design is therefore
reduced.

To isolate the effects of the 'range of serviceability loss" a set of
problems with no swelling clay effects is solved. It has been observed that
the higher a particular "range' is placed on the serviceability index scale,

the longer the lives of the designs will be.

Swelling Clay Parameter

Initial studies conducted to incorporate this variable in the system
revealed a very high sensitivity of the variable with respect to structural
requirements of the system. The life of a design is shortened with a higher
value of this parameter.

It has been found that a smaller value for minimum time to the first
overlay should be used with a high value of this parameter. The smaller value
of time will allow more such designs to be considered which have small initial
thicknesses. Since serviceability loss due to swelling clay has the same rate
irrespective of the thickness provided, weaker initial designs will be more

economical in the long run.

Concrete Flexural Strength

The optimal cost curve for flexural strength has the maximum average slope
per percent change in the variable. Similar observations are also made in
another study (Ref 132) done in relation to the effects of flexural strength
on the load applications given by the performance equation used in RPS1l. This
is the main reason that a confidence level has been included in RPS1 to take
into account the statistical variations of this important variable under actual

construction conditioms.

Modulus of Subgrade Reaction

In the analysis this parameter is modified by the standard deviation and
confidence level specified with respect to this parameter, the thickness, and
the type of subbase used. The modified values used for analyzing the struc-
tural capacities of different designs therefore make a direct inference as

to the effect of this variable very difficult. 1In general, the cost of the
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most optimal design reduces with an increase in the value of the modulus of

subgrade reacrtion.

Asphalt Concrete Modulus Value

A higher value of this variable gives higher lives for the pavements with

asphalt concrete overlays. The variable has a relatively small effect on cost.

Salvage Percent

This variable is defined as the returns in percent of the cost of initial
and overlay materials at the time when a pavement is abandoned. As can be
noted from optimal cost curves, salvage percent is one of the important vari-
ables. A change in this variable causes proportionate changes in the total
costs of all feasible strategies. The changes in costs of all the strategies in
turn affect the sélection of near optimal designs for the output, their order,

and their costs.

Interest Rate

The interest rate gives the present value of money spent in future over-
lays, maintenance, and seal coats. Likewise, it gives the present value of
salvage returns. A change in interest rate varies all parts of total overall
cost except that of initial construction.

In general, the further in future a cost is incurred, the smaller the
present value will be. A rearrangement of the strategies is observed }n the
summary table with a change in this parameter. Generally the designs with

smaller initial lives are shifted towards the optimal design when interest

rate is increased.

STUDY OF SYSTEM CONSTRAINTS

In addition to the above analysis, effects of system restraints are
studied by changing their values from those used in the average problem. Var-
iations and the results are shown in Table 6.

In each case a more restrictive value of the parameter is used to demon-
strate the effect on cost of improper use of these parameters. The number of
feasible initial designs may decrease with more restrictive values of these para-
meters. The optimal cost is not affected until any of these parameters becomes

a restriction over the solution. Therefore, the designer should be careful in
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TABLE 6. A STUDY OF RESTRAINTS
Initial designs
(out of possible 196)
Most rejected due to
optimal the restraint of
Value cost
for dollar Total initial Initial Initial Feagible Total
average Value per thickness not 1life not  funds not initial feasible
Restraint solution studied sq. yd. satisfied satigsfied available designs strategies
Average Problem 5.432 0 56 61 79 657
Time to first overlay 5.00 7.50 5.510 0 86 61 49 190
Time between overlays 6.00 9.00 5.609 0 56 61 79 440
Length of analysis
period 20.00 25,00 5.782 0 56 61 79 1289
Maximum total initial %
thickness 24,00 12.00 5.552 188 5 0 3 32
Maximum initial funds "
available 6.25 4.50 5.552 0 28 160 8 80

For obtaining reasonable solution, time to the first overlay was taken = 2.5 years along with this
variation.
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selecting values so that, if selected to decrease the computation time, they
do not reach levels where the optimal design is rejected.
Minimum allowable times to the first overlay and between overlays give the
designer a varied choice to obtain different patterns of stage construction.
As these values are increased, the thickness requirements of initial designs

and overlays also increase.

INFERENCES

Sensitivity study shows that the system developed meets the limited test
of reasonableness of solutions and procedure logic. The designs and their
costs are realistic.

It may be noted that the cost and the design sensitivities of the system
with respect to the changes in different variables and restraints, as discussed
in this chapter, are only relative. Slope of a curve in Fig 15 will change
with the level of the average value used for the variable as well as for other

variables of the system. However, the qualitative trends will remain the same.
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CHAPTER 7. SUMMARY AND FUTURE RESEARCH

This report presents a rigid pavement design procedure as a part of an
overall pavement management system based on broad principles of systems engi-
neering. Existing state-of-the-art models modified and improved by additionmal
mathematical work have been combined in a rational and meaningful way, based
upon economic concepts. A sound basic structure has been given to the computer
program in an easy and generalized framework so that future modifications can
be incorporated in it with a minimum of effort.

As additional knowledge is obtained through further research, the preci-
sion and validity of the assumptions and extrapolations will be questioned
from time to time, and thus the present working systems model is provisional
in nature.

Within the available time, great effort has been made to evolve an effi-
cient computer program and design’procedure. Certain additional improvements
in the program, with a small amount of additional effort, will be of great
value to the user. The improvements are suggested as follows:

(1) The program logic of subroutine LIFE which consumes a major portion

of computer time should be improved.

(2) Subroutine TDC to calculate traffic delay cost can be improved to
obtain additional accuracy in the results.

(3) Deteriorated condition of the pavement should be adequately consid-
ered at the time of overlay construction. Fatigue principles can be
used for this purpose.

(4) The model for the design of portland cement concrete overlays is
inadequate and should be improved.

(5) Stochastic concepts can be extended for other parameters as well as
for overall design.

(6) The maintenance model used at present is mainly developed for inter-
state highways. It should be modified to take into account other
types of roads. An option can be provided for using the maintenance
cost as a direct input. Also, maintenance schedules for the stra-
tegies should be printed out for the designer's future use.

(7) The model for the value of the swelling clay parameter BONE, used
after an overlay construction, needs to be revised as it gives
apparently undesirable results for certain ranges.

121
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(8)

(9

(10)

(11)

(12)

(13)

The strategies as designed by the program always last more than
the analysis period. The additional life thus obtained beyond the
analysis period should be considered in some way in the economic
analysis.

The optimizing of one overlay for each initial design should be
studied. This approach may give a wider selection of initial
designs. A designer may care more for an initial design and plan
to make final decisions regarding overlays later on.

Several models developed for the working system are based on the
concept that stress is a good predictor of performance. Validity
of this assumption should be checked. The concept can be very
helpful in evolving future modifications of the system.

The importance of subbases should be established by more comprehen-
sive models. The concept of the erodability factor should be ex-
panded and more generalized correlations should be attempted.

Alternative methods of optimization should be explored, including
the possibilities of random programming techniques.

A sensitivity analysis should be performed to ascertain the ration-
ality of the computer program, to evaluate the relative effects of
the variables being considered, and to set priorities for further
research needs.



10.

11.

12,

13.

REFERENCES

Adkins, W. G., A. W. Ward, and W. F. McFarland, 'Values of Time Savings
of Commercial Vehicles,' NCHRP Report No. 33, Highway Research
Board, Washington, D. C., 1967.

"Airfield Pavement Design Engineering and Design - Rigid Pavements,
Air Force Manual 88-6.

Bartelsmeyer, R. R., and E. A. Finney, "Use of AASHO Road Test Findings
by the AASHO Committee on Highway Transport,' Special Report 73,
Highway Research Board, 1962.

Bergstrom, S. G., Temperature Stresses in Concrete Pavements, Stockholm,
1950.

Bergstrom, S. G., '"Circular Plates with Concentrated Load on an Elastic
Foundation," Bulletin 6, Swedish Coment and Concrete Research
Institute, Stockholm, 1946.

Biot, M. A., "Bending of an Infinite Beam on an Elastic Foundation,"
Journal of Applied Mechanics, Vol 4, 1937.

Boussinesq, J., "Application des Potentiels a 1'Etude de 1'Equilibre et
du Mouvement des Solids Elastiques,' Paris, Gauthier-Villard, 1885.

Bradbury, R. D., 'Reinforced Concrete Pavements,'" The Wire Reinforcement
Institute, Washington, D. C., 1938.

Burmister, D. M., '"The Theory of Stresses and Displacements in Layered
Systems and Applications to the Design of Airport Runways,"
Proceedings, Vol 23, Highway Research Board, 1943.

Burmister, D. M., 'The General Theory of Stresses and Displacements in
Layered Soil Systems," Journal of Applied Physics, Vol 16, 1945.

Burmister, D. M., "Evaluation of Pavement Systems of the WASHO Road
Test by Layered Systems Methods,' Bulletin 177, Highway Research
Board, 1958.

Carey, W. N., Jr., H. C. Huckins, and R. GC. Leathers, '"Slope Variance
as a Measure of Roughness and the CHLOE Profilometer,' Special
Report 73, Highway Research Board, 1962,

Carey, W. N., Jr., and P. E. Irick, "Pavement Serviceability Perfor-
mance Concept,'" Bulletin 250, Highway Research Board, 1960.

123



124

14,

15.

16.

17.

18.

19.

20,

21.

22,

23.

24,

25.

26.

27.

28.

Carey, W. N., Jr., and P. E. Irick, '"Relationships of AASHO Road Test
Pavement Performance to Design and Load Factors," Special Report 73
Highway Research Board, 1962.

"Cement-Treated Soil Mixtures," HIghway Research Record No. 36, Highway
Research Board, 1963.

Chang, T. S., and C. E. Kesler, "Fatigue Behavior of Reinforced Concrete
Beams,'" Journal of the American Concrete Institute, Title No. 55-14,
August 1958.

Chastain, W. E., Sr., J. A. Beanblossom, and W. E. Chastain, Jr., "AASHO
Road Test Equations Applied to the Design of Portland Cement Concrete
Pavements in Illinois,' Highway Research Record No. 90, Highway
Research Board, January 1964.

Chastain, W. E., Sr., "Application of Road Test Formulas in Structural
Design of Pavement,'" Special Report 73, Highway Research Board, 1962,

Childs, L. D., and J. W. Kapernick, 'Tests of Concrete Pavements on
Gravel Subbases,'" Proceedings, Vol 83, HW3, Paper No. 1800, American
Society of Civil Engineers, October 1958,

Clemmer, H. F., "Fatigue of Concrete,' Vol 22, Part 11, American Society
for Testing Materials, Proceedings, 1922,

Concrete Pavement Design, Portland Cement Association, Chicago, 1951.

Concrete Roads Design and Construction, Her Majesty's Stationery Office,
1955,

Croney, D., J. D. Coleman, and W, P. M., Black, '"Movement and Distribution
of Water in Soil in Relation to Highway Design and Performance,"
Water and Its Conduction in Soils, Special Report 40, Highway Research
Board, 1958.

Davies, 0. L., Statistical Methods in Research and Production, Hafner
Publishing Company, New York, 1958.

Deacon, J. A., and R. C. Deen, 'Equivalent Axle Loads for Pavement
Design,' Highway Research Record No. 291, Highway Research Board,
1969.

Deacon, J. A., et al, "Material Characteristics and Solution Techniques
Theoretical Design Implications for Structural Pavement Design,"
Paper presented at Joint Committee Meeting, Highway Research Board,
January 1968.

Derdeyn, C. J., "A New Method of Traffic Evaluation for Pavement Design,"

Highway Research Record No. 46, Highway Research Board, 1963.

Draper, W. R., and H., Smith, Applied Regression Analysis, John Wiley &
Sons, 1967.




29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

125

Duncan, J. M., C. L. Monismith, and E. L. Wilson, "Finite Element
Analysis of Pavements,' Highway Research Record No. 228, Highway
Research Board, 1968.

Endres, F. E., "SLAB 43 - Improved Version of SLAB 40,'" unpublished
development at Center for Highway Research, The University of
Texas, Austin.

"Engineering and Design - Rigid Airfield Pavements," Corps of Engineers'
Manual EM 1110-45-303, 1958,

"Engineering and Design - Flexible Airfield Pavements," Corps of Engineers'
Manual EM 1110-45-302, 1958,

Ellis, D. 0., and F. J. Ludwig, Systems Philosophy, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1962.

"Final Report on Road Test One-MD,' Special Report 4, Highway Research
Board, 1952.

Fordyce, P., and W. E. Teske, "Some Relationships of the AASHO Road Test
to Concrete Pavement Design,' Highway Research Record No. 44,
Highway Research Board, 1963.

Foster, C. R., and R. G. Ahlvin, "Stresses and Deflections Induced by a
Uniform Circular Load," Proceedings, Highway Research Board, 1954,

Gardner, W., and J. A. Widtsoe, '"The Movement of Soil Moisture,' Soil
Science, Vol II, 1921,

Goldbeck, A. T., '"Researches on the Structural Design of Highways by the
United States Bureau of Public Roads,' Transactions, Vol 88,
Paper No. 1557, American Society of Civil Engineers, 1925,

Goldbeck, A. T., "Thickness of Concrete Slabs,' Public Roads, April
1919,

Haas, R. C. G., and W. R. Hudson, '"The Importance of Rational and Com-
patible Pavement Performance Evaluation,'" presented at the Highway
Research Board Western Summer Meeting, Sacramento, California,
August 1970.

Haas, R. C. G., and B. G. Hutchinson, "A Management System for Highway
Pavements,'" presented at Austrailian Road Research Board, September

1970.

Hall, A. D., A Methodology for Systems Engineering, Van Nostrand, 1962,

Halm, H. J., "An Analysis of Factors Influencing Concrete Pavement
Cost," Portland Cement Association, A paper presented at Highway
Research Board, January 1962,



126

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Haney, D. G., and T. C. Thomas, The Value of Time for Passenger Cars,
Stanford Research Institute, Menlo Park, California, May 1967.

Hank, R. J., and F. H. Scrivner, "Some Numerical Solutions of Stresses
in Two and Three-Layered Systems," Proceedings, Vol 28, Highway
Research Board, 1948.

Herrman, L. R., '"Finite-Element Bending Analysis for Plates,' Journal of
the Engineering Mechanics Division, Vol 93, No. EM5, Proceedings of
the American Society of Civil Engineers, 1967.

Hertz, H., '"Uber das Gleichgewicht Schwimmender Elasticher Platten,
Weidemann's Annalen der Physik und Chemie, Vol 22, 1884.

Hogentogles, C. A., and C. Terzaghi, "Interrelationship of Load, Road
and Subgrade,' Public Roads, Vol 10, No. 3, May 1929.

Hogg, A. H. A., "Equilibrium of a Thin Plate, Symmetrically Loaded,
Resting on an Elastic Foundation of Infinite Depth,' Philosophical
Magazine, Vol 25, Series 7, 1938.

Holbrook, L. F., "An Examination of Concrete Pavement Structural Perform-
ance," Highway Research Record 311, Highway Research Board, 1970.

Holl, D. L., "Thin Plates on Elastic Foundation,'" Proceedings, 5th Inter-
national Congress for Applied Mechanics, Cambridge, Mass., 1938.
John Wiley & Sons, New York, New York, 1939.

Hudson, W. R., "Comparison of Concrete Pavement Load Stresses at AASHO
Road Test with Previous Work,' Highway Research Record No. 42,
Highway Research Board, 1963.

Hudson, W. Ronald, B. F. McCullough, F. H. Scrivner, and J. L. Brown,
"A Systems Approach Applied to Pavement Design and Research,"
Research Report 123-1, published jointly by Texas Highway De-
partment; Texas Transportation Institute, Texas A&M University;
and Center for Highway Research, The University of Texas at
Austin, March 1970,

Hudson, W. Ronald, and Robert C. Hain, '"Calibration and Use of the BPFR
Roughometer at the AASHO Road Test,'" Special Report 66, Highway
Research Board, 1961.

Hudson, W. Ronald, "High-Speed Road Profile Equipment Evaluation,"
Research Report No. 73~1, Center for Highway Research, The
University of Texas, Austin, January 1966,

Hudson, W. R., F. N. Finn, B. F. McCullough, K. Nair, and B. A. Vallerga,
"Systems Approach to Pavement Design: System Formulations, Perfor-
mance Definition, and Material Characterization,'" Interim Report,
NCHRP Project 1-10, Materials Research and Development, Inc., sub-
mitted to National Cooperative Highway Research Program, Highway
Research Board, March 1968.



57.

58.

59.

60,

61,

62.

63.

64.

65.

66.

67.

68.

69'

127

Hudson, W. R., and B. F. McCullough, '"An Extension of Rigid Pavement
Design Methods,'" Highway Research Record No. 60, Highway Research
Board, 1964.

Hudson, W. R., and F. H. Scrivner, '"AASHO Road Test Principal Relation-
ship~Performance with Stress, Rigid Pavements,' Special Report 73,
Highway Research Board, 1962.

Hudson, W. R., and Hudson Matlock, '"Discontinuous Orthotropic Plates and
Slabs," Research Report No. 56-6, Center for Highway Research, The
University of Texas, Austin, May 1966.

Hutchinson, B. G., and R. C. G. Haas, '"A Systems Analysis of the Highway
Pavement Design Process,'" Highway Research Record No. 239, Highway
Research Board, 1968.

"Interim Guide for the Design of Flexible Pavement Structures,' AASHO
Committee on Design, October 1961.

"Interim Guide for the Design of Rigid Pavement Structures,' AASHO
Committee on Design,' April 1962.

"Interstate Highway Maintenance Requirements and Unit Maintenance
Expenditure Index,' NCHRP Report 42, Highway Research Board, 1967.

Irick, P. E., and W, R. Hudson, 'Guidelines for Satellite Studies of
Pavement Performance,' NCHRP Report 2A, Highway Research Board,
1964.

Kelly, Allen E., and Hudson Matlock, '"Dynamic Analysis of Discrete-Element
Plates on Nonlinear Foundations,'" Research Report No. 56-17, Center
for Highway Research, The University of Texas at Austin, January 1970.

Kelley, E. F., "Applications of the Results of Research to the Structural
Design of Concrete Pavements,' Public Roads, Vol 2, Nos. 5 and 6,
1939,

Kesler, C. E., "Effect of Speed of Testing on Flexural Fatigue Strength
of Plain Concrete," Proceedings, Vol 32, Highway Research Board,
1953,

Kher, R. K., B. F. McCullough, and W. R. Hudson, "Sensitivity Analysis
of Flexible Pavement System, FPS-2," Research Report No. 123-8,
published jointly by Texas Highway Department; Texas Transportation
Institute, Texas A&M University; and Center for Highway Research,
The University of Texas at Austin, July 1971,

Langsner, G., T. S. Huff, and W. J. Liddle, '"Use of Road Test Findings
by AASHO Design Committee,'" Special Report 73, Highway Research
Board, 1962.

Lee, C. E., "The Determination of Pavement Deflections Under Repeated
Load Applications,' Ph.D. Dissertation, University of California,
Berkeley, 1961.



128

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80,

81.

82.

83.

Lemer, A. C., and F. Moavenzadeh, '"An Integrated Approach to Analysis
and Design of Pavement Structure,' Highway Research Record No. 291,
Highway Research Board, 1969.

Lewis, K. H., and M. E. Harr, "Analysis of Concrete Slabs on Ground
Subjected to Warping and Moving loads,' Highway Research Record No. 291,
Highway Research Board, 1969.

Lytton, R. L., "Theory of Moisture Movement in Expansive Clays,' Research
Report No. 118-1, Center for Highway Research, The University of
Texas at Austin, September 1969.

Lytton, R. L., and Ramesh K. Kher, '"Prediction of Moisture Movement in
Expansive Clays,'" Research Report No. 118-3, Center for Highway
Research, The University of Texas at Austin, June 1970.

McCall, J. T., "Probability of Fatigue Failure of Plain Concrete,"
Title No. 55-13, Journal of the American Concrete Institute, August
1958.

McCullough, B. F., and W. B. Ledbetter, '"LTS Design of Continuously
Reinforced Concrete Pavement,' Highway Division, Paper 2677, Vol 86,
No HW 4, Proceedings of the American Society of Civil Engineers,
1960,

McCullough, B. F., 'Design Manual for Continuously Reinforced Concrete
Pavement,' United States Steel Corporation, Pittsburgh, Pennsylvania,
1968.

McCullough, B, F., et al, "Evaluation of AASHO Interim Guides for Design
of Pavement Structures,' Draft of Final Report of NCHRP Project 1l-11,
Materials Research & Development, Inc., 1968.

McCullough, B. F., "A Pavement Overlay Design System Considering Wheel
Loads, Temperature Changes, and Performance,'" Ph.D. Dissertation,
University of California, Berkeley, 1969.

McCullough, B. F., '"Overlay Design: What are the States Presently Doing?"
Highway Research Record No. 300, Highway Research Board, 1969.

McCullough, B. F., 'What an Overlay Design Procedure Should Encompass,"
Highway Research Record No. 300, Highway Research Board, 1969.

McKnight, J. W., 'Description and Cost Comparisons of Modern Concrete
Paving Equipment Systems,' CR045,01P, Portland Cement Association.

McLeod, N, W., "A Canadian Investigation of Load Testing Applied to
Pavement Design,'" Symposium on Load Tests of Bearing Capacity of
Soils, Special Technical Publication No. 79, American Society for
Testing Materials, 1947.

Middlebrook, T. A., and G. E. Bertram, "Soil Tests for Design of Runway
Pavements,' Proceedings, Vol 22, Highway Research Board, 1942,



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

9,

95.

96.

97.

129

Murdock, J. W., and C. E. Kesler, "Effect of Range of Stress on Fatigue
Strength of Plain Concrete Beams," Title No. 55-12, Journal of the

American Concrete Institute, August 1958.

Nordby, G. M., "Fatigue of Concrete - A Review of Research,'" Title No.
55-11, Journal of the American Concrete Institute, August 1958.

Older, C., '"Highway Research in Illinois," Transactions, Vol 87,
Paper No. 1546, American Socity of Civil Engineers, 1924,

Olson, R. E., "Effective Stress Theory of Soil Compaction,' Journal of

the

Soil Mechanics and Foundation Division, Vol 89, No. SM2, American
Society of Civil Engineers, 1963,

Pagen, C. A., "Rheological Response of Bituminous Concrete,' Highway
Research Record No. 67, Highway Research Board, 1965.

Papazian, H. S., '"The Response of Linear Viscoelastic Materials in the
Frequency Domain,' Proceedings, International Conference on the
Structural Design of Asphalt Pavements, Ann Arbor, Michigan, 1962.

"Pavement Design in Frost Areas, Part II, Design Considerations,"
Highway Research Record No. 33, Highway Research Board, 1963.

Pearre, Charles M., III, and W. R. Hudson, "A Discrete-Element Solution of

Plates and Pavement Slabs Using a Variable-Increment-Length Model,

Research Report No. 56-11, Center for Highway Research, The University

of Texas, Austin, 1968.

Peattie, K. R., and A. Jones, '"Surface Deflection of Road Structures,"
Proceedings, Symposium on Road Test for Pavement Design, Lisbon,
Portugal, 1962,

Picket, G., M. E. Raville, W. C. Janes, and F. J. McCormick, 'Deflections,"

Moments and Reactive Pressures for Concrete Pavements,' Kansas
State Engineering Experiment Station, Bulletin 95, October 1951.

Picket, G., and G. K, Ray, "Influence Charts for Concrete Pavements,"
Transactions, Vol 116, American Society of Civil Engineers, 1951,

Reddy, A. S., G. A. Leonards, and M, E. Harr, 'Warping Stresses and
Deflections in Concrete Pavements: Part III,'" Highway Research
Record No. 44, Highway Research Board, 1963.

Reiner, M., 'Phenomenological Macrorheology,' Rheology, Vol I, Frederick R,

Eirich, editor, Academic Press, New York, 1956.

'"Report of Committee on Maintenance of Joints in Concrete Pavements as
Related to the Pumping Action of Slabs,'" Proceedings, Vol 28,
Highway Research Board, 1948,



130

98.

99.

100,

101.

102.

103.

104,

105.

106.

107.

108.

109,

110.

Roberts, F. L., and W. R. Hudson, 'Pavement Serviceability Equations
Using the Surface Dynamics Profilometer,' Research Report 73-3,
Center for Highway Research, The University of Texas, Austin, 1970.

Rogers, C. F., H. D. Cashell, and P. E. Irick, '"Nationwide Survey of
Pavement Terminal Serviceability,'" Highway Research Record No. 42,
Highway Research Board, 1963.

Schwartz, D. R., and C. R. Warning, '"Procedure for the Selection of
Asphalt Concrete Resurfacing Thickness,'" Highway Research Record
No. 300, Highway Research Board, 1969.

Scrivner, F. H., "A Theory for Transforming AASHO Road Test Pavement
Performance Equation to Equations Involving Mixed Traffic,"
Special Report 66, Highway Research Board, 1961.

Scrivner, F. H., and H. C. Duzan, "Application of AASHO Road Test
Equations to Mixed Traffic," Special Report 73, Highway Research
Board, 1962.

Scrivner, F. H., and Chester H. Michalak, "Flexible Pavement Performance
Related to Deflections, Axle Applications, Temperature and
Foundation Movements,' Research Report 32-13, Texas Transportation
Institute, 1969.

Scrivner, F. H., W. M. Moore, W. F. McFarland, and G. R. Carey, 'A
Systems Approach to the Flexible Pavement Design Problem,"
Research Report 32-11, Texas Transportation Institute, 1968.

Scrivner, F. H., and W. M. Moore, "An Empirical Equation for Predicting
Pavement Deflections,'" Research Report 32-12, Texas Transportation
Institute, 1968.

Seed, H. B., F. G. Mitry, C. L. Monismith, and C. K. Chan, "Prediction
of Pavement Deflections from Laboratory Repeated Load Tests,"
Report No. TE 65-6, University of California, Berkeley, 1965.

Sheets, F. T., '""Concrete Road Design Simplified and Correlated with
Traffic,'" (Out of Print).

Shieh, W. Y. J., S. L., Lee, and R. A, Parmalee, 'Analysis of Plate
Bending by Triangular Elements," Journal of the Engineering
Mechanics Division, Vol 94, No. EM5, Proceedings of the American
Society of Civil Engineers, 1968.

Shook, J. F., and H. Y. Fang, 'Cooperative Materials Testing Program
at the AASHO Road Test," Special Report 66, Highway Research
Board, 1961.

Shook, J. F., L. J. Painter, and T. Y. Lepp, 'Use of Loadometer Data
in Designing Pavements for Mixed Traffic," Highway Research
Record No. 42, Highway Research Board, 1963.




131

111. Skempton, A. W., The Bearing Capacity of Clays, Building Research
Congress, London, 1951.

112, Smith, Walter P., Jr., 'Delay to Traffic Due to Future Resurfacing
Operations," Traffic Bulletin No. 7, Department of Public Works,
Division of Highways, Sacramento, California, November 1963.

113, Spangler, M. G., "Stresses in Concrete Pavement Slabs,' Proceedings,
Vol 15, Highway Research Board, 1935.

114, Spangler, M. G., '"Stresses in the Corner Region of Concrete Pavements,"
Bulletin 157, Iowa Engineering Experiment Station, lowa State
College, Ames, 1942.

115. Spangler, M. G., and F. E. Lightburn, '"Stresses in Concrete Pavement
Slabs,'" Proceedings, Vol 17, Highway Research Board, 1937.

116. Sparkes, F. N., ""Stresses in Concrete Road Slabs," The Structural
Engineer, February 1939.

117. Sparkes, F. H., and A, F. Smith, "Concrete Roads,'" Volume X1, The Road
Makers Library.

118. Spencer, W. T., H. Allen, and P. C. Smith, '"Report on Pavement Research
Project in Indiana,' Bulletin 116, Highway Research Board, 1956.

119, "State-of-the-Art of Rigid Pavement Design,' Special Report 95, Highway
Research Board, 1968.

120, sStelzer, C. F. Jr., and W. R. Hudson, "A Direct Computer Solution for
Plates and Pavement Slabs,'" Research Report No. 56-9, Center for
Highway Research, The University of Texas at Austin, October
1967,

121. '"Subgrade, Subbases and Shoulders for Concrete Pavements,' Portland
Cement Association, Chicago, Illinois.

122, Swanberg, J. H., 'Pavement Rehabilitation: Background and Introduction,”
Highway Research Record No. 300, Highway Research Board, 1969.

123, Tanner, J. C., "A Problem of Interference Between Two Ques,'' Biometrica,
Vol 40, Parts 1 and 2, June 1953.

124, Teller, L. W., and E. C. Sutherland, '"The Structural Design of Concrete
Pavements,' Public Roads, Vol 16, Nos. 8, 9, and 10, 1935; vol 17,
Nos. 7 and 8, 1936; and Vol 23, No. 8, 1943.

125. Terzaghi, K., '"Evaluation of Coefficients of Subgrade Reactions,"
Geotechnique, Vol 5, 1955,

126, Teske, W. E., and P. Fordyce, "A Discussion of Established Design Concepts
as Related to Road Test Performance," Special Report 73, Highway
Research Board, 1962.




132

127.

128.

129,

130.

131.

132,

133.

134.

135.

136.

137.

138.

139.

"The AASHO Road Test,'" Special Report 61 (7 Reports), Highway Research
Board, 1961 -1962.

61A - '"History and Description of Project"

61B - "Materials and Construction

61C - "Traffic Operations and Pavement Maintenance"
61D - "Bridge Research"

61E - "Pavement Research'

61F - "Special Studies"
61G - "Summary Report"

"Thickness Design for Concrete Pavements,' Concrete Information,
Portland Cement Association, 1966.

Thomas, E. N., and J. L. Schofer, "Introduction to a Systems Approach
to Transportation Problems,' Appendix B of Report Prepared for
NCHRP, Project 8-4, 1967.

Thomlinson, J., "Temperature Variations and Consequent Stress Produced
by Daily and Seasonal Temperature Cycles in Concrete Slabs,",
Concrete and Constructional Engineering, Vol 35, 1940.

Timoshenko, S., and S. Woinowsky-Krieger, Theory of Plates and Shells,
2nd Edition, McGraw-Hill, 1959.

Treybig, H. J., '"Sensitivity Analysis of the Extended AASHO Rigid
Pavement Design Equation,' Master's Thesis, The University of
Texas, Austin at Austin, 1969.

Texas Highway Department, "Triaxial Compression Test for Disturbed
Soils and Base Materials Tex-117-E," Manual of Testing Procedures,
Vol 1, Revised September 1965.

"Truck Weight and Vehicle Classification, State of Texas, 1966,"
Planning Survey Division, Texas Highway Department.

Venkata Subramanian, V., '"Temperature Variations in a Cement Concrete
Pavement and the Underlying Subgrade," Highway Research Record
No. 60, Highway Research Board, 1963.

Vesic, A. S., "Bending of Beams Resting on Isotropic Elastic Solid,"
Journal of Engineering Mechanics Division, Vol 87, EM2, Proceedings
of the American Society of Civil Engineers, 1961.

Vesic, A. S., and S. K. Saxena, "Analysis of Structural Behavior of
AASHO Road Test Rigid Pavements,' NCHRP Report 97, 1970,

Vesic, A. S., "Beams on Flastic Subgrade and the Winker's Hypothesis,"
Proceedings of the Fifth International Conference on Soil
Mechanics and Foundation Engineering, Vol I, 1961,

Vesic, A. S., and S. K. Saxena, 'Analysis of Structural Behavior of Road

Test Rigid Pavements,'" (Abridgement), Highway Research Record No. 291,
Highway Research Board, 1969,




133

140, Vetter, C. P., "Stresses in Reinforced Concrete Due to Volume Changes,"
Transactions, Vol 98, Proceedings of the American Society of Civil
Engineers, 1933.

141, Volterra, E., and E. C. Zachmanoglou, Dynamics of Vibrations, Charles E.
Merrill Books, Inc., Columbus, Ohio, 1965.

142, Westergaard, H. M., "Computation of Stresses in Concrete Roads,'
Proceedings, Highway Research Board, 1925.

143, Westergaard, H. M., "'Stresses in Concrete Pavements Computer by
Theoretical Analysis,'" Public Roads, Vol 7, No. 2, 1926.

144, Westergaard, H. M., "Theory of Concrete Pavement Design,'" Proceedings,
Vol 7, Part 1, Highway Research Board, 1927.

145. Westergaard, H. M., "Analysis of Stresses in Concrete Pavements Due to
Variations of Temperature,' Proceedings, Vol 6, Highway Research
Board, 1926.

146, Westergaard, H. M., "Analytical Tools for Judging Results of Structural
Tests of Concrete Pavements,' Public Roads, 1933,

147, Westergaard, H. M., '"What is Known of Stresses," Engineering News
Record, January 1937.

148, Winfrey, R., Motor Vehicle Running Costs for Highway Economy Studies,
published by author, Arlington, Virginia, November 1963.

149. Winkler, E., 'Die Lehre von Elasticitaet und Festigkeit,'" (On Elasticity
and Fixity), Prague, 1867.

150. Yang, N. C., '"Systems of Pavement Design and Analysis,' Highway
Research Record 239, Highway Research Board, 1968.

151. Yoder, E. J., "Pumping of Highway and Airfield Pavements,' Proceedings,
Vol 36, Highway Research Board, 1957.

152. Yoder, E. J., Principles of Pavement Design, John Wiley and Sons, New
York, 1959.

153, Zienkiewicz, 0. C., Finite Element Method in Structural and Continuous
Mechanics, McGraw-Hill Book Company, London, 1967.




This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



APPENDIX 1

OPERATING MANUAL FOR PROGRAM RPS1



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



GUIDE FOR DATA INPUT FOR RPS1

with supplementary notes

extract from

A SYSTEMS ANALYSIS OF RIGID PAVEMENT DESIGN

by
Ramesh K. Kher, W. Ronald Hudson, and B. Frank McCullough

January 1971



This page replaces an intentionally blank page in the original --- CTR Library Digitization Team



RPS1 - GUIDE FOR DATA INPUT

RPSL is a computer program which systematically designs rigid pavement structures. The development of
equations, variables of design, and a working systems model have been discussed in various chapters of this
report. This appendix is provided for the designer as a cencise manual for the use of this program.

A summary flow diagram (Fig 11) describes the general procedure of design followed in the program. A problem
number card at the beginning of each problem controls the start of the solution. The program works any number of
problems in sequence unless a wrong or unacceptable data input causes an error in the solution process. The pro-
gram finally terminates when a blank problem card is encountered.

Each problem consists of the following cards:

Card Variables Numbér of Cards

1. Problem Number and Description 1

2. Program Controls 1

3. Traffic Volume NL

4., Traffic Growth and Distribution 1

5. Designer's Restraints 1

6. Performance Variables 1

7. Traffic Delay 2

8. Concrete Properties NC

9. Concrete Dimensions 1

10. Subgrade Properties 1

11. Subbase Properties NSB

12, Longitudinal and Transverse Bar Steel 2 (optional)
13. Wire Mesh Reinforcement 1 (optional)
14. Tie Bar Steel 1 (optional)

6¢€l
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RPS1 - GUIDE FOR DATA INPUT

15. Reinforcement Sizes 1
16. Overlay Properties 1
17. Seal Coat Data 1 (optional)
18. Joint Data 1
19. Maintenance, Dimensions and 1

Miscellaneous Data

Values for NL, NC, and NSB should be carefully specified equal to the number of cards in each.
Two cards of Ttem 12 should not be provided if only Mesh Reinforcement is to be designed (NCS3 = 2)., Cards of
Ttems 13 & 14 should not be provided if only bar reinforcement is to be designed (NCS3 = 1). The card of Item 17
should be omitted if asphalt concrete overlays are not to be designed. The above instructions must be followed
strictly; otherwise, a wrong data input will result.

For a problem where both types of pavements, overlays, and reinforcements are to be designed, the total

number of cards will be

18 + NL + NC + NSB

An average problem having, say, 25 axle ranges, two subbases, and two concretes to be tried, will have 47 cards

for one problem. Figure 17 describes the assembly order for the RPS1 program deck with the data.

Guide for Data Input

The following pages provide a guide for data input comprising variable locations on the cards, their

formats, definitions, and units. It is expected that these forms and instructions will be revised in the future

with the new developments and modifications of the present version.

%1
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Blank Card to Hait Program
(End of Data Card

Cards for as Many Additional %
Problems as Desired = .

Problem Number and Discription

Maintenance, Dimensions, & Miscellansous Data

Joint Data

Seal Coat Data

Overlay Propertiss

Reinforcement Sizes

Tie Bar Data

Wire Mesh Reinforcement Data

Transverse Bar Steel Data

Longitudinal Bar Steel Data
NSB Cords / = _——————
Subbase Properties

Subgrade Properties

Concrate Dimensions
NC Cards / = e =
Concrete Properties |

[ Trattic_Delay i
Traffic Deloy ;

Performance Variables ' I‘

Designers Restraints

Traffic Growth & Distribution Data / 2 cards

Traffic Volume Data

Program Controls

Problem Number 8 Description

] /NL Cards

Program RPSI Description Deck

With Start, Finish and Execute Cards
as Required by the Particular Computer

and Compiler used. Program Deck

Fig 17. Assembly order for RPS1 program deck with data.
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RPS1 - GUIDE FOR DATA INPUT

To become familiar with the data input and the program solutions, the user should refer to the example

problem given in the report. Recoding and resolution of this example problem and the comparison of its

input with the description of the real problem will prove to be very helpful in gaining practical experience
and profiency in the use of the program.

Y1
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RPS1 - GUIDE FOR DATA INPUT

PROBLEM IDENTIFICATION (one card)

NPROB TITLE

{ AL | 15 A4

t 4

PROGRAM CONTROLS {(one card)

NCS1 NCS2 NCS3 PSN1

PSN4

110 | 110 | 110 F10.0

F10.0

OPERATION CONTROL SWITCHES

NCS1 decides the type of pavement to be designed

1 if only JC pavements to be designed

]

[

2 if only CRC pavements to be designed
Leave BLANK if both types of pavements to be tried

NCS2 decides the type of overlay to be designed
= 1 if only portland cement concrete overlay to be designed
= 2 if only asphalt concrete overlay to be designed

Leave BLANK if both types of overlay to be tried

NCS3 decides the type of reinforcement to be used
= 1 if only deformed bars to be used
= 2 if only welded wire meshes to be used

Leave BLANK if both types of reinforcement to be tried

A/
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RPS1 - GUIDE FOR DATA INPUT

PRINTING CONTROL SWITCHES

PSN1 decides whether to print the long or the short form of output

= 1 for short form of output

Leave BLANK for long form of output

PSN4 decides number of designs to be printed for summary table (six designs per page)
BLANK gives 12 designs

TRAFFIC VOLUME (NL cards)

NL L1 L2 NCODE NA
110 | 110 l 110 F10.0 110
1 10 20 30 A0 50
L1 L2 NCODE NA
110 110 F10.0 110
[ 20 3 40 SO
NL - Number of Load Groups
L1-L2 - Range of Axle Loads
L1 is the lower value (pounds)
L2 is the upper value (pounds)
NCODE - Axle Code
= 1 for single axle
= 2 for tandem axle
NA - Number of Axles in the Range, both directions, per day

6%1
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RPS1 - GUIDE FOR DATA INPUT

TRAFFIC GROWTH AND DISTRIBUTION (one card)

AGF ADFGR DDF DFL ADT
F10.0 F10.0 | | F10.0 | F10.0 | F10.0
1 10 20 = 20 50 o 70
AGF - Axle Growth Factor (percent per year)
ADTGR - ADT Growth Rate (percent per year)
DDF - Directional Distribution Factor (percent)
DFL - Lane Distribution Factor (percent)
ADT - Initial ADT Expected, one direction (vehicles per day)
DESIGNER'S RESTRAINTS (one card)
CMAX TMAX OFMIN BOMIN OMAXA OMINA AP
|  F0.0 | F10.0 ] F10.0 F10.0 | F5.0 [F5.0 | F5.0 F10.0 |
T 0 0 36 %0 a5 50 %0 70
CMAX - Maximum Funds Available for Initial Construction (dollars)
TMAX - Maximum Allowable Thickness of Slab plus Subbase (inches)
OFMIN - Minimum Allowable Time to the First Overlay (years)
BOMIN - Minimum Allowable Time Between Overlays (years)
OMAXA - Maximum Total AC Overlay Thickness (inches)
OMINA - Minimum AC Overlay Thickness at One Time (inches)
OMAXC -~ Maximum Total PCC Overlay Thickness (inches)
OMINC - Minimum PCC Overlay Thickness at One Time (inches)
AP - Length of Analysis Period (years)

151
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RPS1 - GUIDE FOR DATA INPUT

PERFORMANCE VARIABLES (one card)

P1 P2 POV P2P BONE
[ F10.0 F10.0 | F10.0 F10.0 F10.0
T 0 20 30 40 50
Pl - Initial Serviceability Index
P2 - Terminal Serviceability Index
POV - Serviceability Index After an Overlay
P2P - Lower Bound on the Serviceability Index Due to Swelling Clay for Zero
Traffic and Infinite Time
BONE - Swelling Clay Parameter

TRAFFIC DELAY VARIABLES (two cards)

DTSO DTSN DDOZ PAPH HPDC NOLO  NOLN ITYPE
F10.0 F10.0 | F10.0 F10.0 F10.0 | 15 15 | F10.0
i ° 20 30 [y 0 55 0 7i 80

DTSO - Distance Over Which Traffic is Slowed in Overlay Direction (miles)
DISN - Distance Over Which Traffic is Slowed in Non-Overlay Direction (miles)
DDOZ - Distance Measured Along Detour Around Overlay Zone {(miles)

PAPH - Percent of ADT Arriving Each Hour of Construction

HPDC - Number of Hours Per Day that Overlay Construction Takes Place

NOLO - Number of Open Lanes in Restricted Zone, Overlay Direction

NOLN -~ Number of Open Lanes in Restricted Zone, Non-Overlay Direction

ITYPE - 1 for Rural Roads

2 for Urban Roads

eql



This page replaces an intentionally blank page in the original --- CTR Library Digitization Team



RPS1 - GUIDE FOR DATA INPUT

PVSO PVSN DEQO DEQN AAS ASOD ASND MODEL
[ rF10.0 F10.0 F10.0 | F10.0 | F10.0 | F10.0 | F10.0 110
| ] 20 30 40 S0 60 70 . 80

PVSO - Vehicles Stopped by Construction Equipment and Personnel, Overlay Direction (percent)

PVSN - Vehicles Stopped by Construction Equipment and Personnel, Non-Overlay Direction (percent)

DEQO - Average Delay Per Vehicle Stopped by Road Equipment and Personnel, Overlay Direction (hours)

DEQN - Average Delay Per Vehicle Stopped by Road Equipment and Personnel, Non-Overlay Direction (hours)

AAS -~ Average Approach Speed to Overlay Area (mph)

ASOD - Average Speed Through Restricted Zone, Overlay Direction (mph)

ASND - Average Speed Through Restricted Zone, Non-Overlay Direction (mph)

MODEL - Model Number Describing the Traffic Situation During Overlay Construction

CONCRETE (NC cards)

NC ND NP SX SXSD  SXCL WC E TS CIC CPCYC CsC
15 (13 [12] F5.0 | F5.0 [ F5.0 [ F5.0 | F10.0 F10.0 F10.0 F10.0 F10.0
| S 8 0 1S 20 25 30 40 £l 60 T0 80
ND NP SX SXSD SXCL WC E TS CIC CPCYC CsC
{13 J12 | r5.0 [ F5.0 [F5.0 [ F5.0 F10.0 F10.0 F10.0 F10.0 F10.0
6 8 o 15 20 25 X 40 50 60 70 80
NC - Number of Concrete Types
ND - Number of Days at Which Concrete Flexural Strength Measured
NP - 1 for Flexural Strength Obtained by Center Point Loading
2 for Flexural Strength Obtained by Third Point Loading
SX =~ Concrete Flexural Strength, Mean Value (psi)

6S1
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RPS1 - GUIDE FOR DATA INPUT

SXSD =~ Concrete Flexural Strength, Standard Deviation (psi)

SXCL - Concrete Flexural Strength, Confidence Level (percent)

WC - Weight of Concrete (pounds per cubic foot)

E - Modulus of Elasticity at 28 Days (psi)

TS - Tensile Strength of Concrete (psi)

CcIC - Initial Construction Equipment Cost per Lane Mile for Pouring Concrete (dollars)
CPCYC - Cost per Cubic Yard of Concrete (dollars)

CsC -~ Cost per Lane Mile of Surfacing Concrete for Finish, Texture, and Curing (dollars)

CONCRETE DIMENSIONS (one card)

TCMIN TCMAX CINC
| F10.0 | F10.0 | F10.0

H 20 30 40

TCMIN - Minimum Allowable Concrete Thickness (inches)
TCMAX - Maximum Allowable Concrete Thickness (inches)

CINC - Pratical Increment at Which Concrete Can Be Easily Poured or the Increment
at Which the Sclutions Should Be Tried, whichever is larger

SUBGRADE (one card)

SGK SGKSD SGKCL TTC TTCSD TTCCL FFSG  EFSG CPLMSG
F10.0 | F10.0 F10.0 | rF0.0 | F10.0 F10.0 F5.0 [F5.0 F10.0

| 10 20 30 40 50 60 65 70 80
SGK - Subgrade k, Mean Value (pci)
SGKSD - Subgrade k, Standard Deviation (pci)

SGKCL Subgrade k, Confidence Level (percent)

LST
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RPS1 - GUIDE FOR DATA INPUT

TTC
TTCSD
TTCCL
FFSG
EFSG
CPLMSG

- Texas Triaxial Class, Mean Value

Texas Triaxial Class, Standard Deviation

Texas Triaxial Class, Confidence Level (percent)

Friction Factor Between Subgrade and Concrete

Subgrade Erodability Factor

SUBBASE (NSB cards)

Cost per Lane Mile of Subgrade Preparation (dollars)

NSB NAME EF FFSB TTCS ES CIs CPCYS TSMIN TSMAX SINC
| 15 | 284,42 ] F5.0 | F5.0 | F5.0 FI0.0 | FI0.0 | F10.0 [ F5.0 ] F5.0 [ F¥5.0 |
1 L3 1S 2 25 30 35 45 55 65 70 75 70
NAME EF FFSB TTCS ES CI1s CPCYS TSMIN TSMAX SINC
244 ,A2 F5.0 | F5.0 [ F5.0 [  F10.0 F10.0 F10.0 | F5.0 | F5.0] F5.0 |
6 15 2 25 30 35 45 ) 55 65 70 75 70
NSB - Number of Subbase Types
NAME =~ Description of Subbase
EF - Erodability Factor for Subbase
FFSB =~ Friction Factor Between Subbase and Concrete
TTCS - Texas Triaxial Class for Subbase
ES - Subbase Material Modulus Value (psi)
CIS - Initial Construction Equipment Cost per Lane Mile for Subbase Construction
CPCYS - Cost per Cubic Yard of Compacted Subbase
TSMIN - Minimum Allowable Subbase Thickness (inches)
TSMAX - Maximum Allowable Subbase Thickness (inches)

SINC

Practical Increments at Which Subbase Can Easily be Poured or the Solutions be Tried

6S1
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RPS1 ~ GUIDE FOR DATA INPUT

BAR STEEL - LONGITUDINAL (this card only if NCS3 is not 2)

NAMEBS TYSBS CPPBS NAMEBS TYSBS CPPBS NAMERBS TYSBS CPPBS NAMEBS TYSBS CPPBS
| 2a4,82  [Fs.0 [ F5.0 | 2a4,A2 | F5.0 | F5.0 | 244,A2 | F5.0] F5.0 | 2a4,A2 F5.0 | F5.0 |
H 10 15 20 30 35 40 ) 50 55 80 ™ 75 BO

NAMEBS - Bar Steel Identification Number

TYSBS - Tensile Yield Point Strength of Steel (psi)

CPPBS -~ Cost per Pound of Bar Steel (dollars per pound)

BAR STEEL - TRANSVERSE (this card only if NCS3 is not 2)

NAMEBS TYSBS CPPBS NAMEBS TYSBS CPPBS NAMEBS TYSBS CFPBS NAMEBS TYSBS CPPBS

244, A2 F5.0 | F5.0 | 2a4,A2 | F5.0 | F5.0 | 244,A2 F5.0 | F5.0 { 244,42 | F5.0| F5.0
1 10 5 20 30 38 40 50 55 60 70 75 80

NAMEBS - Bar Steel Identification Number

TYSBS - Tensile Yield Point Strength of Steel (psi)

CPPBS - Cost per Pound of Bar Steel (dollars per pound)

WIRE MESH (this card only if NCS3 is not 1)

NAMEWS TWSWS CPPUWS NAMEWS TYSWS CPPWS NAMEWS TYSWS CPPWS NAMEWS TYSWS CPPWS

244, A2 | F5.0 | F5.0 | 2a4,a2 | F5.0 | F5.0 284,82 | F5.0 | F5.0 |  2a4,A2 F5.0 | F5.0
| 0 15 20 30 3% 40 50 55 60 10 75 BO

NAMEWS ~ Wire Mesh Steel Identification Number
TYSWS
CPPWS

- Tensile Yield Point Strength of Steel (psi)

- Cost per Pound of Wire Mesh Steel {(dollars per pound)

191
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RPS1 - GUIDE FOR DATA INPUT

TIE BAR STEEL (this card only if NCS3 is not 1)

NAMETS TYSTS CPPTS NAMETS TYSTS CPPTS NAMETS TYSTS CPPTS NAMETS TYSTS CPPTS
204 A2 [F5.0 | F5.0 244,42 | Fs.0 | Fs5.0 244 ,A2 F5.0 | F5.0 244 ,A2 | r5.0 | Fs.0
i 10 5 20 30 35 20 50 55 €0 70 75 80
NAMETS - Tie Bar Steel Identification Number
TYSTS =~ Tensile Yield Point Strength of Tie Bar Steel (psi)
CPPTS - Cost per Pound of Tie Bar Steel (dollars per pound)

STEEL SIZES (one card)

BARN 4 values SL(1) sT(1) SL(2) ST(2) SL(3) ST(3) SL(4) ST(4) TBARN 4 values
F5.0 | F5.0 [F5.0 [F5.0 |F5.0 [ F5.0 |[F5.0 | F5.0 [F5.0 | F5.0 [¥5.0 | F5.0 [F5.0 [F5.0 [F5.0 | F5.0 |
{ S o 15 20 25 30 35 40 45 50 55 60 [-+] 70 75 80

BARN -~ Bar Numbers to be Tried

Give only if NCS3 = 0 or =1
‘MESHES Mesh Sizes to be Tried
Give only if NCS3 = 0 or = 2

SL is Spacing of Longitudinal Wires
ST is Spacing of Transverse Wires

TBARN - Tie Bar Numbers to be Tried
Give only if NCS3 = 0 or = 2

OVERLAYS (one card)

CIiov CPCYAC ACE ACPR CPR COEF CPSYR
F10.0 ~ |  F10.0 F10.0 F10.0 | F10.0 F10.0 F10.0

i 10 20 30 40 5 &0 70 80
Ciov - Initial Construction Equipment Cost per Lane Mile for AC Overlays ES

CPCYAC - Cost per Cubic Yard of In-Place Compacted Asphalt Concrete
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RPS1 - GUIDE FOR DATA INPUT

ACE - Asphalt Concrete Modulus Value
ACPR - Production Rate of Compacted Asphalt Concrete (cubic yards per hour)
CPR - Concrete Production Rate (cubic yards per hour)
COEF - Concrete Coefficient for Corps of Engineers Formula (Eq 4.30)
CPSYR - Any Additional Cost per Square Yard for Overlay Construction (present value)
SEAL COATS (this card only if NCS2 is not 1)
TFS TBS CPLMS
F10.0 |  Flo.0 F10.0 ]
i ’ [[o] ’ 20 30
TFS - Minimum Time for First Seal Coat After an Asphalt Concrete Overlay
TBS - Minimum Time Between Seal Coats
CPLMS - Cost per Lane Mile of a Seal Coat

JOINTS (one card)

CPFTJ CPFLJ SLV Suv NIM
F10.0 |  F10.0 | r10.0 F10.0 | 110.0
| 10 20 31 40 50 61 i 70

CPFTJ - Cost per Foot of Transverse Joint (dowels, sawing, sealing, etc.)
CPFLJ - Cost per Foot of Longitudinal Joint (excluding cost of the bars)
SLV - Joint Spacing to be Tried for JCP Pavements, lower value
Suv - Joint Spacing to be Tried for JCP Pavements, upper value
NJM - Number of Transverse Construction or Warping Joints per Mile Provided for CRCP Pavements (if any)
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RPS1 - GUIDE

FOR DATA INPUT

MAINTENANCE, DIMENSIONS, AND MISCELLANEOUS {(one card)
DFTY CLW CERR CMAT RINT PSVGE WL NLT
| F10.0 F10.0 F10.0 |  r10.0 | F10.0 |  F10.0 F10.0 110 |
[ o 10 20 30 40 50 60 70 80
DFTY -~ Days of Freezing Temperature per Year
CLW - Composite Labor Wage (dollars per unit maintenance)
CERR - Composite Equipment Rental Rate (dollars per unit maintenance)
CMAT - Cost of Materials (dollars per unit maintenance)
RINT - Rate of Interest or Time Value of Money (percent per year)
PSVGE - Salvage Percent of Structural Value at the End of Analysis Period
WL - Width of Each Lane (feet)
NLT - Total Number of Lanes in Both Directions

BLANK CARD TO TERMINATE THE PROGRAM
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GENERAL PROGRAM NOTES

Program Controls:

These optional parameters are built in to obtain various options for designing particular types of rigid

NCS1

NCS3

pavements, overlays, and reinforcements. If all NCS switches are left BLANK, the program designs
and optimizes out of all possible types of solutions.

and NCS2 can very effectively be used to decrease the computational time in case a particular type
of design is not required.

can be used to design a particular type of reinforcement if desired, but a BLANK for NCS3 will
select the most economical type of reinforcement out of bar steels and wire meshes.

A BLANK for PSN4 automatically gives 12 designs for the Summary Table. The program is at present

dimensioned for a maximum of 24 designs and, because a number greater than 24 can produce serious
errors in the design process, PSN4 is assumed to be 24 if a larger number is input. 1In case the
program generates less designs than the number specified, the program prints fer the Summary Table
as many designs as generated.

The program requires a storage of about 105,000 octal with dimensions for 24 design strategies. The

storage will increase if the program is redimensioned.

Traffic Data:

The number of load ranges in traffic data should be enough to reasonably divide the axle loads

in various groups. The average value of a load range is used to compute equivalent loads

and, therefore, traffic analysis gets more accurate with an increasing number of load ranges.

If it is observed that a particular axle load is considerably more frequent than the other loads

in a range, the load should be changed into a load group by itself. There is no limit on the maxi-
mum number of load groups. Frequency of loads, NA, is the average daily axles in both directions.
The values should be as accurate as possible because these data are projected over the entire
analysis period.

Traffic Growth and Distribution:

The growth factors are linear percent increases per year; e.g., a growth factor of x percent per year

for average daily traffic, X , will make it X + xY after Y years. Average daily traffic should
be given in one direction. 100
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Designer's Restraints:

These inputs should be specified very carefully. For a set of very restrictive values, these restraints
may reject certain desirable designs, but also certain other values of these restraints may help
generate a large number of designs requiring a high amount of computational time.

A complete analysis of the effects of these restrictions is printed for every problem on the last page.
If this analysis shows that a considerable proportion of designs is being rejected due to a particular
restriction being relatively too strong, and if the designer feels that some of the optimal designs
may be lost because of this, the problem should be run again with the restriction a little more open.

Minimum overlay thicknesses should generally be specified according to the general practices. Maximum
total initial thickness will become a restriction when its value is less than the sum of maximum
concrete and subbase thicknesses. A zero value of minimum time to the first overlay will remove this
restriction from the program.

Maximum total overlay thickness values should be specified with care. The difference of maximum and
minimum overlay thickness generally determines the amount of computational work involved in an
overlay subsystem. A high value may sometimes lead to very large overall computation time.

Performance Variables:

In view of the statistical development of performance models used in the program, it is desirable that
Pl not be greater than 4.5 and P2 not be less than 1.5. Due to the basic assumptions, P2P should
always be less than or equal to P2.

Traffic Delay Variables:

These variables determine the indirect costs due to traffic delay during overlay construction. All inputs
should conform to the MODEL gspecified for handling traffic during the overlay. Detour distance,
DDOZ, is not required unless Model 5 is used for handling traffic. The product of PAPH and HPDC
should not be greater than 100,

The program is designed to overlay one lane at a time. The number of open lanes in the overlay or
nonoverlay direction should not be greater than three. Data built into the program do not allow
the vehicle speeds of more than 60 mph and this value is adopted if higher speeds are input.
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Materials (concrete):

The program is presently dimensioned for a maximum of six types of concrete which can be specified.
The program converts the value of flexural strength if ND =7 and/or NP = 1 . Standard deviation
and confidence level can be left BLANK if values are not known. In that case, the program will use

the mean value of flexural strength, SX.
A value for SXCL must be given in case a value for SXSD is specified.

TS can be left BLANK if not known. A value of 0.4 times the design value of flexural strength will be
used if TS is BLANK.

Flexural strength, SX, should not contain any factor of safety to design. This factor is already built
into the performance model.

Concrete Dimensions:
The minimum and maximum values should be specified carefully based on experience. Increment value, CINC,
should be decided by the construction equipments to be used and general practices followed. Any value
of this increment can be specified. A value of 1.0 inch is used in case CINC is left BLANK. These

values are used for every type of concrete input.

Subgrade:

The options of specifying mean subgrade modulus of reaction, SGK, or its mean Texas Triaxial Class, TTC,
are available. In case both the values are given, the program will use the modulus value. Standard
deviations and confidence levels can be left BLANK if not known. The program will use the mean
values in such cases. Confidence levels must be given in case values for standard deviations are
input. The friction factor and erodability factor for subgrade may not be given if no solutions
with the slab directly resting on the subgrade are to be generated.

Materials (subbase):
The program is presently dimensioned for specifying a maximum of four different types of subbases.
The option of specifying either the modulus values of subbase materials or their Texas Triaxial Class
values is built in the program. Modulus value will be used in case both the properties are input.
The minimum, maximum, and increment values for each subbase can be specified separately. Increment
values should be specified based on the general practices followed for constructing subbases.
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Materials (steels):

Bar Steels:

These two cards for longitudinal and transverse bar steels should be provided if NCS3 is not equal to
2, i.e., if only bars are to be designed or if bars and wire meshes both are to be tried. A
maximum of four types of bar steels for longitudinal reinforcement and the same number for
transverse reinforcement can be specified. Tensile yield point strength should not contain
any factor of safety. A value has been built into the program for this.

Wire Meshes:

This card should not be provided if NCS3 is equal to 1. A maximum of four types of wire mesh steels
can be input, Tensile yield point strength should not contain any safety factor.

Tie Bars:

These data are used for providing tie bars whenever wire meshes are designed. This card, therefore,
should not be provided when only bar reinforcement is specified to be designed, i.e., NCS3 = 1,
In a case when bar reinforcement is designed, tie bars will be provided of the same steel as
used for transverse reinforcement bars.

Steel Sizes:

This card contains the inputs for determining the layout configuration for reinforcement and tie
bars. A maximum of four bar numbers can be input for determining the spacing of bar steels in
case bar reinforcement is provided for the design. In case of wire meshes, pairs of longitudinal
and transverse mesh spacings are input and corresponding diameters of meshes to be used for the
design are computed and printed. A maximum of four pairs can be specified.

In a case when wire meshes are intended to be designed, bar sizes to be used as tie bars should be
specified. A maximum of four sizes can be specified for tie bars. For designs for which bar
reinforcement is provided, the same sizes will be tried for tie bars as are used for designing
transverse bar steel.

In every case, the program gives the spacing of tie bars along the longitudinal joints. The lengths
of tie bars is 60 times the diameter being provided.

The spaces for these steel sizes can be left blank for those types which will not be used in the de-
sign according to NCS3 switch. Bar numbers, BARN ( ), may not be provided if NCS3 = 2 and, vice
versa, the wire mesh spacings SL ( ) and ST ( ) and tie bar numbers, TBARN ( ), may not be
provided if NCS3 = 1.
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Materials (overlay):

This card contains inputs for both types of overlays, but the values may be left BLANK if one is not to be
used according to NCS2 switch. CIOV, CPCYAC, ACE, and ACPR may be left BLANK if only PCC overlays are
to be designed and, vice versa, CPR and COEF can be left BLANK if only AC eoverlays are desired. -

CPSYR is a random additional cost and is built in the program to give the designer an option of
adding a particular cost to all the designs. A designer may add any such initial or the present
value of a future cost which is not taken into account in the program and is advocated by the spe-
cial conditions of a site.

Seal Coats:
This card should not be provided if only portland cement concrete overlays are to be designed, i.e., when
NCS2 = 1. Seal coats are only provided on those pavements which are provided with asphalt concrete
overlays.

Joints:

Cost per foot of transverse joints, CPFTJ, should include the cost of sealing and dowels. Cost per foot
of longitudinal joints should not include the cost of tie bars. SLV and SLU are the lower and
upper values of transverse joint spacings to be used for jointed concrete pavements. The program
determines the most economical spacing of these joints. NJM is provided in case some transverse
joints are desired for CRC pavements; e.g., construction joints or warping joints.

Maintenance, Dimensions, and Miscellaneous:

For complete explanations of maintenance cost variables, CLW, CERR, and CMAT, refer to NCHRP Report 42
(Ref 62). Interest rate Lg a very important variable of design and determines the present value
of all future costs. A zero value for interest rate eliminates this factor. The total number of
lanes, NLT, should conform to the traffic MODFL used and other inputs specified for traffic delay
variables. If the road is to be abandoned at the end of the analysis period, zero value for
PSVGE should be specified.
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GENERAL FLOW DIAGRAM FOR PROGRAM RPS1

[BEGIN]

START READING
Input data

READ
Problem Number, NPROB
Problem identification|

- IF o
(X2
g Gy

WRITE
Problem Number and
n

Problem identificatio

READ
Program control data

[

READ
Number of load groups, NL,
and first card for traffic data

o
Ve WRITE N\
Error
Message|
READ
y Rest of traffic data from Card 2
to Card NL and first ten spaces
for NLCK
0 P /
No
N CONTINUE
READ
Traffic growth and distribution
data
|
READ
Designer's decisions and restraints
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|

Performance variable;\w

READ
Traffic delay cost variables
I

READ
Number of concretes NC and
data for first concrete

WRITE
Error Message

Y [READ
Data for concrete No. 2 to

NC
\.
CONTINUE
READ
Concrete thickness data and
concrete increment, CINC
READ
Subgrade data
I
READ
Number of subbases, NSB, and
data for first subbase
o
4 WRITE

Error message

S

READ
Data for subbase No. 2 to

NSB

CONTINUE



__]DO for each subbase
’ I =1 to NSB

TSMAX(I) > 18.0

[ TSMAX (1) = 18.0]
J

e

Sb. Increment
SINC(I) = 0.0

Yes

félNC(I) = 3.0]

r e — e P —————————

Set X1 and X2 to print appropriate
headings for subbase output

T

Convert Texas triaxial values to
modulus values for all subbases

X

]

transverse bar data

Read longitudinal andw

J

183

with wire meshes

Read wire mesh data and
tie bar data to be used

J

READ
Bar and mesh sizes to be
tried in the design

|

Overlay data \W

.

|Read seal coat data )

No -t

READ
Data for joints

l

READ
Maintenance, dimensions,

and miscellaneous data
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——————
'
'

4

[}
)

START WRITING
Input Data

‘DO for all load groups
‘ I = 1, NL )

Develop COD(I) data. Find average
load in kips

I

WRITE
Traffic Data

T

WRITE
Traffic growth and
distribution data

For NCS1, NCS2 and NCS3 data

(=1, 2 or Blank)
WRITE appropriate program controls
For PSN1 and PSN4 WRITE appropriate

statements
WRITE
Designer's restraint data

Performance Data
Traffic Delay Data

[DO for all concretes I =1, NC )

SX (1)

CALL Pupy to compute design value of

.23%SX(1) |

nY
1
J/

0.90%SX (1) |
J

AY
0.4*SXD (1) |
J
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WRITE
Data for all concretes and
concrete thickness

For all steel data
Deteymine KOUNT1 to KOUNT7/

and find maximum (IKOUNT)

WRITE Bar Reinforcement
data

No

- )
WRITE Wire Mesh & Tie
Bar data

2

Convert k value of subgrade to its
E value
|

WRITE subgrade k . data N\
standard deviation if > 0.0
confidence level if > 0.0

|

CALL subroutine PUPY to compute

design value of k

Calculate subgrade E wvalue from
design k wvalue

Calculate SGE value from Texas /
Triaxial value

l

WRITE subgrade Texas Triaxial data‘}

its SD if > 0.0
its CL if ~» 0.0
|
Call subroutine PUPY to compute
design TTC values
I
Calculate SGE value from design
TTC value
\

[WRITE other subgrade daCaﬁﬁ
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|
[WRITE data for all subbases

AY
[WRITE AC overlay data )

-
[WRITE CC overlay data )
J

[WRITE seal coat data )
J

B,

WRITE
Data for joints, maintenance,
dimensions, and miscellaneous

Initialize storage of counters and
other temporary variables

I
]Compute cost of subgrade preparatidﬁ?

Set XJ = 3.2 and Pavement identification,
IDPV = 1
- = Ar -~
( [Set XJ = 2.2 and IDPV = 2 |

ﬂ

~—<4D0 for all subbases I = 1, NSB)

TCMIN + TSMIN(I)

Set KTHCK = KTHCK + 1]

(@)
\/

Add to the previous sum the number of
= initial designs this subbase generates
by itself

CONTINUE
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Determine the number of designs generated
by all the concretes by themselves

Calculate total number of initial
designs possible

WRITE Message

KTHCK < NSB

- N TYes
K-[DO for all subbases J = 1, NSB)
|
|
!
}
1 Present Concrete
i THCC + TSMIN(J)
!
!
1
/4
For THCC analyze traffic data and
determine total equivalent
18 kip axles
o —————— - DO for all concretes I = 1, NC)

| Compute cost of concrete |

[

~—— - ———4D0 for all subbases J = 1, NSB)

concrete +
subbase thickness
< TMAX

KREJ = KREJ + 1~

KSUB = KSUB + 1 | y
Compute cost of subbase

I
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IF
Yes
THSB = 0.0 >— N
No
Compute transformation decoding
equations
Yy

I

Determine improved k value at the top
of subbase using three different

equations for THSB < 6.0 inches
2 6.0 and < 12,0 inches and
> 12,0 inches

Convert subgrade modulus value to
k value (= TOPK)

Yes

No

Determine reduced value of k (TOPKE) due

to erodability factor

—
[TOPKE = TOPK |

CALL LIFE to determine life of the
initial design

Computed life

2 min. allowed

Call MANCE to calculate maintenance cost
during the initial life (Not beyond

the AP)

Reinforcement design check counter,
KRCK = KRCK + 1

IF

Yes -

KRCK > 1

No




el

HC

—_— e - - —_— — . e e - - ——-

according to MODEL

Determine free width of pavement

i

CRC Pavement is

of Trans. joints

Determine bar steel giving minimum
sum of cost of steel and cost

IF
only Bar Reinf.
is to be
designed

transverse joints

Determine mesh steel giving minimum
sum of cost of steel and cost of

Mesh Steel is

more Economical

IF
only mesh reinf.
is to be
designed

Yes

[Determine most economical bar steelT
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e

IF

Yes only bar reinf

is to be
designed

No

Determine most economical bar steel]

mesh steel is Yes

more economical

Determine spacings for all bar sizes
specified

CRC Pavement is
being designed

Yes

Check for bond strength developed[

J

Determine most economical transverse
bar steel and its spacing for the
bar sizes considered




—_——

Compute cost of reinforcement (Long. +
Trans.) and cost of tie bars

J

(

Determine wire mesh diameters for all
long. mesh spacings specified

IF
CRC Pavement
is being
designed

[Check for bond strength developed

Determine cost of trans. steel providing
the same mesh steel as for long.
direction

Determine wire mesh diameters for all
transverse mesh spacings specified

Determine most economical steel for
tie bars
Determine spacing of tie bars

Compute cost of reinforcement and cost
of tie bars

IF
RC pavement ig\\\No

Compute the cost of joints and the
transverse spacing from the specified
number per mile

J

'd

Compute cost of joints with the economical
transverse spacing determined

Determine initial cost CTIN

= CISP + CTC + CTSB + CTRF + CTJ + CTTB
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IF
CTIN > Funds™\ Yes
available
No
d S
IM =1
No -
IF
XJ = 2.2 andSYeS =3
NCS2 = Q
No -
IM =0
—
——
iF
Tnitial life < AP No
Yes
IF
Yes
No
Set up minimum and maximum value of Y

AC overlay (OMIN, OMAX). Compute
decodings and solve the equivalent
thickness equations partially

/-

.

Set up minimum and maximum value of CC
overlay (OMIN, OMAX)




:

+
-~
Overlay thickness = minimum overlay
thickness, THOV(L) = @MIN
Determine total overlay thickness Y
THOVT (L)

THOVT (L) > maximum
allowable

Increase same overlay thickness by
the increment specified
THOV (L) = THOV(L) + XINCR

Yes

Compute Deffective for AC overlays,
cost of this overlay and total
cost of all the overlays

/7

Determine effective thickness, present
overlay cost and total overlay cost
for CC overlays

N

Call subroutine LIFE to calculate life
for the present overlay

I

Compute total life of design with this
overlay

1

Call TDC and calculate traffic delay
cost for this overlay

Compute total traffic delay cost including
this overlay
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Call MANCE and calculate maintenance
cost of this period
[
Compute total maintenance cost including
this period

total life > AP

IF
minimum time between
overlays is
atisfied

|\ Ye

-

Calculate seal coat cost for AC
overlays only;calculate salvage
cost

|

réaICUlate total cost, TCOST |
|

e=---=-Do twice M = 1,2 ) Y
| .

Determine index of the combination this
design goes in NIM1 = NREQ + IM + 1 V

NLM1 = NREQ + 5
Put it in (NREQ + 5)
array

- y

IF
COST > TCOST
already in
that array

Yes

- e e e E e ew dm me e e e w m wm - =meeeme - —-
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[Keep this design in NLM1 arrayJ
7

”
[NN = NN + 1]

IF Yes

NN > NREQ
N I\ v

- N\

Keep the design, cost, reinforcement A
and overlay information of this Y
design in NN array

J

_—— i = = e e e = e e = - ——

fa
r;O from 1 to NREQ )

L

[ | “
# Find the total cost TCT(JAY) and the

index (JAY) of the design having

maximum total cost

- —— e e - . e - Eem e Em, e, e e = P e e .- .- et e - - _,——-———--

Go to design second
type of overlays ay,

N\————{Increase subbase thickness |

- oI zzz{CONTINUE)

-t Increase concrete thickness |

I

Design second No

pavement type NCS1 7 ¢

es



,..-_._...-—.-—-—.—..————-— - o -
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[Start printing OUTPUT|

IF
there is no
initial

desig

Message

IF
there is no overlay
strategy possible for
any of initial

----------------- {DO for all combinations designed )

IF
there is no initial
design for
combinatio

IF
there is no overlay
strategy

optimal design within the combinatio

=

-------------------------- {CONTINUE )

Determine the indices of the designs in
increasing order of total cost
NMB(1) to NMB(NREQ)

E:i?TE all the information about the most
n

Determine the number of pages (MPGE)
required (6 designs/page) for
summary table and also extra
designs left




— e e e e m e e e e e e e P e e e e e e = -

DO from 1 to

Shift the designs NMB(l) to NMB(6) or
NMB(7) to NMB(12) or NMB(MM) to
NMB (MMF) in the array (NREQ + 1)
to (NREQ + 6)

WRITE information about 6 designs at
a time for the summary table

Shift reinforcement information in
array (NREQ + 1) to (NREQ + 6)

WRITE reinforcement size and layout
information (if asked)

Determine seal coat schedule for the
designs having AC overlays (if asked)

WRITE seal coat schedule information (if\]
asked)

- =—=- = -==~ -~ --JCONTINUE

For the extra desighs change MM & MMF |
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[WRITE initial design analysis

l

[ WRITE overlay subsystem analysis )

[

[ Return to read data for a new problem |
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Subroutine LIFE

kalculate constant expressions]

Calculate WT for TUPTO
P = P1, PP = Pl

BONE < certain value Yes

o
Decrease PP by DP. Find T corresponding
to new PP, find DT
P=P -DP
7 -t

/s -t

Increase T by DT
Find PP corresponding to new T
Find PP and DP, P = P - DP

Calculate GT and equivalencies, WTP,
corresponding to P

| 2 -

TACT = T + TUPTO
Calculate traffic, WIT, corresponding
to TACT

Find DW = WIT - WT
Set WT = WIT
Set WIP = WTP + DW
Find P (PM) corresponding to WTP

IF v
PM < P2 > N
)
|Set new P = PM]| ]
Yes
No
\ -
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Bring back P = P + DP
PP = PP + DP
T =T - DT Y

IF
DT < TEST and
DP < PEST

Yes

Set increment to half
DP = DP/2, DT = DT/2
Bring back WT = WIT - DW Y
WTP = WTP - DW

e -J —t /

CONTINUE
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Subroutine PUPY

For confidence level CL, find area
' under the normal curve (= + AA)
[
Find absolute value of AA (= A)
Find XA = 100*A
Round off XA to lower whole
number (= XNA)
|
Find the value of standard unit z
corresponding to XA plus the
fractional value of 2z for DA
(= XZ)

Design value X = mean value
+ XZ*Standard deviation

RETURN



—_—_,——————,—,. . -

Subroutine MANCE

Find time T for which maintenance
is acquired T = PLF - PLP

IF

PLF > Analysis

< 0.0

Compute labor, equipment, and material
costs |

Calculate total cost and find its present
value

AY
Period Modify T to be
T = AP - PLP
—— ./
Find 7% of maintenance requirements
for labor, equipment and material
for urban or rural location
[Set NT = T + 1.0]
~—#»-D0 from 1 to NT I = 1,NT)
Determine maintenance requirement units
for each year
IF
Tequirements H1€8 ~

Add this total cost in the previous total
cost

( -t
== ~=——————-—CONT INUE

_\
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For the last fractional year determine
the proportionate fractional cost
and add to the previous total cost

[Calculate cost per square yard|

RETURN



Subroutine TDC

Compute LO, LN and K
Set = 6 if > 6

Set POl, PN1l, DOl, DNIl each = 0.0
Determine P02, PN2, D02, DN2

MODEL
2 3 4 5
j LS ~

[Determine POl, PN1, DOl, DNI|
J

6140
e —~ -
{
Determine output and the recovery y
rates for overlay direction
Y

veh/hour <
output rate

Yes

Determine POl and set it = 1.0 if
greater than 1.0
Determine DOl

>4

- —~— p,

-
Determine output and recovery rates
for overlay direction

veh/hour < Yes

output rate

Determine POl and set it = 1.0 if greater
than 1.0. Determine DOl

L_, -

Determine output and recovery rates for

nonoverlay direction

veh/hour <
output rate

203
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Determine PN]l and set it = 1,0 if greater
than 1.0. Determine DN

CONTINUE

E E

Determine cost of stopping from approach
speed (COl, CN1) and cost of slowing
to thru speed (CO4, CN4) for rural
area
- J
Vs —t
Determine COl, CN1l, CO4, CN4 for urban
area
\
Determine cost of delay due to congestion,
€02 and CN2
IF
Model = 5 ~
No y

Compute cost of driving at a reduced speed
(CO3 and CN3) for all models
Compute C03 and CN3 for Model 5 having

detour distance

ITYPE
1 2

i
Compute excess cost of stopping from thru
speed + cost of idle time (CO5 and CN5)
for rural area

-
L.
(_ |Compute CO5 and CN5 for urban area
N

Calculate total traffic delay cost per
hour of overlay comnstruction

Compute total traffic delay cost per square
yard and calculate its present worth

RETURN
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PROUGRAM RPS1

OCTOBER, 1970

DIMENSION
BONY (12}
COMAN{11),
CPPBS(B) s
CTOVER(11),
E(6)1sEF L),
L1(3C},
NAME (443,
NCUDE130),
NTHT(&)»
OVNAM(G) s
RNF1D{(21»
SPACL 4]
SXCL(4) s
TBARN(4)
THOVT (11},
TTCS(6) s
WHO(9),

CLNOCVEWNEOONt VW -

INPUTs OUTPUTs TAPES = INPUTs TAPES = OUTPUT)

AVGL (301, ATBPF (41, B(30), BARNI(4)
ClCi6d, ClStads COD(30s2)s CODE(242)s
COSOVI1l)s COTR(11), CPCYC(63, CPCYS (4
CPPTS{4) CPPHS{4), CSCl6)y CTMAN (11}
CTTRAF (11}, DlAL{4), DIAM{4), DIAT(4),
EQ(30), ES(4), ESLt4), FFSB(4)
L2(30), LFT(4) MANT(4) NA{30)
NAMEBS (B93) sNAMETS (443 ) sNAMEWS (44931 3NCNT (41 s
ND(6)» NDLT (4 NP6} NTDCT (41
NTMT (4}, NTOT (4}, NTOTRI4) OVID(3)s
PL(12), PVID(2)» PVNAMIG ) » RD(2y2)
RNFNAM{G6)s SINCl4), SLt4), SPACI(4)
SPACT(4), SPTIE(4), ST{4)» SX16),
SXDi4), SXDAT(692) s SXDATAL292)»5XSOt&) s
TCTM(11) TCTOVI11)s TCTTDLLIL)s THOVIIl)
TITLEC1S)y TS(6), TSMAX &), TSMIN(4Y,
TYSBS(8) TYSTS(4}, TYSWS(4), wC(6!,
SCOT(20) KIN{6)}

RPS1 1S DIMENSIONED TO STORE A MAXIMUM OF 24 DESIGNS
FOR THE SUMMARY TABLE. FOR REDIMENSIONING THE PROGRAM
30 ) IN THE FOLLOWING CARDS BY ( 6 + 1JK )

REPLAJE
wHERE 1JK
UIMENSION

CM(30),
CSPI3LYy
1P(30),
MC(30),
NMB (241
RLS(30,4)
TBNR{3wys4)
TsuB( 30}

ONOVE W

COMMUN /LIFE/
COMMUN /MANCE/
COMMON /TDCs P
1 ASNDsMOD

COMMON /ALL/ A

DATA CODE/3HSI!
DATA SXDATA/3H

DATA (OVID(I)
DATA (PVID(1),
LDATA (RNF1D(D)

IS THE MAXIMUM NUMBER OF DESIGNS TO BE STORED

CA(30), CC(30)»
CO(30)» CR130)
CSRU30) CT{30),
IR130), JMR (300,
MLR(30)» MS130)
NO(30) NPP (301,

RTN{30s4)s RTS(30s4},
TBSP(30s4)s TCI301»

Ci(30),
CSB(30)
CTB(30)
JNR(30)»
MTB{307}
PLF(30,13)
STJ(30},
TCT130)»

P2, P2Ps XJs TOPKEs ITER, WT

CERRs CLWy CMAT, DFTY
APHs HPDCy PVSO, PVSN,

DEQOs DEGN,

EL, DTSOs DTSN, DDOZ» NOLOs NOLN,

Py ADTGR, ITYPEs RINT

Ny 3HTAN, 3HGLE, 3HDEM

/

CEN» 3H THs 3HTER, 3HIRD /

I21+31/4H AC » 4H CC » 4HNONE/

121420 /3HJCP s 3HCRC/

s 1 = 1y 2} /4HBARS» &HMFSH/

DATA BLANK/G4Hs8Xs/s FIL/4HFB842/y GEC/4HFB43/
2199) /3HIH+)4H2BXs6%4HBX, s4HFB42/

DATA (WHO(1),1]
DATA NOTHIN/SH

REAL NCODE

/v STAR/1H® /

CJ(30)
CSEAL (300
106301
JPRI(301)»
MTR (301,

s RLN(30s4)
SUMOV (301 s
TO(30,121,

AASs ASOD,
ADT

DDVDDVDVDDDVDVDDIDIDDDOVDDDDDDDDDDDDVDDDDOIODIDDDIIDDDDDDODDODD DD

290
3on
310
320
330
140
350
360
370

380

190
40n
410
420
430
LY 1,
450
460
470
4RO
490
500
510
520
5130
540
550
560

REAL M1, M2,
REAL K1l K22

[a¥a¥aXala¥aXal

lowu CONTINUE

READ (5,1010)

1010 FORMAT (A4,6
C

IF (NPROB
1U20 WRITE (6,130

1v30 FURMAT (1Hl»
1 #RAM
2 /12
1040 FURMAT  (1H1ls
1 #RAM
2 /7 12

[aNaNaNal

READ (5413500
1050 FORMAT (3110

nCS Coi

NCSI 3
=1
=2
=B

NCS2 DE
=]
=2
=8

NCS3 DE.
=l
=2

P SN PR

=1
=3

[a¥a¥a¥aXalaXaXa¥aXaRalaXaXaXaXaYaXa¥aXaNalaXaXaRalaNa¥al

M3

READ INPUT DATA

PROBLEM DESCRIPTION

NPROBs TITLE
X915A4)

-NOTHIN) 1020+4650,1020
} NPROBs TITLE

/7+5X»®*1#,06X4#RIGID  PAVEMENT SYSTEM ONF
ESH KHER OCTOBER 1970% 19X ®[=~--=~TR]M#
X s#PROB #A4s 6Xs 15A4 )

SXe#[#,06Xs*RIGID PAVEMENT SYSTEM ONE
ESH KHER OCTOBER 1970% 19X #]~=-—--TR]M#
X+s#PROB *A4s 6X» 15A4 )

PROGRAM CONTROL CARD

NCS1le NCS2» NCS3, PSN1ls PSN&
s 10Xs F10.0+ 20Xy F10.0
NTROL SWITCH NUMBER
SET OF SWITCHES WHICH CONTROL THE DESIGN AND
OPTIMIZATION PROCESS:s FOR EXAMPLES

C1DES THE TYPe OF PAVEMENT TO BE DESIGNED
FOR JCP TO bE DESIGNED ONLY
FOR CRCP TO BE DESIGWED ONLY
LANK FOR JCP AND CRCP BOTH TYPES OF PAVEMFNTS
10 BE TRIED
CIDES THE TYPE OF OVERLAYS TO BE DFSIGNED
FOR CRC OVERLAY 7O BE TR1ED ONLY
FOR AC OVERLAY TO BE TRIED ONLY
LANK FOR CRC AND AC CVERLAYS TO BE TRIED
CIDES THE TYPE OF REINFORCEMENT TO BE USED
FOR DEFORMED BAR REINFORCEMENT ONLY
FOR WELDED wlRE MESH REINFORCEMENT ONLY

=bLANK FOR DEFURMED BARS AND WIRE MESH BOTH TO BE TRUIED

INTING SW1TCH NUMBER

SET OF SWITCHES WHICH DETERMINE [F SOME SPFCIAL
QUTPUT 1S DESIRED TG BE PRINTED OUT» FOR EXAMPLE,

RIGID PAVEMENT SYSTEM [NPUT

PSNL DECIDES WHETHER TO PRINT LONG OR SHORT FORM OF OQUTPUT

FOR SHORT FORM QF QUTPUT
LANK  FOR LUNG FORM OF OUTPUT

DMODOVDDDVDIODDDODVDVDVDVDDDDDODDDNDDDIDDIDDDVDDDDDDDDVDIVIDDDIDDTDIDD DD D

570
SRN
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
8np
810
826
810
840
8sn
860
870
880
890
900
910
920
930
94n
950
260
970
960
990

1000

1010

1020

1030

1040

1080

1060

1070

10RO

1090

11¢c0

1110

1120

Loz



PSN& NUMBER OF DESIGNS FUR THE OyTPUY
BLANK = GIVES TWELVE DESIGNS ( SIX PER PAGE

TRAFF1C INPUT

[aFaNaNaNa¥al

READ (5010601 NLo L1010y L2(1%s NCODECL)W NACLY
1060 FORMAT (31104F10.091101
<
1F iML=11 1070s110041090
1070 WRITE (641080}
J10BU FURMAT [ 7 020X eo5H" Rt asin s anan s tas i aana v thi ntanansnnsnensnpsn

1 /920K 4 HSHR LRROR IN 1NPUT DATA FOR TRAFFIC »
2 7 220X 51" NUMBER OF LOAD GROUPS OR CARDS »
3 720X 44 BH¥ NOT IN ORDER »
4 /920K s65H* *
5 £ 320X 94 5HY PROGRAM TERMINATED *
& [.20!"sﬂ\lIIi&II"I!'DG“‘!‘-‘“Q‘*I'!Dlnill-ﬂﬂll'l!‘ly!l)
GO TO 4e%5¢C
<
1090 00 1100 1 = 24 HL

READ {5+1060) NLCKs L1t1le L2113, NCODE(Lls RALD}
IF INLCK 4NE, OF GO TO 1070

1106 CONT LHUE
<
< ML NUMBER OF LOAD GROUPS
C L1-L2 RANGE OF AXLE LOADS
[ NCODE AXLE CODE
C 1 FOR SINGLE AXLE
< 2 FOR TANDEM AXLE
[ NA NUMBER OF AXLES IN THE RANGE. BOTH DIRECTIONS
[4
4
[4 TRAFFIC GROWTH AND DISTRIBUTION
C

READ (5+1110) AGFs ADTGRs DDF+ DFLs ADT
1110 FURMAT  (2(2F10.0»10X)4F10.01

AGF AXLE GROWTH FACTOR (PERCENT PER YEAR)

ADTGR  ADT GROWTH RATE (PERCENY PER YEAR)

ooF DIRECTIONAL DISTRIBUTION FACTOR (PERCENT)

DFL LANE DI1STRIBUTION FACTOR (PERCENTH

ADT INITIAL ADT EXPECTEDs ONE DIRECTION (VEH. PER DAY)

USERS DECISIONS UR RESTRAINTS

1232323282522 2%a%A

READ (5411201 CMAXe TMAXs OFMINy BOMIN, OMAXAw OMINA, OWARCS
1 OMINCs AP

1120 FORMAT {4F 10.Ce4F5.04F10.01}

CHAY MAXIMUM FUNDS AVAILABLE (DOLLARS)

THAX MAX1MUN ALLOWABLE THICKNESS, SLAB PLUS SURBAR<FIINCHE S

BOMIN MINIMUM TIME BETWEEN OVERLAYS {YEARS:

UFMIN  MINIMUM TIME TO FIRSY QVERLAY [Y£aRS)

UMAXA MAXIMUM TOTAL AC OVERLAY THICKHESS {INCHES)

[a¥aTaTakatal

MHDODDOADIVLLIBDIAIXNDIRLNL AL DODL DAL 0VDIDITNVVILDDDDIRIITIRDITNR

1130
1140
1180
1180
11re
1180
1190
1200
1210
1220
1230
1240
12%0
1249
1270
1280
1790
1200
1310
1326
13235
1340
1380
1360
1370
138¢
1350
1a0p
lagp
1420
1430
1880
1450
1480
1470
1480
1490
1500
1510
1920
1520
1%40
1550
1560
1%70
158n
1590
1600
1610
1620
1630
1640
1650
18860
1670
1-13

“MINA  MINIMUY AC UVERLAY THICKKELSS AT ONF TIME (INCHESH
UMAXC  MaxXihute TOTAL CUNCRETE OVERLAY THICRNESS (INCHES:
VMING MINIMUK CONCRLTE OVERLAY THICKNESS AT ONE TIME (INCHES)
AR LERGTH UF ARALYSIS PERICD (YEARS)

PERFURMANCE VARIABLES

aEulalalakakalsl

READ (54+1130) Pl, P2s POvVe P2P, BONE

1130 FORMAT (5F10.0)
Pl INITIAL SLRVICEABILITY INDEX
P2 TERMINAL SERVICEABILITY INDEX
POV SERVICLABILITY [NDEX AFTER AN OVERLAY

v 2P LOWEST GERVICEABILITY INDEX REACHED IN INFINITE TIME
DUE TO LWELLING CLAY AND NO TRAFFIC
cUNE SWELLING CLAY PARAMFTER

TRAFFIC DELAY CO$T ¥2RIARLES

[aNaNaVaNaNaNalalWalalal

READL (55115801 C180s DTSKy DDOZs PAPH, “PDCs NOLOs NOLN, ITYRE
1140 FURMAT  {SF 100205 10%, 113 3

KEAD (bell5u) PV¥SUe PVSNW DEUL, DEQN, ALS, ASODs ASND, MODEL
115C FORMAT {7F10.0.110)

vTSU DISTARCE OVEK wHI(H TRAFFIC 15 SLOWED, OV.DIR.IMILES)
UTSh  DISYANCE OVER wHICH TRAFFIC 1S SLOWEDs NaOveDIR.(MILES)
VOUZ  DISTANCE MEASURLD ALONG DETGUR AROURD OVERLAY ZOREIMLS}
RAPH  PLRCERT OF ADT ARRIVING EACH HOUR OF CONSTRUCTIOR
HBGC  MUMBER UF MOURS OF OVER(AY (ONSTFUCTION PER PAY
AULLU MUy UF OPEN LANES IN RESTPICTED ZONEs OVe OIR.
awbh NGa OF UPEN LAMES IN RESTAICTEU ZONEs AsOVWDIR,

AULO OR NOLN SHUULD NCT BE GREATER THAN 3
ITYPE 1 FOR RURAL ROAD

¢ FOR uURBAN KOAD

Fyse VERICLES STURPED &Y RUAD EGULIPy, OVeDIRe (PFRCENTY
Fy S VERICLES STUPPED BY R.AD ECULR, N,OveDIRe (PERCENT)
[ AV 1¥ AVG DELAY PLR VEWICLE STOPFED IN RLSTRICTED 20NE

1Y ROAL EQUIPMEINT AND PRRSONNFLs OVe DIR. (HOURS)
E Wi AVG DELAY PER VEHTCLE STOPPFD IN RECTRICTED 20KE

wY¥ RCAU EWUIPENRT AND PERSTONNEL s NOMN OVe BIR, (HOURSH
nAS AVS GWPPROACKH SPEED TO UVERLAY AREA  [MPH)
A 500 AVG SPEED THHWUGH RESTRICTFD ZONE. OV.DIR, (MPM)
AOND AVE SPTED THPOUGH REST?ICTED ZONEW NaCyuDIR. (MPH)
MubEL  MULEL NUMBER wrYOH DESCRIBES THE TRAFFIC SITUATION

MATERIALS (CORCKRETTS)

Ia N a ¥ a kol oW o N o W N o N o N N e N N AN N e N e N a N e N a N ala)

PEAL (5201605 NCy NDCL)w NPE11s SYElds SXSDU1)s SXCL(1Is wWCE1Yy
H E{ldhe TS{1Yy CICHELYy CPOYCHELYa I8CULY
160 ToRMaT (15435 12+4F 540457104200

1F (RC=311 11704123041198

nnzmnnxrnnnnmn»nm»mz»»zao;o:onn»mzbntnzmnmzznmnxnx’mnmnlonnm

1690
1706
1718
1720
1730
1740
1788
1760
1170
1780
1790
lane
1810
1820
1830
1840
180
1860
1270
1880
1890
197
1910
1920
1910
1940
1980
1960
1970
1980
1996
2010
n1e
2020
2010
27140
23%0
2060
2010
2086
Zoon
21n0
e
2120
21an
2140
215"
2160
217¢
21ac
2190
einn
2710
2220
22a0
2240

80¢



1170 WRITE (6,1180)
1180 FURMAT { /920X p4 H SR Bt i B u B aa i NNk kAR R n AN E N N NN BB SRR N NN G

1 /920X345H% NO DATA ON CONCRETE *
2 /920Xs45H* *
3 /920X 44 5H® PROGRAM TERMINATED .
s I AT e L N R RS RS L)
GO TO 4650
C
1190 READ (5912000 ((NDUI)» NP{I1)y SXU1)s SXxSD{1)s SXCLUI}s WC(1),
EClly TSUI)e CICUL)y CPOYCUID)s CSCULDDe 1 = 24 NC)
1200 FORMAT  (5XeI3s1294F5.0+5F10.0)
1210 CONTINUE
C
C NC NUMBER OF CONCRETE TYPES
C ~D NO. OF DAYS AT WHICH CONC STR (SX) WAS MEASURED
C 5X CONCRETE FLEXURAL STRENGTH, MEAN VALUE (PS1)
C SXSD CONCRETE FLEXURAL STRENGTH, STANDARD DEVIATION
C LEAVE SXSD BLANK IF NOT KNOWN
C SxCL CONCRETE FLEXURAL STRENGTH, CONFIDENCE LEVEL (PER.)
C DO NOT LEAVE SXCL BLANK IF SXSD 1S GI1VEN
C NP 1 FOR CENTER POINT LOADING FOR FLEXURAL STRENGTH TEST
C 2 FOR THIRD POINT LOADING FOR FLEXURAL STRENGTH TFST
C € MODULUS OF ELASTICITY AT 28 DAYS (PSI)
C wC WEIGHT OF CONCRETE (POUNDS PER CURIC FOOT)
C T8 TENSILE STRENGTH OF CONCRETE (PSl)
C LEAVE TS BLANK IF NOT KNOwN
C crc INITIAL COST OF EOUIP PER L,Me FOR POURING CONCRETE
C CPCYC COST PER CUBIC YARD OF CONCRETE
C CsC COST PER LANE MILE OF SURFACING CONCRETE
C (FOR FINISHING»CURINGsAND TEXTURE)
C
C

READ (5512200 TCMINs TCMAX, CINC

1220 FORMAT (10X»3F10.0}
C
C TCMIN MINIMUM ALLOWABLE CONCRETE THICKNESS (INCHES)
C TCMAX MAXIMUM ALLOWABLE CONCRETE THICKNESS (INCHES)
C CINC PRATICAL INCREMENT AT WHICH CONCRETE CAN BE
C EASILY POURED OR THE INCREMENT AT WHICH THE
C SOLUT10NS SHOULD BE MADE
C
IF (CINC ¢EQ. 0¢0) CINC = 1,0
C
C MATERIALS (SUBGRADE}
C
READ (5+1230) SGK» SGKSDs SGKCL, TTC, TTCSDs TTCCLs FFSGo
1 EFSGs CPLMSG
1230 FORMAT (6F10.092F5e09F10.0}
C
C GIVE ONLY SGK OR TTC
C IF BOTH ARE GIVEN» SGK WILL BE USED
C LEAVE SGKSD AND/OR TTCSD BLANK IF NOT KNOWN
C DO NOT LEAVE SGKCL BLANK [F SGKSD 1S GIVEN
C DO NOT LEAVE TTCCL BLANK JF TTCSD 1S GIVEN
C
C SGK SUBGRADE K VALUE yMEAN VALUE (PCI)?

DDDDDDDVDDDDVNDDDODDDDIDIDDDIDDIDIDIDIDDDDDDDDDDDDDDDDDDDDIIDD

2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2610
2620
2430
2440
2450
2660
2470
2400
2490
2500
2510
2%20
2530
2%40
2%%0
2%60
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2749
21%0
276N
2170
2780
2790
2800

C SGKSD SUBGRADE K VALUE +STANDARD DFVIATION

C SGKCL  SUBGRADE K VALUE »CONFIDENCE LEVEL (PERCENT)

C TTC TEXAS TRIAXIAL CLASS, MEAN VALUE

C TTCSD TEXAS TRIAXIAL CLASS, STANDARD DEVIATION

C TTCCL  TEXAS TRIAXIAL CLASS, CONFIDENCE LEVEL(PERCENT)

C FFSG  FRICTION FACTOR FOR SUBGRADE

C tFSG  ERODABILITY FACTOR FOR SUBGRADE

é CPLMSG CUST PER LANE MILE OF SUBGRADE PREPARATION

C

C MATERIALS (SUBBASE)

C
READ (551240) NSB» (NAME(1s J)w J = 15 33y EF(1)s FFSBL1),
1 TTCS(1)s ESE1)s CIS(1)s CPCYS(1)s TSMIN(1)s TSMAX{1}s

SINCL1)

1240 FORMAT  (1542A4yA2+5X+3F5.093F10.0+3F5.0)
1F INSB-1) 125091290,1270
1250 wRITL (6,1260)

1260 FORMAT  { /320X )b H S auauia s i s e s st st a i a N BRR NN R A N R NN N

1 /220X s45H® NO DATA ON SUBBASE »
2 /920X sb45HE "
3 /920X e 5H® PROGRAM TERMINATED .
b / '2Lx.l‘bHIlllllllllllllllllllllillllllllllilllllllllll)

6O TO 4650
C
1270 READ (5,128BU) ((INAME(Is JYs J = 14 30 EF(1)s FFSBU11, TTCS(1)s
ESUI)y CI1SU1s CPCYS(Lly TSMINCI)s TSMAXI{I), SINC(1)),
2 1 = 2y NSBY
12B0 FURMAT  {5Xs2A44A2+5X+3F5.533F10.043F5.0)

1290 CUNTINUE
C
C NSB NUMBER OF SUBBASE TYPES
C NAME DESCRIPTION OF SUBBASE
C EF ERODABILITY FACTOR FOR THE SUBBASE
C fFFSE FRICTION FACTOR FOR SUBBASE
C T1CS TEXAS TRIAXIAL CLASS FOR SURBASE
C ES SUBBASE MATERIAL E VALUE (PSI])
C GIVE ONLY TTCS OR ES. ES wILL BE USED IF BOTH ARE GIVEN
C cIs INITIAL COST PER L.M. OF EGUIP FOR CONSTR. OF SUBBASF
C CPCYS CUST PER CUBIC YARD OF COMPACTED SUBBASE
C TSMIN MINIMUM ALLOWABLE SUBBASE THICHNESS (INCMES)
C TSMAX MAXIMUM ALLOWABLE SUBBASE THICKNESS {INCHES)
C SINC PRATICAL INCREMENTS AT WMICH SUBBASE CAN EASILY
C B8E POURED OR THE SOLUTIONS BE MADE
C

OU 130. I = 1 NSB
LF (TSMAX(I) «GTa 18.C) TSMAX(I) = 18,0
1300 IF (SINCII) JEQe 040} SINC(I) = 3.0
C

IF (TTCSt1) 4NE« O) IET =
iF tES(1) oNEs» v) IET = 2
tF {1ET-1) 1330,1310

1

la¥aXal

€S VALUES willLL BE CALCULATED FOR ALL TYPES OF SUBBASES

DDDDDDDDDDDDDDDDDDDDIDNDDDIDDDIDIDIDDDIDDD DD D DD DIDINDDIDDOD O

2810
2820
28130
2840
2850
2860
2870
2880
2890
2900
2910
2920
29130
2940
2950
2960
29710
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3110
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360

602



C FRUM THEIR TT¢S VALUES
1310 DO 1320 1 = 1y N5B
ESLIT) » 4eR05BH~0410T4a%TTCS (] 14415
1320 ESTIN = 10.0%*ESL(1)
<
<
< MATERIALS (STEELY
(4
< MAXIMUM OF FOUR TYPES CAN BE SPECIFIED FOR EACH OF
< j+ LONGITUDINAL BAR STEEL
[4 2+ TRANSVERSE BAR STEEL
< 3. WIRE MESH REINFORCEMENT
4 4. TIE BAR STEEL ~
C
< BARS
C
C PROVIDE THESE TWO CARDS ONLY IF NCS3 = © OR = 1
4 NO CARDS IF NCS3 = 2
[
< Ae LONGITUDINAL BARS
1330 IF (HCS3 JMNE. 2) READ (%551340) (UINAMEBSUIs Jis J = 14
1 31e TYSBSULls CPPBSTLIIN, § = 14 &)
[«
[ Be TRANSVERSE HBARS
1F (NCS3 JNE. 2) READ 15913407 (LINAMEBS(Is J¥r 4 = 14
1 3)s TYSBSUL)s GPPBSIINNs | = 854 8)
C
< NAMEBS BAR STEEL IDENTIFICATION NWUMBER
[ TYSBS TENSILE YIELD POINT STRENGTH OF STEEL (PSI)
< CPPES COST PER POUND QF BAR STEEL
¢ .
<
< MESHES
[+
[« PROVIDE THIS CARD ONLY }F NCS3 = O OR = 2
C NO CARD IF NCS3 = 1
C
IF (NCS3 <NE, 1) READ (5912401 CCINAMEWS(]e J)y 4 = 14
1 3)e TYSWSIIY s CPPWSIIY)s 1 = 14 &)
<
[« NAMEWS WIRE MESH STEEL IDENTIFICATION NUMBER
C TYSWS TENSILE YIELD POINT STRENGTH OF STEEL (PSI)
4 CPPWS COST PER POUND OF WIRE MESH STEEL
4
<
4 TIE BARS
[
< PROVIDE THIS CARD ONLY IF WIRE MESHES ARE BEING USED
< (NC53 » 0 OR = 2)s FOR BAR REINFORCEMENT THE PROGRA™
4 USES THE SAME STEEL AS USED IN THE TRANSVERSF DIRECTION
C
{F (NCS3 «NEs 1)} READ (5513400 CLINAMETS(Ty JYe 4 = 1
1 3y TYSTSUID, CPPTSIIIIe I = 1y &)
1340 FORMAT (4(2A4sAZ202F5.0))
C

C

HAMETS TIE BAR STEEL IDENTIFICATION NUMBER

DHBIDDBVTDDTDIRNIAIRNAVIIDTIV MDDV UONDODN00[O0D00000D0ND00DDH 00T D

3370
1380
3390
3400
3410
3420
1430
3440
3450
3460
3470
3480
3490
3500
3%10
3520
3530
3540
3580
3540
3570
3580
3590
3800
3610
3620
3630
38640
3680
3880
3670
18630
3690
ITn0
3710
3720
T80
3740
37%0
3780
1770
3TaN
190
3800
3810
3820
31830
3840
1880
31860
EEEL
RELT
38960
1900
3910
1930

[aXaRaNalaRalalaRalaFalata¥sl NV NN AN ala¥a¥a¥aXakal

5322t atatsXaXal

TYS
PP

©AR

READ (S

TS TERSILE YIELD POINT STRENGTH OF TIE BAR STEEL (8s!)
Ts <CusY PLR POUND OF TIE BAR SYEEL

ARD MESH SIZES TO BE TRIED

213581 (BARNI{TYs 1 = 1 &)y (SLEIYy STUI}s 1 ™ 1, &)y

TEARN

1350 FORMAT

EAR

116F5.00

N BAR NUMBERS 1O BE TRIED
NOT REQUIRED IF (33 » 2

MESHS MESH S1ZES TO BE TRIED

NUT REQUIRED IF NCS&3 = 3

SL IS SPACING OF LUNGITUDINAL WIRES
5T 15 SPACING OF TRANSVERSE WIRES

1

TBARN 1€ BAR NUMBERS 10 BE TRIED
NOT REGUIRED IF NCS3 = 1
MATERIALS {OVERLAY}
READ (541360} CIOVe CPCYACK, ACEs ACPR. (PR, COEFe CPSYR

1360 FURMAT

{ 4F10,0410X3F10s03

CIoV IRITIAL COSY PER LANE MILE OF EQUIF FOR AC OVERLAYS
CPCYAC COST/CU YD OF Il PLACE COMPACTED ASPHALT CONCRETE

ACE

ASPHALT CONCRETE £ vaLUE

ACPR PRODUCT 10N RATE OF COMPACTED ASPHALT CONCRETF(CU YO/HR)Y

CPR

CONCRETE PRUDUCTION RATE (CUBIC YARDS PER HOUR!

LUEF CONCRETE COEFFICIENT FOR (ORPS OF ENGINEERS FORMULA

{ = 0,3% FOR BADLY CRACKED SLARSs ANDs
®= 1,00 FOR SLABS iN EXCELLENT CONDITION 1}

CPSYR  ANY ADUITIONAL CGuT 7SQYARD SPECIFIED 8Y THE USER

+F

1370 FORMAT

TFS
T8S

MATERIALS (SEAL COATSI

INCSZ eNEs 11 READ (5413701 TFS. TBSe CPLMS
(3IF10.01
PROVIDE THIS CARD ONLY IF NCS3 » 0 OR NCS3 = 2

TIME TO FIRST SEAL COAT AFTER AN A.Cs OVERLAY
TIME BETWEEN SEAL COATS

TPLMS  CUST PER LANE MILE UF A SEAL COAT

READ (%

1380 FORMAT
<

<
<

CPFTY
CHFLY

JOINTS

0138U1 CPFTJs CPFLUs SLVy SUVy KJM
(2F1040e10Xs2F 10404 10X011010

COST PER FOOT OF TRANS. JOINT
CUST PER FOOT OF LONGs JOINT (EXCLUDING TIE RARS}

!ﬁ»ﬁﬂﬂﬂEﬂ”ﬁn”ﬁﬂﬂﬂmnxﬂﬁﬂﬁﬂ;ﬂﬂﬁiﬂﬁﬁﬂﬂ’ﬁ”””ﬂﬁﬂmﬁm”ﬁnmﬁﬂﬂﬂﬂmﬂn

3930
3940
3950
3960
9710
2980
3990
4000
4010
4020
4030
4040
4030
4080
4D70
4080
4050
41on
4110
4120
4130
4140
4150
4180
4170
4180
4190
4200
4210
4220
4230
4240
4289
4280
“270
4280
4290
4300
4310
4320
4330
4340
43%0
4360
4370
4380
4390
4400
4510
4420
443D
4440
YY)
4460
4470
4480

01z



[a%aXaXaXaXalakaZakaNakale

laXalataRakaRalaRalaRaRaRalaRaNaaRaly

C

1390 FORMAY (7F10.0411D)
wFTY DAYS OF FREEZING TEMPERATURE PER YEAR
CLw COMPOSITE LABOR WAGE (DOLLARS PER UNIT MAINTENANCE)
CERR  COMPOSITE EQUIPMENT RENTAL RATE (DOLLARS PER
UNIT MAINTENANCE!
CMATY COSY OF MATERIALS (DOLLARS PER UNIT MAINTENANCE)
REFER TO MAINTENANCE MODEL IN NCHRP REPORY &2
RINT RATE OF INRTEREST OR TIME VALUE OF MONEY [(PERCENT/YR}
PSVGE SALVAGE PERCENT OF STRUCTURAL VALUE AT THE END OF 8, P.
wi WIDTH OF EACH LANE (FEET)
NLT TOTAL NUMBER OF LANES Is BOTH DIRECTIONS
PRINT INPUT DATA

DO L40Q | = 3y NL

M = NCODEL])

CO0tYs 1) = CODE(Ms I

COD{1s 2% = CODE(M, 2)

AVGL Y)Y = L1tL)eL2¢1)

1400 AVGL (1) = AVGL{1)72000,
AVGL AVERAGE LOAD (N KIPs
WRITE (&6,1410)

1410 FURMAT | /7/7644X®TRAFFIC [NPUTS///7246X+%L0AD RANGE®, 10X ,*AVG. =
SLOAD® yOBX s RAXLE# 48X 4 8NOe OF AXLE® 7 45X+%IN KIP5%,
OTX*CODE® 408X » *APPLICATIONS® /1)

WRITE 16+1420) ((LLIII)s L2010y AVGLIT)y {CODIELs J¥s J = 14
1 2ty NALIYI» 1T = 1s NLD

1420 FORMAT  (1B8X»1842H ~+18s7XsFBa30TX22A2+5X5110)
WRITE 164+1630) AGFe ADTGRs DDFy DFLs ADT

1430 FORMAT {777+35%X+*TRAFF1C GROWTH AND DISTRIBUTIONS®/7/

1 20X #AXLE GROWTH FACTOR *1uXsFBa2/
2 20X#ADT GROWTH RATE *14XsFBe27
3 ZOX*DIRECTIONAL DISTRIBUTION FACTOR #laXsFBe2/
b4 2UX®LANE DISTRIBUTION FACTOR ®1aX9F@.2/7

GIVE THE RANGE OF SPACING BETWEEN CONTRACTION JOINTS
T0 BE TRIED FOR JCP
NCT REQUIRED IF NCS1 = 2

SLv LUWER VALUE OF SPACING

S0V UPPER VALUE OF SPACING

PedM NUMBER OF TRANSVERSE CONSTRUCTION OR WARPING JOINTS
PER MILE PROVIDED FUR CRCP PAVEMENTS
NOT REQUIRED 1F KCS1 = 1

MAINTENANCE JDIMENSIONS AND MISCELLANEOUS

READ (521390) DFTYs CLwy CERRs CMAT, RINT, PSVGEs WLs NLT

DOV DIDIOOTLINIIDII DNV ILIDLIDD DDV ODR200BDDD00000DD00N0DLHDD DD

4490
4500
4510
“520
4530
4540
45580
45480
4570
4580
4%90
L 34l¢]
4610
&620
46130
w540
4650
4860
4870
48R0
4690
&T00
47110
4720
“730
4140
47%0
760
41710
4780
%790
4860
«916
“82n
4810
48460
4B80
4860
4RT0
48RO
4590
4900
49106
4920
4930
4940
4950
4940
3710
498n
4990
5000
5010
5090
%030
5040

5 ZUX*INITIAL AVERAGE DAILY TRAFFIC YLUX s FBe2/)
< .
WRITE (64+1U30) NPROBs TITLE
WRITE (6414609
1440 FURMAT (/7 37X,#PROGRAM CONTROLS*/s20X o*DESIGNER SPECIFIES*/)
C
Kl = NCSl+l
SO TO 1165041470414900 KL
165G WRITL (65)4601
1460 FOURMAT  (30X*BOTH CRCP AND JCP PAVEMENTS TO BE TRIED®)
U TO 1510
1470 WRITE (6414801
16480 FORMAT (3CX®DESIGN JCP PAVEMINTS ONLY®)
G0 TO 1510
1490 WRITL 15,1%00}
1500 FORMAT  (30X*DESION C(RCP PAVEMENTS ONLY#®)
C
1510 K2 = NCS2+1
GU TO (1%20,1%40415601, K2
1520 wWRITE (6415301
1530 FOURMAT  (3LX®BDTH O AND AC OVERLAYS TD RBE TRIED®)
@G 10 1%8¢C
1560 wWRITE (6415%%0)
1550 FURMAT  (3UX*PROVIDE £C OVERLAY ONLY#*)
GO Y0 1%80
1560 WRITE (6415701
1570 FURMAT (30x*PROVIDE AC OVERLAY ONLY®)
C
1584 K3 = N(S3+1
GO TO 1159016101630« K3
1590 wWRITE (641600
1690 FURMAT  {30UX*BOTH DEFORMED BAR AND WIRE MESH REINFORCEMENT 10 *
1 *BE TRIED®)
GU 10 1650
161C wRITE (64,1620
1620 FURMAT {30X*DESIGN DEFORMED BAR REINFORCEMENY ONLY®1
GO TO 186%C
1630 WwRITE thsloalt
1640 FURMAT  (3.X*DESIGN WELDED WIRE MESH REINFORCEMENT ONLY#}
[4
1650 IF (PSNY Q. 1o} WRITE (6,1660)
1660 FURMAT {3 X®PRINT SHORT FORM OF OUTPUTS)
IF (PSN1 2EG. Do} WRITE (641670
1670 FURMAT (30X *PRINT LONG FURM OF QUTPUT®)
IF (PSN& 4EGe OeD) PSN& = 12,
IF (PSNA 5T, 2440 PSK& = 24,
WRITL 164168071 PSN&
1680 FURMAT (BuX *PRINT FIRST® F3.0% DESIONS IN INCREASING ORDER OF #
1 *TUTAL COST*)
[4
C
WRITE (6416901 CMAX, TMAXe OFMINs BOMIN
1690 FURMAT  {/7430X+2DESIGNERS DECISIONS OR RESTRAINTS®//
1 ZUX®MAXIMIM (NITIAL FUNDS AVAILABLE (DOLLARSI®I4XsFBe2/
2 20X#MAX INITIAL THICKNESS, SLAB PLUS SUBBASE (INCHESH®
3 O6XsFBe27/

FRDUANRDABOBAIBLE VN DBN0DDDVDDDDD DOV D0D0000VT OB IDIIDITIATDLD

L1s1 1,1
5760
5070
5080
5690
5100
5110
5120
5130
5140
5180
5160
51710
S1R0
S190
200
5210
5220
52130
5240
5250
5260
5270
5280
5290
5300
531
5320
5330
%340
5350
5350
5370
5380
5390
5400
5410
S420
5430
S44d
5450
5460
5470
5480
5490
5500
5510
5920
5530
5540
5550
5560
5870
5480
5590
5600

11¢



1720 FORMAT

C
C

1730 FORMAT

[alal

1740 FORMAT

n laWaXaWal

[
5
1
2

1
2

1F (NCS2 oNE,
17U0 FORMAT

LF INCS2 oNE,
1710 FORMAT

20X*MIN TIME TO FIRST OVERLAY (YEARS)
20X#MIN TIME BETWEEN OVERLAYS (YEARS})
16417001 OMAXA,
( 20X#MAX TOTAL AC OVERLAY THICKNESS (INCHES)

1) WRITE

*laXsFBa2/
*14XsFBe2)

OMINA

*14X+FBe2/

20X#MIN AC OVERLAY THICKNESS AT ONE TIME (INCHES)#

2) WRITE

WRITE (651720) AP

(6+1710) OMAXC,
{ 20X#MAX TOTAL CONC OVERLAY THICKNESS (INCHES)*#]14X+FB8e2/
20X#MIN CONC OVERLAY THICKNESS AT ONE TIME

WRITE (641730) Pls P2» POV, P2P, BONE

cCVMFwN -

WRITE (691740) DTSO»
WRITE (611750} PvSO,
WRITE (6517603 DDO2»

FWON -

1750 FORMAT

CVEWN-

1760 FORMAT

v WUN-

1770 FORMAT
1780 FORMAT

{ 20X#LENGTH OF ANALYS1S PERJOD (YEARS)

(/77+34X,#PERFORMANCE VARIABLESH#//

20X*#1NIT]1AL SERVICEABILITY INDEX
20X*TERM]INAL SERVICEABILITY INDEX

20X*SERV]CEABILITY INDEX AFTER AN OVERLAY

10XsF8s2)

OMINC

(INCHES)*
08X eFBe 2}

#14XsFBe2 )

*14XsFBa2/
*14XsFBa2/
*14X+FBa2/

20X*LOWER BOUND ON SERVeINDEXsNO TRAFFIC, #
#INFINITE TIME®04X+FBe2/
20X*SWELLING CLAY PARAMETERs BONE

DTSNs NOLO, NOLN
PVSNs DEQU, DEQN,
PAPHs HPDCy» MODEL
(/77+31X,#TRAFF1C DELAY COST VARIABLES* //
#D1STANCE OVER wWHICH TRAFFIC 1S SLOWEDs

ASOD

#14XsFBe2

ASNDy AAS

20X
OV.DIRECTION#*

02X9FBa2 / 59X+ #NeOV.DIRECTION®*,2X+F842 7 20X

#NO. OF OPEN LANES IN RESTRICTED ZONEs

I8 /7 59Xs #N,OV,DIRECTION®*,2Xs18 )
(20X*PERCENT VEHICLES STOPPED BY ROAD EQUIP,
02X sFBa2 /7 59Xs#NOVeDIRECTION® 42X yFBe2/

02Xy
#DIRECTION®

#AVG DELAY CAUSED BY ROAD EQUIP (HOURS),
02XsFBea2 / S9Xs*NeOV.DIRECTION®2X+sFBe2/
#AVG SPEED THROUGH OVERLAY 20NE (MPH),

02XsFBe2 / 59X s#NeOVeDIRECTION® 42X sFBe2/
#AVERAGE APPROACH SPEED TO OVERLAY AREA®
(20X*DETOUR DISTANCE AROUND OVERLAY ZONE

12XsFBa2 7 20X
#CONSTRUCTION

OVeDIRECTION®
Ove®
OVeDIRECTION®
20X
OVeDIRECTION®

20X
17X+F8.2 }
.

*ADT ARRIVING EACH HOUR OF +#

* 07TXxsFB8e2 /7 20X
*HOURS/DAY OVERLAY CONSTRUCTION OCCURS*

*NO. OF *
11X9F8.2 /

20X*TRAFF1C MODEL USED IN THE ANALYS1S* 2(x,18 /

20X#ROAD LOCATION® )

«EQe 1) WRITE
«EQe 2) WRITE
(1H+s 77Xs ®*RURAL®)
(1H+s 77X» ®*URBAN®)

IF (1TYPE
IF (ITYPE

MATERIALS

WRITE (651030) NPROBs TITLE

DO 1790 I = 1s NC

16,1770)
(6,1780)

20x

DODDDDDADDDDVODDODNDADODDDDODDODDNDDODDNDVIDVDOXOODDIXNXTODIDDVDODDD D

5610
5620
56130
5640
5650
5660
5670
5680
5690
5700
5710
5720
5730
5740
5750
5760
5770
5780
5790
5800
5310
5820
5830
5860
5850
5860
5870
5880
5890
5900
5910
5920
5930
5940
5950
5960
5970
5980
5990
6000
6010
6020
6030
6040
6050
6060
6070
6080
600N
6100
6110
6120
6130
6140
6150
6160

la¥al

1750

iF
iF
CALL P
IF
IF
\F

WRITE

18vV FORMAT

1810
1820
1830
1840
1850
l186v
1870
1880
185v
19u0

191v

1

WR1TL
FORMAT
WRITE
FURMAT
WRITE
FORMAT
WRITE
FURMAT
WRITE
FORMAT
WR1TE
FORMAT
WRITE
FURMAT
WRITE
FORMAT
WRITE
FURMAT
WRITE
FORMAT
wWRITE
FURMAT

wWRITL

1920 FURMAT

1
2
3

bo
iF

if
IF
IF

(NP(I] «EGe O3} NP{I) = 2
(NDI1) +EQe U) ND(I) = 28
UPY (SX(1)s SXSD(1)s SXCLUI)e SXDUIV}
(ND(1) .EQe T) SXD(I} = 1.23%5XD(1)
(NP1} 4EQes 1) SXD(I) = 0.90%SXD(I)
(TSC1} aLEe VeC) TSUI) = Co4O®*sSXD(I)
1sx = NP(1)
SXDAT(ls 1) = SXDATA{ISXs 1}
SXDAT(ls 2) = SXDATA(ISXs 2)
(6418001 (ls 1 = 14 NC)

(/777 35X*MATERIALS

(601810) (NDUI)s | = 1y

t12X+®AGE OF TESTING CONCRETE

(69182C) ((SXDAT(I+ J)s
(12X +#MEASURING PGINT
(641830} (SXil)e 1 = 14

NC)
J

NC)

(CONCRETE)®*//
12X+#CONCRETE M1X DESIGN NUMBER

*#TXs6{15+5X))

*TXe6(15+5X))
ls 21s I = 1e NQO)
®EXe6(2A394X) )

{12X+®FLEXURAL STRENGTHs+MEAN VALUE#2X+6F1042)

1641840) {SXSD(lys | = 1

(12X +s#FLEXURAL STRENGTH»STDe
1y NCY
(12X s#FLEX«STR.DESIGN CONF.LEVEL

(60185231 (SXCLil)y 1 =
(641860) (TS(1l1s 1 = 1y
(12X+#TENSILE STRENGTH
16+1870) (Etl)s 1 = 1y N
{12Xs#ELASTIC MODULUS
(6,1880) (wCitlls 1 = 1y
(12X o #WEIGHT

1691890y (CIC(1)y I = 1

(12X +#CONSTRUCTIUN EQUIPMENT CCST
= 1y NC)

(6419C0) (CPCYCi]yy 1
(12X,#COST PER CUBIC VY
(6419131 (CSCUEds § = 1

112X+#COST UF SURFACING CONCRETE

(641922) TCMINy TCMAXs C

» NC

NC)

C)

RC)

NC}

ARD
NC)

INC

H
NEVe #2X46F1062)

®2X16F10.2)
#2X16F10e2)
#2X+6F10.0C)
#2X+6F10+2)
*2X+6F 1062}
#2X96F10e2)

#2X+6F10.2)

L//720X#MIN [MUM ALLUWABLE CONCRETE THICKNESS® 08xs
FBo2e/0XOMAXIMUM ALLOWABLE CONCRETE THICKNESS®

vBXesFBe24/2Cx*PRACTIL
®CONCRETE® O4Xx+F8.21
KOUNT1 » 0O
KOUNT2 = O
KOUNT3 = C
KOUNT& = C
KOUNTS = 0
KOUNT6 = 0
KOUNT? = 0
193¢ 1 = 1y &
({TYSBS(1) «NE. 0.) KOUN
J o= leg
(TYSBS(J) «NE. O.) KOUN
(TYSWS(1} oNEe Ce) KOUN
(SLLI) oNEs D)

CAL

T1 =

T2 =
T3 =

INCREMENT FOR POURING *

KGUNT 1 +1

KOUNTZ2+1
KOQUNT2+1

KOUNT4 = KOUNT4+1

zmnnx:ux:u:u:unwnnmw:u:o:a:umx::uxnmnnxnm:ux:u:uxmnmnmnmnmnmxnmnnnmnm

6170
6180
6190
6200
6210
6220
623N
6240
6250
6260
6270
6280
6250
6300
6310
6320
6330
6340
6350
6360
6370
6380
6390
6400
6410
6420
6430
6440
6450
6460
6470
6480
6490
650C
6510
6520
69530
6540
6550
6560
6570
6580
6590
66n0
6610
6620
6630
6640
6650
6660
6670
6680
6690
6700
6710
6720

[AX4



1F (TYSTS({1) «NE. Oe) KOUNTS = KOUNTS+1

1F {BARN{1) oNEe Os) KOUNTS = KOUNT6+1

IF (TBARN(I) oNEe Qo) KOUNTT7 = KOUNT74+1
1930 COUNT INUE

1KOUNT = MAXO(KOUNT1s KOUNTZ2s KOUNT3» KOUNTS)
KOUNT2 = KOUNT2+4

WRITE (651940) (1s 1 = 1y JKOUNT)
19640 FORMAT (/736X ,*MATERIALS (STEEL)#//38Xe4(10X912))
IF (NCS3 LEQ. 2) GO TO 1990
WRITE (621950) ((NAMEBS(1s J)s J = 1, 21y 1 = 1, KOUNT1)
WRITE (641960) (TYSBS{1)s 1 = 1y KOUNT1}
WRITE (641970} (CPPBS(1)s 1 = 1, KOUNTL)
WRITE (6919B0) ((NAMEBS(1» J)s J = 1y 3}y 1 = 5, KOUNT2)
WRITE (691960) (TYSBS{(I)» 1 = Ss KOUNTZ)
WRITE (6219701 (CPPBS(I)s» 1 = 5, KOUNTZ}
WRITE (651975) (BARN(1)» 1 = 1, KOUNTS)
1950 FORMAT  (12X»*BARS* / 16Xs#*LONGITUDINAL*®/
1 18X#BAR STEEL ASTM DESIG* 4(2Xs2A4s A2 })
1960 FORMAT (1BX#TENSILE YIELD PT STR® 4(2XsF10s2))
1970 FORMAT  (18X#COST/LB OF BAR STEEL® &4(2XsF10.31)
1975 FORMAT (16X%*BAR NOS, TO BE TRIED *4(2X,F10.0))
198U FORMAT (16X#TRANSVERSE#/
1 18X#BAR STEEL ASTM DESIG® &4{(2X92A4s A2 })

1990 IF (NCS3 .EQ. 1) GO TO 2070
WRITE (692000) ((NAMEWS(ly J)s J = 1, 339 1 = 1y KOUNT3)
WRITE (6,1960) (TYSWS(1)s 1 = 1s KOUNT3)
WRITE 16s2010) (CPPWSt11s 1 = 1s KOUNT3}
WRITE (642020) (SL(12s I = 1y KOUNT4)
WRITE (652030) (ST(1)s I = 15 KOUNTS)
2000 FURMAT (/12X*wlRE MESHES® /
1 18X*WIRE MESH ASTM DESIG® 4(2Xe2A4s A2 1)
2010 FORMAT (18x*COST/LB OF WIRE MESH® 4(2X,F10s3)]
2020 FORMAT (16X#MESH S1ZES TO BE TRIED*/
1 17X®*LONGs WIRE SPACING * 412XsFlCe2))
2030 FORMAT (17X#TRAN. WIRE SPACING #* 4(2X9F10.2}1)

WRITE (652040) ((NAMETStLIs J)s J = 1y 3)s 1 = 1y KOUNTS?
WRITE 1651960) (TYSTS(1)s» 1 = 1y KOUNTS)
WRITE (652050) (CPPTSUI)s I = 1s KOUNTS)
WRITE (652V60) (TBARN(1)s 1 = 1, KOUNTT)
2040 FORMAT (/12X#T1E BARS USED WITH wWs MESH * /
1 18x*TIE BAR ASTM DESIGe* 4&(2Xs2A4s A2 1)
2050 FORMAT  (18x#COST /LB OF TIE BARS* 4{2XyF10.3))
2060 FORMAT (16X*T1E BAR NOS TO BE TRIED *4(F10.0s2X})
2070 CONT INUE

WRITE (641040) NPROBs TITLE

C
1TEST = ©
IF (SOK~ITEST) 2080+214G»2080
C MODULUS VALUE (SGE) FOR SUBGRADE WILL RE CALCULATED FROM 5GK
2080 SGE = 23,925%5GK
C

MDD DTDDIDDODDDDODVDDDIDTVDIDDDDDDDDODDIDINDDDIDDDODDDDODDODDDD0DD

6710
6740
67%0
6760
6770
67RO
6790
6800
6810
6820
6830
6840
6850
6860
6870
6880
6890
6900
6910
6920
6930
6940
690
6960
£970
698
6990
7000
7010
7020
70130
7040
7050
7060
7070
70R0
7C90
7100
7110
7120
7130
7140
71%0
7160
7170
7180
7190
7200
7210
7220
72130
7240
7250
7260
7270
7280

WRITE (6420901 SGK
2090 FORMAT (//35X®MATER]IALS (SUBGRADE)I®//20X®SUBGRADE*®
1 ®* K MEAN VALUE® 34X,F8,2)
C
1F {SGKSD-JTEST) 210C+2200,2100
21u0 WRITE (652110} SGKSD
211u FORMAT  (20X»#SUBGRADE K VALUEs STANDARD DEVIATION® 19X,FB8e2)
C
iF (SGKCL-ITEST} 2120,220042120
2120 WRITL (692130) SGKCL
2130 FORMAT (2UX»®*SUBGRADE K VALUE, DESIGN CONFIDENCE LEVEL®

1 14X sFBs2}
C
C CALL PUPY TO CALCULATE SGKD
CALL PUPY 15GKs SGKSDs SGKCLs SGKD}
C
SGE = 23.925*SGKD
60 TO 2200 :
C MOUULUS VALUE (SGE) FOR SUBGRADE WiiLiL BE CALCULATED FROM TTC
C
21640 SGEL = 4390586-C410744*TTCR*],5
SGE = 10.0%#*SGEL
C

WRITL {6,2150) TTC
2150 FURMAT  (///46X®SUBGRADE®///20X®TEXAS TRIAXTAL CLASSs MFAN VALUE*
1 23XsFBe2)

IF (TTCSD-1TEST) 21604+2200,216C
2160 WRITL (642170} TTCSD -
2170 FURMAT (20X+#SUBGe TEXAS TRIAXIAL CLASSsSTDe DEVIATION®,9XsFBe2)

IF (TTCCL-1TEST) 218C+2200,2180
21du WRITE t6+219u) TTCCL
2190 FURMAT  (2uUXs#5UBGe TEXAS TRIAXIAL CLe CONFIDENCE LEVEL®10XsF8e2)

C
< CALL PUPY TO CALCULATE TTCD
CALL PUPY (TTC,y TTCSDs TTCCLY TTCD)
C
SGEL = 4490586-~Cel0744"TTCDR*]1,5
SGE = 1040®%#SGEL
C

22v0 WRITE {6+2210) FFSGs EFSGy CPLMSG

2210 FURMAT  { s20X»*SUBGRADE FRICTION FACTOR#*,31XsFBe2s

/920K +*SUBGRADE ERODABILITY FACTOR®42B8XsFBa2s

/920X o ®CUST PEK LANE MILE OF SUBGRADE PREPARATION®,
13Xy FBe2 )

(W

WRITEL 1642220) ((NAMEfla J)9 J = 1y 3)s I = 1+ NSB}
222u FORMAT (/7 35X4®"MATERIALS (SUBBASE) * // 20X

1 *SUBBASE TYPE * 4(2A69A2))
WRITE (642230t (EFtl)s [ = 1s NSB)
2230 FURMAT { 2UX®ERODABILITY FACTOUR * 4F10e62

wWRITE 16,224C) (FFSBildy 1 = 14 NSB)
226U FURMAT ( 20X®FRICTION FACTOR * 4F10.2 )
+F C1ET 4EQe 1) WRITE (652250) (TTCSt1)s 1 = 14 NSB}
2220 FURMAT  ( 2CX#TEXAS TRIAXIAL CLASS * 4F10.2 )

DODDODDDDDDDDDDDDDDLDDDAONDTODDDDDDDDODDNDDUVDODUDDDOBDUODD DD DOOTD

7290
71300
7310
7320
7330
7340
7350
7360
7370
7380
7390
7400
7410
7420
7410
7440
745%0
7460
7470
7480
7490
7500
7510
7520
75130
7540
7580
7560
7570
7580
7590
7600
7610
7620
7630
7640
7650
7660
7670
7680
7690
7700
7710
7720
7730
7740
7750
7760
7770
7780
7790
7800
7810
7820
78130
7840

13 ¥4



iF
2260 FURMAT

(IET «EQ, 2) WRITL (642260) tEStI}s 1 = 1 NSAY
{ 20X#ELASTIC MODUAUS * 4F10.0 1

WRITE (642270) (C1S8(1)s 1 = 1y NSBI

2270 FORMAT

{ 20X#CONSTR EQUIPMENT COST * 4F10.2 1}

WRITE (6022800 (CPCYSUIYs 1 = 14 N§BY

2280 FORMAT

{ 20X®COST/ COMPACTED CU YD * 4f10.2 )

WRITE [652290) (TSMIN(I)s 1 = 1o NSB)

2290 FORMAT

( 20X®MIN ALLOWED THICKNESS * 4F10.2 1}

WRITE (6423003 {TSMAX{]3s | = 1, NSB)

2300 FORMAT
WRITE
2310 FORMAT

{ 20X®MAX ALLOWED THICKNESS # #F10.2 )

[692310) (SINC{J}s 1 © 14 NSB}

{ 2OX®INCREMENT FOR SUBBASE # 4F10.2 )

WRITL {622320) Cl1OV

2320 FORMAY

]

IF
2330 FURMAT

£k R

iF
2340 FORMAT
1

1f
2350 FURMAT

iF
2360 FORMAT

WA -

<

{77 4O XROVERLAY® 7/ .-
20X#INITIAL COST PER LANE MILE OF EQUIPMENT FOR#
® AC OVERLAYS* OXsF7.21)
{NCS2 oNEo 1) WRITE (6423301 CPCYACe ACE, ACPR
{ 20XRCOSTICU YD OF LK PLACE COMPACTED ASPRALY CONCRETE#

C6XsFBe 2/
20X®ASPHALT CONCRETE MODULUS VALUE *I3IXFBL 07
20X#PRODUCTIUN RATE OF COMPACTED ASPHALT CONCRETE®*
10XsFBe2t
{HCS2 oNE, 2) WRITE (64523401 (PR, COEF
t 20X#CONCRETE PRODUCTION RATE #13X9FBs2/
20X#CONCRETE COEFFICIENT ®#13XFBe2)

{CPSYR JNEe 0Oa0) WRITE (642350) (PSYR
(20X*RANDOM ADDITJONAL COST/5Q YD FOR ANYTHING #13X+F842)

INCS2 »MEs 11 WRITE (642360) TF5, T8S, CPLMS

(7 285X, %*SEAL COATSE® 7/

ZOX®TIME TO FIRST SEAL COAT AFTER AC CVERLAY #14X+F8,.2/
20X#T IME BETWEEN SEAL COATS ®laxsFBe2/
20X%#COST PER LANE MILE OF A SEAL COAT ®1uXeFB,L2)

WRITE (642370) CPFTJe CPFLJy SLVs SUV

2370 FORMAT

O kB

iF
2380 FURMAT
1

I
<

(7 2&TXIRJOINTS® 77/ .
20X#COST/FY OF TRANS. JOINT (SAWING, DOWELS ANDw
#/0R SEALING)I®00XF7.2/
20X#COST/FT OF LONGe JOINT (SEALING)* 23X eFB2 /7
20X*RANGE OF SPACING FOQR CONTRACTION JOINTS. #
#LOWER VALUE® 3XsFBe2 / 61Xy
#UPPER VALUE® 3Xs F8.2)
INCST oMEs 1) RRITE {602380) NJM
(2UX®NO OF TRANS. CONST. OR WARPING JOINTS/MILE#
* FOR CRCP* 4x, 18)
INJM LEQe O) XNJM = 10.%%10,

WRITE (522390} DFTYs Clwe CERR, CMAT, PSVGEs WL NLTs RINT

2390 FURMAT

LR R S

€7 +B3TRSSMAINTENANCE » DIMENSIONS ARD MISCELLANEOUS* //
20X*DAYS OF FREEZING TEMPERATURE PER YEAR *14XsFBL2/
20X%COMPRSITE LABOR WAGE FOR MAINTENARCE OPERATIONSH,
OAX«FBa2
20X*COMPOSITE EQUIPMENT RENTAL RATE FOR MAINT OpfRATIONSH
O2A+F B2/
Z0X#COST OF MATERIALS FOR MAJATENANCE OPERATIONG#

BVOLDITNDIODXLDDIIDDIDDDRIDXRNT DDLU RNRIDVDNDIDVAORSIDBRDBDIIDNDDDINDODR

78%¢0
18560
7870
1880
7890
7900
7910
1520
79130
1940
7950
7960
7970
7980
1990
8000
8010
8020
80130
8040
80%0
8060
BO70
80RO
8090
8100
glio
8120
8130
B140
81%0
B160
8170
8180
4190
8200
8210
8220
AZAn
A2 40
82%0
8250
8270
8280
8290
8300
8310
8320
8330
8940
2350
LETY]
370
4180
R1ac
Ae0D

[akaXal

24030

2410

2420

2430

WA D B

11%sFBa27
20XK®SALVAGE PERCENT AT THE END OF ANALYSIS PERIQD®

10%+F8.27
20X*WIDTH OF EACH LANE *l4XFB.27

20X*TOTAL NUMBER OF LANES IN BOTH DIRECTIONS #*luxs187
20X, *RATE OF [NTEREST OR TIME VALUE OF MONEY¥ 16XaF842

INITIALIZING

NN = 0

JJ =0

NREG & PSN&
KSUB = 0
NKT = O
KLIF a 0
NNC = C
KLIFE = O
KREJ « O
NRE = ©
CFUND = O
NRL = 0
MOR] » RCS2
NCS12 = NCS1oNCS2
NUIN = D
KANAL = ©

DU 2400 L = 1, &
NIHT(L) = ©
LFT(LY = O
MARTILS = O
NTDCTIL) = C
NIMT (L) = O
NCNTHLY = O
NDLTIL) = O
NIOTRIL) & &
NTOTIL) = O
KitfL) = O

CONTINUE

NREQL = NREGH]
NREJS » NREUG+S

V0 2410 KLM = NREQLe NREQS
TCTI(KLMY = 1000040

CTSP = CPLMSG¥ 1.0/ (1760.0%wWL}

IF (NCS1 «EQ. 2) OO0 TO 2420
XJ » 3.2
0PV = ]
QU TO 2430
XJ o x 242
ibPy = 2

THCC = TCMIN

KING = 9

)

DOWVDIDVDLDDRDOIDDNDIVTIDNODNDHNDDLVRNORDVDDDNDDNODN LTINS TINDDD OY

8a10
8420
R410
Basyd
Basgy
84s0
RaTiy
Ra30
R49D
RSOy
AS 10
8520
AS130
8540
A550
B560
RS570
8580
6590
R6AD
R610
R&20
Ber
Bé40
8650
8660
8670
B6BRD
8690
8700
8710
R720
K730
8740
a78¢0
8760
8770
8780
R796
RROG
2810
8820
2k 14
BR40
8860
ABES
RA7H
AAR0
RBO0
AINQ
AS10
A3 20
5910
8940
A950
A960

71T



NOS = O R 8970 C CALCULATE EGUIVALENCY FACTOR FOR EACH LOAD GROUP R 95130

KTHCK = O R B980 EQUE) = (XN/194)%%6062%10-%%(GT/BL1B~GT/B(11})/NCODE (1) R 9540

DO 2440 | = 1y NSB R B990 1 **3,28 R 9550

LF C(TCMIN+TSMINGLY) oGTe TMAX) KTHCK = KTHCK+1 R 9000 [4 R 9560

SON = (TSMAX(I)=TSMIN(1)1/SINCLI) R 9010 C CALCULATE TOTAL EQUIVALENT 18-KIP AXLES R 9570

NON = SON R 9020 WT = WT+NALL)®EC(I} R 9580

SONS = NON R 9n130 25v0 CONTINUVE R 9590

IF (SON +GT, SONS) NON = NON+l R 9040 C R 960"

NOS = NOS+NON+] R 9080 < iNCLUDE GROWTH AND CISTRIBUTION FACTORS R 9610

2440 CONTINUE R 9040 WT = WT®365,C*DFL*DDF/({10.C%%g) R 9620
R 9070 WT = WT®(1.C+AGF®*AP/20040) R 9620

NOC = 0 R 9080 WT = WT®AP . R 9640

DU 26450 1 = 14 NC R 9090 C wT TOTAL 18 KIP SINGLE AXLES FOR ENTIRE ANALYSIS PERIOD R 9650

SON = (TCMAX=TCMINIZCINC R 9100 C R 9660

NON = SON R 9110 C COMPUTE FINAL ADT R 9670

SONS = NON R 9120 ADTF = ACT®*(1.+ADTGR/100C.*AP) R 96RO

IF (SON +GT, SONS} NON = NON+1 R 9130 C ADTF FINAL ACT R 969N

NOC = NOC+NON+1 R 9140 C R 9700

245C CONTINUE R 9180 2510 KLFCK = C - R 9710
< R 9160 C KLFCK  CUTS THE 1niTIAL DESIGNS AFTER FINDING THAT INITIAL R 9720
NOID = NOS®NOC R 9170 < LIFC FOR ALL CONCRETE AND SUBBASE TYPES 1S MORE THAN R 9730

NOIN = NOIN+NOID R 9180 C THE ANALYSIS PERIOD R 9740

R 9190 < R 975n

IF (KTHCK JLT. NSB) GO TO 2470 R 9200 DO 327V 1 = 1 NC R 9740

WRITE (6+2460) R 921N MNOC = | R 9770

2460 FURMAT ( /220X )45 H  RaRataann i an s d st g nan a i n s A n el anna st nnanen R 9220 CTC 3 3,0/11760.0%wWL3#{CICI11+CSCII))I+CPCYCI1)/6a R 9740
1 /920X s45H" NO COMBINATION OF CONCRETE AND . R 9230 1 #THCC R 9790

2 /420X 945H* SUBBASE THJCKNESSES 1S POSSIBLE - R 9240 C R 9800

3 /920X s45H* EVEN AT THEIR MINIMUM LEVELS b R 9280 DO 3270 4 = 1+ NSB R 9810

4 /+20Xs45H® . R 9260 MNOS = R 9820

5 /120X +45H* PROGRAM TERMINATED . R 9270 KRCK = O R 9830

6 /220X s45HT SR RERRR RSN ARNRNINNERNANNIIRI RN AN ANANDRNIRIR] R 9280 (s KRCK CHECKS THE REINFURCEMENT FROM BELNG DESIGNED MORE R 9840

GO TO 4650 R 929n C THAN ONCE WITii THE INCREMENTS OF SUBBASE THICKNESS R 98%0

R 9300 [4 R 9860

2470 CONTINVE R 9310 THSB s TSMIN(U) R 9870
C R 9320 THMAX = TSMAX(J} R 9880
DO 2480 J = 1, NSB R 933n C R 9890

LF ((THCC+TSMIN(J)) oLE. TMAX) GO TO 2490 R 9340 2520 iF L{THCC+THST ) oLEe TMAX) GO TO 2530 R 9900

2480 CONTLNUE R 93%0 KREJ « KREJ+1 R 9910
GO To 2510 R 9360 6O TOo 226G R 9920

C R 9370 C R 9920
< COMPUTING cQUIVALENT 18 KIP SINGLE ALXE LOADS R 9380 2530 KSUL = KSUB+1 R 9940
C : R 9390 C KsuUB 1S A COUUNTER TO GIVE THE NUMBER OF SUCH DESIGNS R 99%0
C COMPUTE SERVICEABILITY TERM R 9400 C (¢ OUT OF ALL THE POSSIBLE DESIGNS) WHICH DO MEET THE R 9960
2490 GT = ALOGLO0((P1-P2)/({P1~1.5}) R 9410 < MINIMUM INITLaL THICKNESS REGUIREMENT R 9970
C R 9420 C R 9980
[4 BETA FOR 18-KIPs SINGLE AXLE LOAD R 9430 CTSH = CPIYS(J) /36,08 THSB+C1S(JI*2.0/(1T760.0%wWL) R 9500
BlB = 1e+3.63%]19.%%5,20/(THCC+]o)n%B.46 R 9440 C R 10600

R 5480 £SJ = ESCH) R 10010

wl = 0 R 9450 EEF = EFLJ) R 10020

DO 2500 1 = 1 NL R 9470 C R 10010

XN = AVGL (1 )+NCODE () R 94RO < STAKT EQUATIONS FOR FINCING & AT THE TOP OF THE SUBRASE R 1004NH

< R 39650 < R 100s0
C CALCULATE BETA FOR EACH AXLE LOAD GROUP R 9500 iF (THSB «EQe. 0.0) GO 10 257¢ R 10060
BUI) = 1e43,638XNRR5,20/(THCC+14)*#Boats R 9510 C R 100710

R 9520 El = [ALOGLO(ESJ)I-5405)/043% R 10080

S1e



[

2540

W~ SN

<
2550

<

[aNaRakal

[ ENE TR R S

2560

DWW N

2570

El1##2-4,0
120/8.0%E1##3-7,0%E1)
{SBE-8100.1/1500,
140/6.0%(3.0¥M1#22-35,01
100724 a0% (5, 0%M1%%3-10],00M])

x
P
[

IF (THSB LT, 6.0) GO TO 2540
1F [THSB .LE. 12.0! GO TO 2550
GO TO 2560

Tl & (THSB~3401/340

T2 m 3,0%T1#%2-2.0

TOPK = 385476202469+6976#T1468.589964%#T242706117%E1
+3,98285%E245 455070 %E34b644B8248%M1~1460374#M2
+0e432461%M343]1 4 OTCBL¥TI¥E] 44440539 TIREQ+5,05764
#T1%E347.08264RTI¥M]~2,35151%T1%#M244400969#T2
FEL1+0442254RT2WEZ4] ¢ 12694 %T2¥M]143,55564%E ) #M]
~0¢386584E1%M240,36171%E2#M] ~0419788%E24#M241.05619
FEIRML 460213054 TINEL#MI-0,45553%TIHEL¥M240,47169
FTIRE2#ML ~0el1 TOTINTIREZHM2 404663418 T2HET#M]
+0610990%T2RE2 XM 4041 WS I¥EI¥MI40.13786¥T1¥E]
*MI+0.249)158T14M3

G0 TO 258¢

Tl = {THS5B~9+03/3.0

T2 & 3,0%T1%%242,0

TOPK = 57861706+115216060%T14108,03355%E1+13.39099
FE2413.00083%E3+88,39701 %M1 =7, 08238482 41.34538
EMI4G5 (4L UZRTIHE 4L 5T3Z8RT IHE2 42402403071
HEIH1TLBLO4BHTINMLI~2, 096 TRTI#MI4C,5048 )T 12M3
+15e358242E1%M1I~] L4 DB62REI¥M240,3966THE] *M3
+] e BHS25REIANI-0,4B022#E2#M240, 0TO2A%E29M342 35879
FEIFPMI4L Q2 V28R TIREI#M -0, 56362 TIRELI#MZ40.12992
BTIFEL¥MA 0052 18 TIREPRM]~0 09651 T1#E2¥M2
+Ca59329%72

GO To 2580

Tl = {THEB~15.01/3.0

T2 = 3,0%T1%%82-2.0

TOPK = BLlO«622224115.98B10%714200.53012%E1423,5006%
BE2HIBLTATLIRED+ 116449854 %ML~1343RTLLRM24D 4675
AMI+L5053836% TIHEL+5,346890T1#E242.75181%T]
FEI41641854 30 TIAMI-3,30254%T1¥M240471233%T1
AM3429 4 34BLOFETRM)~2 4 93B9GREI¥MI404T3782%F]
FHA42 . GOR06RE MM~ 0, T22I9%E2#M2 40,167 TBREIAMI
3,191 1B%EINML =D, 5356 THEIRMZ+TLOBOS0 TIHE) M)
~0aF23BB*TIREI¥M240+ 19601 TIEI*MI+0.BH1F6%T1
REZ¥ML -0 16666¥TIRE2¥MZ

GO TO 2580

TOPK = §G£/23.925
EEF = EFS5G

START EQUATIONS FOR FINDING K AT THE TOP AFTER ERODARILITY

DDV LVRIIDIDBDIADOBDL VT O000000DB2 0DV TIXITIDND T VDD BD N T N0

10090
10100
10110
10120
101an
10140
101%n
10150
1011
101e0
10190
10200
10210
10720
10230
10240
102%0
10240
10270
107280
10290
10300
10210
10320
16330
10340
103%0
10380
16370
10380
10300
10400
10410
10420
10430
10440
104%0
10460
10470
10480
10490
10500
18%10
10877
10540
10540
10580
10560
1050
10580
10590
10400
1n61n
10620
10630
10640

tal IaRa¥al fal

[al

©

[aRaNal o

Fa R s R a TN oY

258U

€59

2600

2610

VR W e

iF (ERF «EQ. La01 GO TO 2590

EF1 = EEF

EFZ = (EF1##2-5,01/7640

EF3 = (B.0¥EF1##3-41,0%F11/12.0
XLK = ALOGLO(TOPK}

XLOK = 10.0%{XLK~Z431

XLOK2 = [XLOK*#2-21,0) /440

XLOK3 = (XLOK#¥3-37,04XLOK1/12.0Q

TOPKEL = 1468537~0421025%EF1+0.00681%EF2+0.02305
*EF34C,,CAOSTRXLOKSQa00ATE#XLOKZ2+4C5C1T5#XLOKS
~0sU1030CREFI#XLUK-0 00151 #EF 1#XLOK2~04 20583
*EF2¥XLOK~0s Q0S4 B*EF 2¥XLOK240e D056 3*EF 3#XL0K
0o O03B2WEF3eXLOK2+ 0001 16%EF2#XL0K3-0.001898
WEF2RXLOKA-Ga OCORAREF 1 ¥ XL OK3

TUPKE = 1040%*TOPKEL

G0 TO 2600

TOPKE = TOPK
TH1S FINISBRES THE TREATMENT OF K VALUE
1F (TOPKE oTe 5401 TOPKE =z 5.0

PLULY = 0l

CaLl WIFE (Ple BONEs THCCH PLIZI» SXDELI1e ECI)y PLE1))

1F {PLI21 «GE« OFMINY GO TO 2861C

KLIFE = KLIFE+]
KLIFE  CUUNTER OF DESIGNS REJECTED BY INITIAL LIFE RESTRAINT
GO TO 3260

KLIF = KLIF+]
KLIF 1S THE MUNBER OF 5uCH DESIGNS wHICH PASSED THF TIMF 1O
THE FIRST OVERLAY RESTRAINT

PLilY = 0.0
PLP = PLIZY
IF tPLPk JGE. AP PLP = AP

CALL MANCEL (PLI{1}s PLP, COMAALLN}

LRCK. = KRCK+1 .

PREVENTS THE STEEL FROM BEING DES:GNED MORE THAN ONCF
WITH AN INCREASE IN THICKNESS OF THE SAME SUBAASE

IF IKRCK «6Ts 1) GO TO 2910

LRCK

IDRF =
CTRUB = 0.0
CTLSE = 0.0
JN w D

JM e« 0

4P =0

XNLT = NLT
wWIDTH = XNLT*wL

DO2/DROIIDDONDVVD2OD U NI IDVUID DI INIANL LIV ATDRNUD DD U T DO OD VLD D 0

10650
10660
10670
10681
10680
10700
0710
18720
10730
1074n
10750
10760
16770
10780
10790
10800
1c81¢
10820
10830
1084n
10880
10860
10870
10880
10890
109¢0
10910
10920
109an
10940
10550
10960
10970
10980
11990
11000
11010
11020
11030
11040
11080
11060
11070
11080
11090
11ien
11110
11120
11130
11140
11158
11150
11170
11188
11190
11200

91¢



2620

2630
1

2640

2650
C

C
2660

2670

2680

2690

XNJIN = NJINT
if (MODEL-2) 28404+2840+2620
WIDTH = WIDTH/2.0
NJINT = NLT-2
XNJN = NJINT

IF (XJ oNE. 3.2) GO TO 2700
CTRJ = 1000,
IF (NCS3 JEQ, 2) GO TO 2660

DO 2650 ISTEEL = 1» KOUNTI
SPATJ = SLv
ASPFW = THCC/24.*WCIT)IRSPATJ*FFSRIJI/Z(TYSBSIISTFEL)
20,75}
COSTLS = 12.0%ASPFW*CPPBS(ISTEEL)*490.0/1728.0
COSTTU = CPFTJU/SPATY
CTLRTJ m COSTLS+CUSTTY
IF (CTLRTJ .GE. CTRJ} GO TU 2640
CTRJ = CTLRTY
CTLS = COSTLS
CTTy = COSTTY
ASPF = ASPFW

ABOVE COSTS ARE PER SQ FT AND AREA OF STEEL IS PER FT WIDTH

MNOLR = [STEEL
SPTJ = SPATJ
1F {SPATJ .EQ. SUV}) GO TO 26%0
SPATJ = SPATJ+10.
IF (SPATJ «GTe SUV) SPATJ = SUV
GO TO 2630
CONTINUE

CTRJB = CTRY
IF (NCS3 JEQ. 1) GO TO 2740
DO 269C IMESH = 15 KOUNT3

SPATJ = SLV

ASPFW = THCC/244#WC (1) #SPATJ*FFSBIJ}/ I TYSWS(IMFSH])
*0.75)

COSTLS = 12.0%ASPFW*CPPWSI1IMESH)*490+0/1729.0

COSTTJY = CPFTJ/SPATI

CTLRTY = COSTLS+COSTTY

IF (CTLRTJ .GE. CTRJ) GO TQ 2680
CTRJ = CTLRTY

CTLS = COSTLS
CTTJ = COSTTY
ASPF = ASPFw

MNOLR = IMESH
SPTJ = SPATY
IF ({SPATJ .EQe SUV) GO TO 2690
SPATJ = SPATJ+10.
IF (SPATJ .GTe SUV) SPATJ = SUV
G0 TO 2670
CONTINVE

XTDXDOVXIVTNIDDIDNDDDDDDDDDIDNIIDDNDDDNDODIDNUYUDODI UV DODODDUDDODON DD

11210
11220
11230
11240
11250
11260
11270
11280
11790
11300
11710
11320
11330
11240
11350
11360
11270
11380
11390
11400
11410
11420
11430
11440
11480
11460
11470
11480
11490
11500
11510
11529
11530
11540
11550
11560
11570
11580
11590
11620
11610
11620
11630
11640
11650
11660
11670
11680
11690
11700
1710
11720
11730
117490
11750
11760

[a¥aXaXaXal

[al

2700

2710

272¢

2730

2740

271%¢0

2160

2770

IF (CTRJ JEG. CTRJURY GU TO 2740

FOR JCP AND (RCP BUIH THE PROGRAM DESIGHS THE BARS TF
THE COSTS CF MESHES AMD BARS HAPPEWN 10 BE THE SAMF
~HEN BOTH TYPES UF Kkt INFORCEMENT ARE TO BE TRIED

IDRF = 2
60 TO 2800

CTLS = 1000,0
ASLIM = 0.4#12,0%THCC/10040

IF INC52 .EQ. 2) GO TO 2720

U0 271+« ISTEEL = 14 KQUNTI
ALPFH = 12CRTHCC* 1143-0o2%FFSBIJ)I*TSIT /1 0,75%
TYSBSUISTEEL) )
+F (ASPFW oLTs ASLIM) ASPFw = ASLIM
CUSTLS = 12.0%ASPFW*CPPBS(ISTEELI®*490.0/172Ra40
IF 1CUSTLS JGE. (TLS) GO TO 27106
CTLS = COSTLS
ASPF = ASPFW
MNOLR = [STEEL
CONTINUE

CTLSB = (TLS
IF (NCS3 JECs 1) GO TO 2740

DO 2730 IMESH = 1s KOUNT?

FSPFW = 12¢C#THCCA 1 143-0s2#FFSELJ)IRTSILI/(0eTH*TYSWS(IME

SHY)

IF (ASPFW o4LTe ASLIM) ASPFW = ASLIM

CCSTLS 2 12, 0%ASPFW*(PPWSUIMESH)I*490./1728.
IF (COSTLS +GE. CTLS) GO TO 2730

CTLS = COSTLS

ASPF = ASPFW

MNOLR = JMESH
CUNTINUE

IF (CTLS +LT, CTLSB) GU TO 2800

DU 277« 1SP = 1+ KOUNTE
SPACIISP) = 3,0/764e0%3414195% (BARNIISP) )*%2,0/ASPF
IF (XJ-3,2) 27504276042760
BOND 2 3414159%BARN(ISP)1/(B.0%SPACIISPI*THCC)
IF (BUND 4LTe CeC31 GU TG 277C
JN = UNe)
SPACL(JUN) = SPACLISP)
DIAL{JN) = BARN(ISP}
CUNTINUE

CITS = ju0U.C
DU <78v ISTEEL = 5» KOUNT2
ATOF = THCC/24 o C*WC I I ®WIDTH®*FISR LU/ LTYSBSEISTFEL?
*0e751

VDVOVDNDODDANADITCOVDDVDDIDDODNDH VDIV DDD VDN INDNUDNDNDI DO DDNDODD OOV VLD

1177
11780
11798
11800
11810
11820
11830
11840
11850
11860
11870
11880
11R50
11901
11910
11920
11910
11940
11950
11960
11970
11989
11990
12000
12010
12020
12030
12040
12050
12060
12070
12080
12090
121€0
12110
12120
12130
12140
12150
12140
12170
12180
12190
12200
12210
12220
12?730
12241
12259
12260
12276
12280
12290
12300
12310
12720

L12



27180
C

[a¥al

2790

C
2600

2810
2820

2830

C
2840

2850

2860

COSTTS = 12,0%ATSF*(CPPBS{ISTEEL)*490.0/172840
IF (COSTTS 4GEe CTTS) GO TO 2760

CTTS = COSTTS

ATSPF s ATSF

MNOTR = 1STEEL
CONTINUE

00 2790 ISP = 1, KOUNTS
SPAC{ISP) = 3.0/6440%#3.14159%(BARN(1SP)1%#%2,0/ATSPF
M = M)
SPACT(JM) = SPACtISP}
D1AT(JUM) = BARN{1SP)
CONTINUE

JP = UM
CTTBR = XNJN¥ATSPF*60,0%D1AT(1)/8.0%CPPBS{MNOTR}
#490,0/1728e0%1.0/(XNLT*WL)
COST OF TIE BARS 1S CALCULATED FROM FIRST TIE BAR PRINTED

CTRF = (CTLS+CTTS)1*9,0

CTT8 = CTTBR*9,0
GO TO 2880

IORF = 2
D0 2830 ISP = 1» KOUNT4
DIAM{ISP) = (ASPF#SL{15P}/{3.0%#3.14159))#%0,5
IF (XJ=3,2) 2810+2820,2820
BOND = 3.14159%DIAMCISP)/(SLIISP}*THCQ)
IF (BOND +LT. 04C3) GO TO 2830
JN = UN+1
SPACL(JN) = SL(1SP)
DIAL(JUN) = DIAM{ISP)
CONTINUE

ATSPF = THCC/2440*WC (1) #*WIDTH¥FFSBIJ)/TYSWS [MNOLR)
#4,0/340
CTTS = 1240%ATSPF#*CPPWS(MNOLR)#45040/1728+0
MNOTR = MNOLR
DO 2850 ISP = 1ls KOUNT4L
DIAM{1SP) = (ATSPF#ST(ISP)/(3.0%3,14159))%#%0,5
JM = UM+
SPACT(JM) = ST{ISP)
DIAT(JM) = DIAM{ISP)
CONTINUE

CSTTB = 100040
D0 286v ITB = 19 KOUNTS

ATBPF(ITB) = THCC/2440#WCI1)*WIDTH#*FFSBIJ)/TYSTS(ITRA)Y

#4,0/3.0
COSTTB = 12.0%ATBPF(ITB)I*CPPTS({1TBI*490.0/172840
IF {COSTTB «GEe CSTTB) GO TO 286C
CSTTB = COSTYB
ATB = ATBPF(1T8)
MNOTB = 17B
CONTINUE

VWODD T IVAN VN DADDDAD DN DADDDO DT DD D DX VNN DA DD DANN NN DD CDDDOODDVD DD

123130
12340
12380
12240
12270
12380
12390
12400
12410
12420
124730
12440
124%0
12460
12470
12480
12490
12%00
12%10
12%20
12530
12540
12550
12560
12570
12580
12590
12800
12610
12620
12620
12640
12680
12660
12670
126680
12690
12700
12710
12720
12730
12740
127%0
12760
12770
12780
12790
12870
12810
12R20
12810
12840
1208~
12860
12870
128R0

2370

2880

2890

C
2900

[a)

[aNaNaNaNal n

2910

292u

2930

VO 2B7v JPP = ls KOUNT?
JP = JPal
SPTIF(JPP) £ 340/6440%3414159% (TBARN(JIPP})¥%2,n/ATB
CONTINUE
CTTBR = XNJN*ATBPF (11%6C40%TBARN[1)/BsO%CPPTSI(1)
€490,0/1728,C%14C/{XNLT*WL}

CTRF = (CTLS+CTTS)*9,.C
CTTB = CTTBR®9,0

CONTI1INUE

IF (XJ=342) 2890290042900
CTJ » XNIN*CPFLU/(XNLT*WL)¥G,C4NIM/1760«C*3,0%CPFTY
SPTJ = 5280.0/XNJM

GO TO 291¢C

CTJ = (XNJIN®CPFLJ/(XNLT*WL}+CTTJ)*9,0

CTIN = CTSP+CTC+CTSB+CTRF+CTI+CTTE
CTIN  INITIAL COST
IF (CTIN +6Te CMAXI GO TO 3260

KFUND = KFUND+1
1S THE NUMBER OF SUCH DESIGNS WHICH PASS THE
RESTRAINT OF THE MAXIMUM INITIAL FUNDS AVAILABLE
KIND 1S THE NUMBER OF DESIGNS wHICH PASS ALL RESTRAINTS
WITHIN EACH COMo INATION

«FUND

LM = C
1F (INCSY oEOe 0) +ANDe (XJ +EQe 24211} LM
LF L(XJ oEQe 202) oANDs (NCSZ +EQe O0)1 LM
iF {(NCS2 +EQe 21 +ANDs (NCS] oNEe. 01) LM

[ IR
ON —

IF {PL{2) +LTe AP} GU TO 2920
L =
LPL = L + 1
DoV = 3
KLFCK = KLFCK+1
KANAL » KANAL+]

COUTRI1] = 0.0
CCSOVIlY = 040
THOVT(1) = 0.0
CTSC = De0
THOVI(1) = (.0
PL{1) = 0.0

wu To 3090

iF (OFMINGE-AP) GO TO 326C
KIND = KIND + ]
NTHICK = C
NTIME
NOUEL
~CONS
LIFCAL = O
NTOCCAL = O

[¢]
9
0

D ADANODDDDACAONNLDD AT D TADANNDD VDD NDDAONDANANDR NN DT DO TVHDALIODD D

12890
129n0
12910
12920
12930
12940
12980
12960
12970
129R0
12990
13006
13010
13020
12030
13040
13080
13060
13070
13080
13099
13100
13110
13120
131230
13140
131%0
13160
13170
13180
13108
13200
13210
13220
13220
13240
13250
13260
13270
13280
13290
13300
13310
13320
1332n
13340
13350
13360
13370
13380
13290
13400
12610
13420
13470
13440

8IC



2940

2950
2960

<
2970

[a¥al

2980
2990

3000

[a¥aXaXaNa sl

[ XS N

MANCAL = O
COTR(1) = 0.0
COSOV(1) = 0.0
THOV(1) = 0.0
THOVT(1) = 0.0
PL(1) = 0.0
CTSC = 0.0

BONY{2) = BONE
BONY (1) = 0,1234
XINCR = 045

IF (NCS2 .EQ. 1) GO TO 2940
OMIN = OMINA
OMAX = OMAXA

E11 = (ACE-450000.0)/250000,0

E22 = 3,0%E11%#2=2,0

D11 = THCC=940

022 = 1,0/4,0%(D11%42-5,0)

D33 = 1,0/12.0%(5.,0%D11%#3~41,0%D11)
K11 = (ALOG10(TOPKE)}—2430103)/0,69897
K22 = 3,0%K]11%#2-2,0

EFOV = 11,7703340,7940B%E11-0,05925%E2240+93256%011
+00032%D22+05545%K1140,1155%K22-0e01952%F11
#D11-0,15887%#E11#K11-0,02921%F11%K22+0.00713
#E22%D11+40.01438%E22#K11~0403193%D11%K11-n.023%6
#D11#K2240.,043%D22#K1140,01433#D22%K22+40.02228
®E11%D11%K11404C0B14%E11%D11%K22-02238%E11
*D22%K11

GO TO 2950
OMIN = OMINC
OMAX = OMAXC
L =1
L o= L+]
IF {L=-9) 2980+2980,2970

NDUEL = NDUEL+1
NDUEL IS THE NUMBER OF TIMES THE TOTAL NUMBER OF OVERLAYS
REWQUIRED WERE MORE THAN THE MAX1MUM NUMBER SPECIFIED
GO TO 3010

THOVIL) = OMIN

THOVYT(L) = THOVT{L=-1)+THOVIL)
1F (THOVT(L) +GT. OMaX) GO TO 3000

BONY(L41) = BONY{(L)®EXP(~BONY (L)*(PL(L)=PLIL-1}})
GO TO 3030

NTHICK = NTHICK+1
NTHICK IS THE NUMBER OF TIMES THE MAXIMUM TQTAL OVERLAY
THICKNESS RESTRAINT WAS HIT WHILE THE STRATEGY WAS TRYING
TO REACH THE ANALYSIS PERIUD

VHHODDIDVDOIVVDNINVDDDOVDODODIDDLNADDDVOOVADVDDADVDODODDOD D HDD
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13450
13460
13470
13480
13490
1350n
13511
13520
13530
13540
13550
13560
13570
135180
13590
13600
13610
13620
136130
13640
136%0
13640
13670
13680
13690
13700
13710
13720
13730
13746
13750
13760
13770
13780
13790
13800
13810
1382n
138130
13840
138%0
13860
13874
1398n
138090
13900
129160
13920
13930
13940
1395¢
13960
1397¢
13980
13990
14070

3010 L= L-1
IF (L +EQs 1) GO TO 3240
THE ABUVE STATEMENT QUITS THE OVERLAYING PROCEDURE FOR A
PARTICULAK INITIAL OESIGNe THIS wlul HAPPEN IN ANY OF THE
FOLLOWING CASES.
le wHEN OVERLAY NUMLER 1 THICKNESS»PASSING THE THICKNFSS
RESTRAINT 1S5 SUFFICIENT TU LAST THE ANALYS1S PERIOD
24 WHEN THE OVERLAY NUMBER 1 THICKNESS HITS THE THICKNESS
RESTRAINT
UR 3. WHEN AFTER COUNSIDERING A NUMBER OF SUCCESSFUL OVERLAY

[a¥aXala¥aXa¥aXa¥a¥a)

3v20 THOVIL) = THOV(L)+XINCR
GO TO 299¢c

C CALL LIFE TO CALCULATE THE LIFE OF THE PAVEMENT OVERLAY COMB.

3v30 iF (NCS2 +EQs 1) GO TO 3040

100V = 1

T1l = (THOVTI(L)}=6.01/3.0

T22 = T11%#%2-3,0

T33 & 1,0/640%(5,G*T11%%3~17,0%T11}

EFOT = 1.50661%T114041104%T722=C,02239%T73240.42692
#T1I®#E11=Co03819#T1I1#E22-C,03936%#T11#D114r,01239
#T11%D22+0,00B3%T11#E11%#D]11%#K1140425962%T711
#R11+Ue05293%T11#K22+40,02232%T22%E11-0400796
*T22%E22-04CL46T*T22%D11-0.01509% T22%#K11~0.01425
*T33%E11-0,00B7#T11*E11%D11-04093RB#T11%€E]1]
#K11-0,016428T11%E] 1#K2240,00422%T11*E22%D11]
~0e00864*T11#D11#K11-0.00927*T11*D11%K22

NV W

N

DEFF = EFQV+EFOT

CTOVER(IL) = (CICV#3,0/(1760.CH#WLI4THOVILY/3640%CPCYAC)
1 /{(1e+RINT/10C.0) #2PLLL))
COSOVIL) = COSOVIL-1)+CTOVERI(L)
HPSY = THOVIL)/(36.0%ACPR)
wU TG 305¢C

la¥a)

3040 ibov = 2
RR a2 THOYT{L)##} 4+COEF*THC ("] ,4
DEFF = RR#%({1.0/1e4)
CusOvil) = 0.0
CTOVERIL) = (340/(1760+C#WLI*(CICIII+CSCLI)I4+CPCYCULTY

1 /36e*THOVILY)/((1404RINT/1C04D1¥%0L (L)}

CosuviL) = CO50VIL-11+CTGVERI(L)
HPSY = THOUVIL)/{36«v*CPR}

<

Tlue ChAeic whFE (PUVs BURY(L+13s CEFF, PPy SXD(Its EC(D)y PLILYY
LIFCAL = LIFCAL+]

C LIFCAL 15 THE NUMPER OF TIMFS LIF[ SUPROUTINE IS CALLED

PL(L+]1) = PLIL)+PP

< CALCULATE DELAY COSTS

STRATEGIESs THL PROGRAM RFACHES ANY OF THF AROYF STATFD.

VXV OODOODVANVIINVDVNAIIDNDVXNANIDIANLDLID OV VNV ADNADDODOA DDA DIXVN VD I0L D

14010
14027
14030
14040
14750
14060
14070
140R0
14n90
14170
14110
14120
14130
14140
14150
14160
14170
14180
14190
147200
14210
14220
14210
14240
14280
14260
14270
14280
14790
14300
14310
14320
14330
14340
14350
14360
14370
14380
14390
14400
14410
14420
14410
146440
14450
l44pn
teare
144R0
14490
14500
14510
14520
145130
164540
14550
164560

61¢
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3060

307¢

3080
<

3090
3100

3110
3120

COTR{1) = 0.0

CALL TDC (PLiLy, THOVILI. CTTRAF(L}s HPSY)

NTDCCAL = NTDCCAL+]
COTR(LY = COTRIL-1}«CTTRAFIL}

PLP = AP
IF (PLILA1) (LT« AP} PLP = PLIL4YY
CALCULATE MAINTENANCE FROM PLILY TO PiLs1)

CALL MANCE (PLiL3s PLP, CTMANILY)

MANCAL = MANCAL+1
COMAN(L) » COMANIL-1JeCTMANIL}

IF PLIL41) JGEs AP} GO TO 2060
IF (PP .GE. BOMINI GO TO 2960

HTIME o RTIME+]

NTIME 15 NuMBER OF SUCH STRATEGIES WHICH WERE ABANDONED
BECAUSE TIME BETWEEN OVERLAYS A5 CALCULATED AT ANY TIME

WAS LESS THAN THE MINIMUM SPECIFIED.
GO TO 302D
CONTINVE
LPL = Le]
IF (1D0V +EQe 2) GO TO 3090

ONSEAL = CPLMS#23,0/01760.,0%wL )
CTSC = 040
NOSE = o
00 3080 I15L « 3, LPL
PLIS = PLULISLY
LF {PLES +GYa AP) PLIS = AP
TIME = pLIS-PLIISL-1)
SEAL = 0,0
TISL » YFS+SEAL®#TBS
IF (TI5L +GT. TIME} GO TO 3080
CTSC » CTSCHONSEAL 7t {1e0+RINT /100,01 H{PLIISL~1)
+TISLY}
SEAL = SEAL41.O
GO 10 3070
CONTINUE

RISL = PSVGE/{10040%(1.0+RINT/100,0)2%AR)
IF (100v~2) 3100311043110

OVCOS & THOVTIL }/36.0%CPCYAC
GO TO 3120

OVCOS = THOVTIL/36.0%CPCYCCT)

CTSR = = {THCC/364#CPCYCI1140VCOST®RISL

TCOST » CTIR4COSOVILI«COTRIL)«COMAN (L )I+CTSC+CTSR
+CPSYR

JJd =0
DO 3230 M = 1, 2
NLM] = NREQ+LM=<]
IF {100V LEQ. 3) NLMI = NREQ+S
IF (M +EQs 2) GO TO 3130
LF LTCOST ,GTe TLTINLMIE) GO TO 3230

WBULOVDVODIVIDIDBIIDODVDIVED D DN U DL OIS LD DITID DI NN VDD OO DO0 DN 0N

14570
14580
14840
14600
14610
14620
14630
14640
14680
146460
14T
14680
146960
147060
14710
14720
14730
14740
14750
14760
14770
14780
14790
14800
14810
14820
14830
14840
168%0
14860
14870
14880
14890
14900
149310
14926
14930
14940
14980
149560
14970
14960
14990
15000
1%010
15026
15080
15040
1%0%0
1506"
15070
15080
15090
1%100
15110
15120

<
3130

3140

3150

3160

3170

3180

3190

AR = HLM]

G0 To 3140

NN = NNel
NR1 = NR1el

IF INN «GT. NREQ) GO TO 3200
CONTINUE

IPINN} = 1DPYV

IOINNY = DOV

IR(KN) = }DRF

TCINN) = THCC

MCIKR) = MROC

TSUBINN) = THSB

MSINN) = MNOS
00 3160 KK = 1y JN

0o

el

2]

RLS(NNy KK) = SPACLIKK)
RLN{NNy KK) = DJAL{KK}
JNR(NN) = JN

MLR (NN « MNOLR

3160 KK = 19 UM

RTSINNy KK} = SPACTIKK!
RTININNs KK} = DIAT(KK)
JMRINN) = JN

MTRINN] = MNOTR

3170 KK = 1+ JP

TBSPINN, KK} = SPTIE(KK)
TBNINNs KK} = TBARNIKK)
JPRINKE = 3P

MTBINN} » MNOTB

STHINNY = 5PTJ

318« KK = 2+ LPL

PLF (NN, KK} = PLIKK]
PLF {NNs 133 = PLILPLY
NPPIRNY = L

319w KK = 1y L

TOINN. KK} = THOVIKK)
SUMOVINNT * THOVTIL)
CSPINNY = CTSP
CC{NN) = CTC

CSB(NN) » CTSE
CRINN} » CIRF

CJ(NN) » CTY

CTB(NN) » CTT8
CIINNY » CTIN

CUINN) = COSOVILY
CY(NN) = COTRILY
CM(NN) » COMANEL)
CSEAL (NN} = (CTSC
CSR(NN} » (TSR
CAENN} = CPSYR
TCTiINNY = TLOST

NN = NR1

IF 1M JET. 13 GO TO 3230
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15130
15140
15180
15180
15176
15180
1%190
15200
15210
1522¢
1524n
15240
15250
15240
15210
15280
152en
15300
15210
1%320
15230
15340
153%0
15380
15370
15380
15390
15400
15410
15420
15430
1%440
15450
15460
15670
15480
15490
19500
15510
15520
15520
15940
15550
15%60
15570
15%R0
15%90
15600
15610
156210
18630
15640
15480
15840
15670
15680

0ze
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3200

321¢

3220

33

3240

32%0
<

[a%aRal Ial

3260

3270

GO TO 323¢

TCTMAX = 040
DG 3220 KUSM = 1y NREG
IF tTCT(KUSM) «GTe TCTMAXE GO TO 3210

GO TQ 3220
TCTMAX & TCTIKYSM)
JAY = KUSM

CONTINUE

IF (TCOST oGTe TCTUJAY)) GU TO 3230
NN = JAY

WO TO 3140

CONTINVE

if (IDOV LEQ. 3} GO TO 3270

NCONS = NCONS+1
NCONS
AND RESTRAINTS AWD H1Y THE ANALYSIS PERIODs EACH STRATEGY

WLl MAKE ONE DESIGN iN COMBINATION WITH THE INTTIAL DESIGN.

GO 1O 301D
CONTINUE

LM s LMed

NTHT(LMI = RTHTILMISNTHICK
LFTILMY = LFT(LMY+LIFCAL
NIDCT (LMY = NTDCT{LMI+NTOCCAL
MANT (LM} = MANT{LM}+MANCAL
NTMT{LM) = NTMTI{LM!4NTIME
NCNTHLM) = NCNT{LMI+NCONS
NDLT (LM} = NDLT{LMI+NDUEL
NTOTR{LM] = NYHT(LMI+NTMTILM)+NDLT (LM}
NTOTILM) = NTOTRILMI+NCNTLM)
KIN(LM) = KIND

IF INCS2 JNE. 0) GO TO 3250

NCS2 = )
GO To 2930
NCS2 = MOR1

IF {THSB LEQ. THMAX) GO TO 3270
THSB = THSB+SINC(J}

[F (THSB oGT. THMAX) THSB = THMAX
MINTHCK = O

4G To 2520

CONTINUE

~BOVE STATEMENT 15 FUR SUGBASE YYPES AND CONCPETE TyPES (({9Ps

AS WELL AS SUBBASE THICKNESS TNCREMENTS.

HCSB = NC*NSB
1F (KLFCK .EQe NCSB) GO T0 3280
ALFCK  HAS TO BE EQUAL TO NCSB BY CONSECUTIVE ADDITION YO

15 THE NUMBER OF SUCH STRATEGIES wH!ICH PASSED ALL TESTS

WH/O D IO0UNDODNODLDIDI DIV VAVOV NNV OVDINIDRADINIITI VLTI DLODTDRIDT D 000

15690
15100
19710
15120
15130
15740
15780
15760
15170
15780
15790
15800
15810
1582n
15830
15840
156850
15882
15870
15880
15860
15900
15910
15920
15930
15940
15950
15960
1597
15%a0
15%0n
16700
16010
16020
16013n
16040
16050
1606N
16770
160R/N
1609
16100
16110
16120
16130
16140
161850
16150
16170
16180
16100
16700
16210
16227
16220
1R24n

[aXaRal

<

3280

3290

WUIT CONCRETE TmiCKNESS LOUPs QTHERWISEs THE DESIGN PROCF RS
willL GU ON IN THE RORMAL FASHION

IF 11A0C JEQ. TL®AXD GO 10 32E80
TrRCL = THCC#+CINC

FF ATHEC #6T. TOMAXE THCC = TCMAX

GO TO 2470

CONTINUE

1F (XJ (EGe 242) GO TO 3290
iF (NCSY WNEW Q) GO TO 3290
G TO 2420

L4 = 2
IFOINCS12 WEQe 03 LM = &
PF O INCS12 4GTe 21 LM = 1
AF CENCS12 460w 21 «ANDe INCST «EQe 1)) LM = 1
00 330¢ 15 = 1y LM
NNT = NNTsNTDTI1S)
NNR = NRR+NTIOTR{1S
NRC & NNCHNINTILS)

IF IKFUND «GTs U1 GO TG 3320

WRITE {£,10301 %PROB, TI1TLE
WRITE (6,33101

331t FuminY PR e e R A R e S R L ]

GUT OF ALL COMLINATIONS TRIED *

732U X et oM¥* NC  INITIAL DESIGN *
MEETS THE REQUIREMENTS *
FeiOXeh5H *
PROGRAM TERZINATED *
R K e SRR ST E R AR SRR AR IR YR RG RS S E R R AR SIS X R RS K p s

1 420X eh5H
2
3 7 220X 2 65H"
&
5 EEYA<E T 8-2 04
3
L0 T «51p
3320 IF USNC oGT. 01 40 TG 334

WRITE 164+1v30t NPROEs TITLE
WRITe (63330}

3330 FURFINT (/220N hSr et ann a s gy a A AR A n AU BB R A RN R R RN LR B H R B RL S

1 XYLt T T GLT UF ALL OVERLAY STRATEGIES *
P4 a2 0K b Hn THAT wERE TRIED .
2 720X an Sri® NO  JVERLAY STRATEGY *
“ £ 42DX 48 0HN MEETS THE FIQUIREMENTS *
9 /e DX el Hrt¥ *
6 /220X 4 45H8 PROGRAM PARTIALLY CONTINUED *
k] / .Zox.thtlﬂlll.ltl.ll'ﬂ!““!ol..'“n&ll&ll.‘!lpa.i—ba..l
o Tu 3715
23al DO 3715 IRK = 1, LM

s NRECHIRK

«RITL {osiw3d} NRROD, TiTLL

i ARINGIRKY #GT. T3 GO TC 33&C

wHiTL {62350

$3n, FulRMAT [ 792UXek Hi it s e r at A R RS IO O N SRR E RS NIRRT R RN RN

/220X 14 SHE
/420X 65m
Fed (R aSHE
7 320X shSHE
(T2 ST LA

oA & e o

YIS TS A A R A R R P e R s 2

NG OINITIAL DESIGN POSSISBLE
FOR THIS COMRINATION

FROGEKAY wiLl BE  CONTINUED

*
*
*
«
FOR Trsf OTHLR COMBRINATIONS *
*

)

VWAVD CDDIDNVVVIVDIIRNIVDLDID OV VODDDVDNIDFILDLOIVIDITDDTNTU DI DD DDV

16250
16260
16270
16280
16290
16300
16310
16320
16730
16340
16350
16380
16379
16380
16390
16400
16410
16420
16430
16440
16480
16440
16670
16480
16400
16500
16510
16520
16510
16540
1658
16560
16570
16580
165060
16600
16610
16620
16630
16640
16650
16660
16670
16680
16690
16700
16719
16727
16730
16740
16750
16760
16770
167TR0
16790
168BA0
16818
16820
16830
16840

1¢¢



C
3360

GO

IF
WRITE

3370 FORMAT

<
3380

~NOW S WA

GO

WRITE

1
3390 FORMAT

3400
3410

3420

3430

P W N

BA
1F
1F

WRITE

FORMAT
GO

WRITE

WRITE

WRITE

WRITE

WRITE

WRITE

WRITE

WRITE

WRITE
[le]

T0 3710
(NCNT(IRK} «GTe 0) GO TC 3380
{6+3370)
(/020X )4 HE R R AR AN SRR E R R AR A AR AR N ARG O
/920X 045H"
/920X s a5H* NO OVERLAY STRATEGY POSSIBLE L
/920X 945HY FOR THIS COMBINATION -
/920Ks45H* -
/920X s45H" PROGRAM WwILL BE CONTINUED *
/920Xs45H* FOR THE OTHER COMB1NATIONS -
AL Ly e e L e L L TR Y T Py Y Y Ty

10 3710

10PVR = [P(NN)
IDOVR = JO(NN}
1DRFR = JR(NN)
NPPR = NPP(NN)

{6+3390) PVIDIIDPVR)y OVID(IDOVR)s PLF(NNs 2}y TCINNI,
MC (NN}, TSUB(NN), MS{NN)
(/915X #MOST ECONOMICAL *,A3,% PAVEMENT DESIGN »
*WITH #,A4,% OVERLAY * // 10X, *INITIAL CONSTRUCTION, *
* LIFE IS * F7.3 % YEARS % // 13X *MATERTALS* 43X
*DESCRIPTION # / 61X #MATER[AL MATERIAL * /
62X ®NUMBER® TX #NAME# // 13X #CONCRETE -
FBe2 ® INCHES* 25X, 11 / 13X *SUBBASE -
FBe2 # INCHES® 25X» 11 )
JNRN = UNRINN)
MLRN = MLR(NN)
JMRN = JMR{NN}
MTRN& = MTR(NN)=4
MTRN = MTR{NN)
JPRN = JPR{NN)
MTBN = MTB(NN)

R REINFORCEMENT
(IDRFR .EQe 2) GO TO 3440
(JNRN} 342093400

(693410}

( 13X#LONG., REINF. BAR SPACING NOT AVAILABLE DUF TO BOND*)

TO 3430

1693490) (RLN(NNs 1)y I s 15 JUNRN}

(653510) MLRN, (NAMEBS(MLRN, [y | s 1, 3)
(6+3500) (RLS(NNs [1s I = 1y JNRN)

(6+3520) (RTN(NNs 1)y | = 1y JUMRN)

(693510) MTRN4, (NAMEBSIMTRN, 1)y | = 1, 3
(6+3500) (RTS(NNy 1)y I = 1 JMRN)

(6+3560) (RTN(NNy 1)y I = 1+ JMRN)

(693510) MTRN4s» (NAMEBS(MTRN, [)s | = 1s 3}
(6+35uC) {RTS(NNy 134 1 = 1, JMRN}
T0 3570

PR B EE.E.FEEEEREEREFEEEEEEFEEFEFEEFEREREEEEFEFEEFEEFEFEFEELREREFRE]

16850
16860
16870
16880
16890
16900
16910
16920
169130
16940
16950
16960
16970
16980
16990
17000
17010
17020
17040
17040
17080
17060
17070
17080
17090
17100
17110
17120
17130
17140
17180
17160
17170
17180
17190
17200
17210
17220
17230
17240
172%0
17260
17270
17280
17290
17300
17310
17320
173130
17340
17380
17380

C
C

MESH REINFORCE
3440 IF (UNRN} 3470
3450 WRITL (64+3460)
3460 FORMAT (13X*LONGe
1
GO TO 3480
3470 WRITL (64+3530) (RL

MENT
13450

REINFe MESH DIAMETER NOT AVAILABLE DyUf TO ROND*

StNNy T1s 1 = 1o

WRITE (6+3510) MLRNs (NAMEWS(MLRN,
WRITE (693540) (RLN(NNy 1)s I = 1,

3480 WRITE (693550) (RT

SINNy J)9 1 = 1

WRITE (6+3510) MTRNy (NAMEWS(MTRN,

WR1TE (6+3540) (RT
WRITE (6+3560) (TB

NiNNs J3s 1 = 1o
N(NNs 1)s I = 1

WRITE (6+3510) MTDN» (NAMETS(MTBN,

WRITE (693500) (1B
3490 FORMAT (13X *LONG
3500 FORMAT (29X
3510 FORMAT  (1Hes 64X
3520 FORMAT {13Xx *TRAN

3530 FORMAT (13X ¥LONG.KEINF.MESH SPACING* 4Fb6.1l

3540 FURMAT (23X

3550 FURMAT (13X ®TRANJKEINF MESH SPACING* 4F6s1

3560 FURMAT (13X *TIE
3570 CONTINUE

SPINNs I)s I = 14
« REINF. BAR N
*SPACI

Ils SXo 2AGy A2
o« REINF. BAR N

*MESH DIAMET

BARS B8AR NuMB

1STU = STUINN)

WRITE (693580 IST

J

JNRN )
s 1 = 15 3)
JNRN)
JMRN}
1y 1 = 1, )
JMRN)
JPRN)
Dy 1= 1,y 3)
JPRN}
Oe®* 4F6e0
NG* 4F6e1
)
0.% 4F6.0

ER® 4F6a.2

ER¥* 4F640

3580 FORMAT ( / 25X ®TRANSVERSE JOINT SPACING * I8 * F

WRITE (643590) wL

EET * )

3590 FURMAT { 25X ¥LONGITUDINAL JOINT SPACING* F5.0 * FEET # }

WRITE (693600)

36u0C FURMAT [ // 10X #*SUBSEGUENT CONSTRUCTION * )

D0 361¢ KK = 2
KPRINT =
3610 WRITE (643620) (KP
362u FURMAT  {13Xs 1
1 A4 ® AFTER

» NPPR
KK=-1

RINT, TO(NN, KK), OVIDU(IDOVR), PLF (NN, KK}}

* OVERLAY WITH #
* F7.3 # YEARS &

F5.2 % INCHES OF
]

WRITE (643630) SUMOVINN), PLF(NNs NPPR41)

3630 FURMAT (/7 15x #TOTAL OVERLAY THICKNESS * F6.2 * INCHESH
- TOTAL LIFE ® F7,3 ® YEARS * )

{NN) s CRINN), CJINN)

1
WRITE (64+3640) CSP
3640 FURMAT (/7 10X *

18X #COST

18X *#COST

18X #COST

18X #COST

18x #COST

WRITL (6,365C) CTE
3650 FURMAT  (18x #COST
WRITL (6436600 (It
3560 FURMAT  [15X%TOTAL
1 15X *TOTAL
2 15X #*#TOTAL
15X #TOTAL

U s WA

thN) s CCiNNY, CSE
COST ANALYSIS

OF SUBGRADE PREPA
UF CONCRETE

UF SUBBASE

UF REINFORCEMENT
OF JOINTS

(NN)

OF TIE BARS

UOLLARS PER SQUARE

/ 15X #INITIAL CONSTRUCTION * /

-

YARD #

RATION® 16X F6e2e /

* 16Xy F6e3
* 16X FEa3
*  16Xs F6e3
* 16Xy FS.2

* 16Xy F6e3

Rhdy CCUNNDy CTUNNI s CMINN)

ENETIAL {ONSTRUC
OVERLAY CONSTRUC

TION COST
TION COST

TeDe COST DURING OVe CONSTRUCTION

MAINTENANCE COST

/
/
/
\

/)

*0IXsFEe3/
*OTIX+F6e3/
*07XsFE3/
*07XeF6a3)

MDVOVDADODHNODDVIDAVDDDDVNDDDDDDDDD VDD DDDININIDDDDNDDDIDDBDDDDDODDOD

17370
17380
17390
17400
17410
17420
174130
17440
174%0
17460
17470
17480
17490
17500
17510
17520
17520
17540
17550
17%6¢C
17570
17580
17590
17630
17610
17620
176130
17640
17680
17660
17670
17680
17690
17700
17710
17720
177120
17740
17750
17760
17770
17780
17790
17800
17810
17820
178230
17840
17880
17860
17870
178RA0
17890
17900
17910
17920

(444



1F CIDOVR LEQ. 1) WRITE (6,3670) CSEAL (NN}
3670 FORMAT (15X#TOTAL SEAL COAT COST AFTER OVe CONSTRUCTION®
1 4Xy F643
WRITE (643680) CSRINNY
3680 FORMAT (14X *SALVAGE RETURNS® 32X, Fée3 1
IF (CA(NNY  NE., 0s0) WRITE {6+3690) CAINN}
(3690 FORMAT  {15X*ANY ADDITIONAL COST SPECIFIED® 18X, F6.3

JERK = NOID-KEIN{IRKR}
WRITE (6437001 TCTINN} ¢ NOIDe JERKs KINCIRK}s NCNTC(IRK)
3700 FORMAT {7/ 14X *TOTAL OVERALL COST#® 30X, F6.3 7/
10X *DESIGN ANALYSIS *= /
13X *TOTAL® 14% INITIAL DESIGNS WERE EXAMINED, QUT OF #
*wHICHe % /7 168X» 14 * DESIGNS WERE REJECTED Duyf TO #
*USER RESTRAINTS % / 18X%s 14% REMAINING INITIAL DESIGNE®
* PRODUCED * [2¢ OVERLAY STRATEGIES® )
3710 CONTIRUE
IF (KANAL LEQe. O) GO TO 3750
NN = NREQ ¢ &
IDPVR = JP{NN)
WRITE (6,1030) NPROB, TITLE
WRITE 16937201 PVIDIIDPVRI, TCINNIs MCINNY. TSUBINND, MSINN)Y
3720 FURMAT  { /41%X #MOST ECONOMICAL (NITIAL DESIGN LASTING THE #
®ANALYS!S PERIOD® /7, 13X ®PAVEMENT TYPE I5 # A3 /
/e S4X®MATERIAL® /4 55XSNUMBER  »
/s 13X #LONCRETE # FB.2 * INCHES * 17X 11,
/e 13X  ®*SUBBASE * FBe2 ® INCHES * 17Xe 11
15T = STIINN)
WRITE (6,3%80) 1574
WRITE (6935901 wi
WRITE (643635) PLFINNy13Y
3635 FORMAT  (//413X%LIFE OF THE DESIGN 1S5 *F7.3% YEARS®)
WRITE (693640} CSPINNYy CCUNNEs CSBINNY, CRENN) s CHENND
WRITE (6+3650) CTB(NNY
WRITE (603730) CLINN}s CMINN)
3730 FORMAT  {]15X%TOTAL INITIAL CONSTRUCTION COST *1%X,F5.3/
1 15XK# TOTAL MAINTENANCE COST #15XFbe3 1
WRITE (64368C) CSRINND
IF (CALNN) JNE. Ga0) WRITE (6536901 CA(NN}
WRITE (£,3740) TCTINNIs KANAL
3740C FORMAT  (/ 14X #TOTAL OVERALL C(OST® 20X, F&e3 7/
1 13X ®DESIGN ANALYSIS * / 20X *THIS 1S THe *

W W N

FWN -

2 *MGST OPTIMAL DESIGN & 7 20X #0UT OF * 16 % ACCFPTABLF®
* DESIGNS # 7 20X %OF THIS KIND
3750 CONTINUE

1F (NR] .LT. NREQ} NREu = NR]
TCTMM = ~1.0

DO 377v J = 1s NREQ
TCIMIN = 16,0e%10,

00 3760 1 = 1» NREQ

IF (TCTly LG6T, TCTMING GO TD 3760

IF LTCY (L) SLE. TLTMMI GO TO 3760
RMB(J) » 1
TCTMIN = TCTHI

3760 CONT [NUE

DDBDOTONINVOVODDDNVLIINDDNEDTANT DI DIAIITTNIDI VLIV IV D00V DIDIID

17930
17940
179%0
17960
1190
179R0
17990
18000
18010
18020
180130
18040
1R0%0
180&n
180
1RC80
18090
18100
18110
18120
15130
18140
18180
18160
18170
168180
18190
18700
1a210
13220
1A720
18240
18250
1R260
18270
18280
18290
18309
18310
iR320
18198
18340
18350
1R240
1R70
IR380
18150
18490
18610
18ay2n
1AL 2N
1B64n
18457
1R4en
140
1R4e~N

3770

378C

3790

TCTMM = TOTMIN

CUNTENUE

jald]

MPGE = NREW/6

HMXTRA = NREQ-6*MPGE
tMPGE LEQ. 01 GO TO «%20Q

It =~ ¢

451+ ML = 1+ MPGE
MM = Jao® (ML~}
MMF = Se&#{ML-1)
iM 2 73
1Z = NREG
MCA = NREQ+]
kTY = RREQ+s
379< I = MCA, KTY
3790 K = 3, 12
PLFUIs K} = Co0

38Q0C 1 = MM+ MMF
12 = 1241
KZ = NMBt])
iPL121 = 1PUIK2)

10112y = 10Ky
IR(I2Y = 1R{K2Z)
MC(I2) = MKCIKZ)
MS(IZ) = MSIKZ)
TCe1Zy = TC(KZ)

TSUB(IZ) = TSUB(KZ!
STJ4U12Y = STUUKZ)
CSPLiZy = CSPIKZY
CCtiZy = CCIR)
CSB112) = C5B1K21
CRE121 » CRIKZ)
Catizy = CHIRD)
CTRILIZ = CTRUK2)
Clelz; = CLekZy
COLEZY = CO(RY
CTeizy = CT(R1Y
CHEIZY = CVMERZY
{SR112y = (SRIKZY
CSEALt123 = (SEALIKZ)Y
CALLZY = CA(KZy

TCT{21 = 1CTIKZY
JRRETZY & UNRIKZ}
MUR{}ZY = PLRiXZ:
SRR{I2Y ¢ UMR{KZ)
MIRLIZ: » MTRIKIY
MIBEIJl) = M BIKT )
JERIIZY = JFRIKL)

NPL s NPP{XZi+]
APPLITY = NPPEEZ)
PLECILy 120 = PLF{KZs 13}

v oshue TrZ ow e NPL

TGU12y IKRIY = TUIKZe [KZ)
PLFLIZy TX2Y = PLFIRZ,y 1K)

LTIV VOV UDID DT VOLNDNDDVODVNTVIDIODDIDDIDIIIIDINIDYDUDLNDDINV DN D

18490
I8Sn0
18810
18520
185ar
18540
18550
18540
18874
1ASRN
18560
17600
18610
188720
18630
18840
1845%0
18660
184670
185680
1R59N
187nc
18710
18720
18720
18746
187%%
18760
187710
18780
1a7s0
18800
188158
1880
188130
1R84"
18880
18840
18870
188480
1R8BS0
18ann
1R91N
1AFn
1RS20
17940
189KnD
1BG&N
18970
18980
189490
19054
19031
19020
19030
180460

tee



38v0

3810 FORMAT

1

CONTINUE

WRITE (651030) NPROB, TITLE
WRITE (643810} (MXs MX = MMe MHWF)
(/721X s»#SUMMARY OF DESIGNS I[N 1NCREASING ORDER OF TOTAL =

*COST* 7/ 12X *DESIGN NUMBER® 12X, 618 )

WRITE (6438201 (STARy MX = 13 [M)

3820 FORMAT (12X»73A1)

3830
3840
3850

3864

3870

3880

3890
3900
3910

3920

3930

3940

3950
3960

[aXal

DO 3830 1 = 1, 11
INP = [P(NREQ+I1)
PVNAM(]} = PVIDU(INP}
INO = [O(NREQ+I)
OVNAM(11 = OVID{INO)
INR = IR(NREQ+I)
RNFNAM(I) = RNFID{1INR)

WRITE (693840) (PVNAM(I)}s I = 1, I1)

FORMAT  (12X+#PAVEMENT TYPE# 12X, 6(5XyA3})
WRITE (6+3850) (OVNAM(I)e 1 = 1, I])

FORMAT  (12X»®*OVERLAY TYPE#12Xs+6(4XsA5 1))

WRITE (6+3860) (RNFNAM(I)s I = 1» II)

FORMAT  {12X+®*REINFORCEMENT TYPE® 7X36(4XsA4) )

IN = NREQ+l
16 = IN+11-1

WRITE (643870) (MC(I)s I = INs I6])

FORMAT  (/12X+%CONCRETE TYPE® 12X, 618}

WRITE (64+3880) (MS(I)s 1 = IN,s 16)

FORMAT  (12X»*SUBBASE TYPE® 12X, 618 )

WRITE (643820} (STARs I3 = 1, IH}

WRITE (693890) (TCUI)s I = INs 16)

FORMAT  (/12Xs®*SLAB THICKNESS* 11Xy 6F8.2)
WRITE (653900) (TSUB(I)s I = 1IN, I6)

FORMAT  (12X»*SUBBASE THICKNESS® 8X» 8F8.2 )
WRITE (6+3910) (STJ(I1s I = IN, 16)

FORMAT (/7 12Xs®*SPACING TRANSe JOINTS* 4X, 6F842
WRITE (643920) (Whoe I = 1N, 18)

FORMAT (12X»#*SPACING LONG. JOINTS®* 5X, 6F8.2
WRITE (653820) (STAR, I3 = 1y IM)

WRITE (653990)

LMAX = 0
DO 3930 1 = I[Ny I6
IF (NPP({l) oGTe LMAX) LMAX = NPP(1}
IF (LMAX .EGe 1) GO TO 3970
DU 3964 J = 24 LMAX
J1 = J=1

WRITE (643940) J1
FORMAT  (12X»%OVERLAY THICKNESS® 12}

DO 3950 I = IN» 16
11 = 1-NREQ
WHO{[142) = BLANK
WHO(I1+3) = FIL
1F INPP(l) Te J) GO TO 395%0
1F (TUGLls J) eNEe 0401 WRITE (64WHG) {TO(1
CONTINUE
CONTINUE

PERFORMANCE PERIGDS

J1)

DX DOV VOOV DDANDODDDDDDODNIODNLOODDDDNDND OO VO DN OLOVDDDNDDDNDDDDT T

19050
19260
19070
190AR0
19090
19100
19110
19120
19130
19140
19150
19160
19170
19180
19190
19200
19210
19220
19230
19240
19250
19260
19270
19280
19290
19300
19310
19320
193130
19340
19350
19360
19370
19380
19390
19400
19410
19420
194130
19440
19450
19460
19470
19480
19490
19%00
19510
19520
19930
19%40
19550
17560
19570
19%80
19590
19600

4000

4010
4020

4u3n

4v40
495U
4060
“U7¢
4UBY

“4uv0

WRITE (6+3980) (PLF(i» 23y [ = 1INy 16}
FORMAT (/12X *INITIAL LIFE® 13X, 6FB.2 )
WRITE 1643990
FORMAT (15X}
LMAX]1 = LMAX+]
00 4020 J = 2, LMAX
J2 = -1
WRITE (6,4U00) J2
FORMAT  (12X,®OVERLAY PERF, LIFE® 12}
DU 4010 I = INy 16
11 = [-NREQ
WHO(11+42) = BLAAK
WHO(11+3) = FIL
1F (NPPILI) LT, J) GO TO 4010

IF (PLF{ly J#1) oNEe 0e0) WRITE (6+WHO) IPLF( 1,

CUNTINUE
CUNTINUE
WRITE (644v30) (PLF(Iy 133y I = INs 16}

FGRMAT  (/712X®*TOTAL PERFORMANCE LIFE® 3X, 86F8.2 ¥

WR1TL (633320) (STARy I3 = 1, IM)
WRITE (6540401 (CSP{I)y 1 = INs 16}

FORMAT  (/ 12X» ®#COST OF SUBG. PREPARATION® 6F843 )

WRITL (644050) (CCUl)e 1 = INy 16)

FORMAT  (12X+®COST OF CONCRETE® 9Xxs 6FB.3)
WRITC (6447601 (CSBI11s 1 = INs 16)

FORMAT (12X +®COST OF SUBEASE® 10Xs 6FB8.3)
WRITE (64+4970) (CR(l)s 1 = IN» l6}

FORMAT  (12X+#COST OF REINFQRCEMENT® 4X, 6FB.3
WRITE (6,4vB0) (CJCL)e I = TNy 16)

FURMAT  (12X+®CCST OF JOINTS® 11x. 6F843)
WRITE (6440901 (CTBCLYs 1 = IN, 16)

FURMAT  (1ZX,#COST OF TIE BARS® 9Xx, 6F8.3 )
WRITE [6,4100) (CICI1e 1 = INy 161

FURMAT  (/12X+®INITILAL CONSTa COST*® €x4s 6F8a3)
WRITL 16+4110) (COU1)a I = INy 16}

FORMAT  (12X.®CVERLAY CONST. COST* £Xxy 6F843)
WRITE [644120) tCTHl)e 1 = [Ny 16)

FURMAT [ 12X+*TRAFFIC DELAY CUGST® Tx, 6FBe3)
WRITE {€,%13C) (CM())s I = IN, 16}
FORMAT (12X +®MAINTENANCE (CCST® 9Xs 6FB8472)

WRITL (644140) (CSR(1)y 1 = IN, 161
FORMAT (12X ®*SALVAGE RETURNSG® 1Cxs 6FB43)
IF (NCS2 «EQ. 1) GO TO 4160
WRITL (6+4150)
FURMAT 12X e2SEAL CUAT COSTH*)
DU 4160 1 = 1INy lob
I1 = 1-NREG
wHO(11+2) = BLANK
WHO(I1+3) = GEO
IF (UVNAM(I1) oNEe OVIDI(2)) WRITE (64sWHD)
CONTINUE
BU 4170 1 = 1INy 16
IF (CA(l}) «NE. 04C) GO TO 418C
CUNTINUE
©0 10 4200

}

tCSFALLLEY

Jly)

DDV VTN DDONN VOOV I DDDOD T DT TD DD N DDLUV DDNDODDLDNDDDDDNDUTOD

19610
19620
19630
19640
19650
19660
19670
19680
19690
19700
19710
19720
19710
19740
19750
19760
197710
19780
19790
19800
19810
19820
198130
19840
19850
19840
19870
19880
19890
19900
19910
19920
19930
19940
19950
19960
19970
19980
19990
20000
20010
20020
200130
20040
20050
20060
2007C
20080
20090
20lc¢e
20110
20120
201130
20140
2¢1s0
20160

#72¢



[a¥al

4180
4190
4200

4210

4220

4230

4240

4250

4260

4270
4280
4290
4300

4310
4320

4330

WRITE 16441903 (CALL)s [ = INy 18}
FURMAT (12X, *ANY ADDITIONAL COST #* 5X. 6FB8431
CONTINUE
WRITE (6:3990}
WRITE (643820 (5TAR, MX = [y IM}
WRITE (644210) (TCTEIYY 1 = TNy 1614
FORMAT  { 12X%Xs*TOTAL COST PER S0 YARD* 13X, 8F8.3)
WRITE {6,3820) (STARs MX = 1, 1M}
LF IPSNL 4NEa« 040) GO YO 4310
WRITE (641040) NPROBs TITLE
WRITE (644220
FURMAT {7/ 236X *REINFORCEMENT DESIGN® /
1 13X#DESIGN® 08X *REINFORCEMENT DESCRIPTION® 17X#MATERIALR
2 *  MATERIAL*/13X*NUMBER® 4BX #*NUMBER NAME* /)
DO 4420 IXx = INs 186
JNRN = UNRUIX)
MLRN = MLRIIX})
JMRN = JMR{1X)
MIRN « MTRIX?
MTBN = MTBILIX)
JPRN = JUPR{IX}
MTRN& = MTRIIX)~4
MY = MM4+]X~NREQ-1
MU = NMBIMY)
DO 423G I » 1+ JRRN
RUNIIXs 11 = RUN{MU, 1}
RLSEIXs 1) = RLS(MUs 1}
DO 4240 1 = 1+ JMRN
RINIIXs 1) = RTNIMU, I}
RTS(IXs 1) = RTSIMU, 1)
00 4250 1 = 1« JPRN
TBNCUIXs L1 & TBN(MU,
TBSPLIXs 1) = TBSPIMU, 1)
WRITE (86,4260 MY
FORMAT  (/714Xs12)
IF GIRCIX) oEQe 23 GO TO 4350
iF (JNRN} 42B0,4270
WRITE (6353410)
GO TO 4320
WRITE 16,4250) (RLNUIXs 1Y3s Y = 14 JNRNI
WRITE (6+4300) MLRN, (NAMEBS(MLRN, 1)e § = 1o 3}
WRITE (6443103 (RLStUIXs 13y 1 » 15 JNRN}
FORMAT  (1H+, 18Xs ®LORG, REINF, BAR NO.* 6F6.0 )
FURMAT  (IH+, 69Xe L1+ 4Xs 226, A2 )
FORMAT  ( 35X, *SPACING* 4Fba)
WRITE (£,4330) (RINCIXs 10y 1 = 1, JMRN)
WRITE (6,4300) MTRN4s (NAMEBS(MTRNy 1)s [ = |y 3)
WRITE (646310) (RTSEIXs 1)y I = 1s JMRN)
WRITE (604340) (RTNCIXs 13s 1 = 1 JMRN}
WRITE (6,4300) MTRN&s (NAMEBSIMTRN, I)s I = ks 31
WRITE (6463101 (RTS(IXs 13s T = 1y JMRND
GO TO 4420
FORMAT (19X ®*TRAN. REINF, BAR NGO * 4F6.0 1

DOV DAVDADVVAIDRLVVDNINVNDODDD IO DDOIDTIDITDODN

TADZU/BINODO DD

v D

20170
2018n0
20190
20200
20210
20220
20210
20240
20280
20260
20270
20280
202990
20300
20310
20320
20320
20340
203%0
20360
20310
20380
20330
20400
20410
0420
20430
20440
20480
20460
20470
20480
20490
20500
20510
20520
20510
20540
20550
20580
20571
20480
20590
20600
20610
20620
204630
20640
20650
20660
20670
20680
20650
70700
20710
20120

te 340
“350
L4360

437y
4380

4330
LL AN

4k 10
wh20

oo

4430

4450

Gabu

L6ty
4LaBu
L“h90

45uw
LR R]

FORMAT (19X *T]E BARS
LF CUNRNY 437043860
WRITE (6534601
20 TO 440C
WRITE (6,4380) (RLSUIXs L)s I = 15 JUNRN)
WRITE (6963001 MLRNy (NAMEWS(MLRNy I}y I « 1,4 3)
WRITE (644390) (RLNCIXs 1)s I = 1. JNRNY
FORMAT  {1H+y 18X *LCNGREINFJMESH SPACING® 4Fbel }
FURMAT (29X #MESH DIAMETER® 4F6e2
WRITE (€4+4%10) (RTSUIXs 11y I = 1. JMRN}
WRITE (694300Y MTRNs [NAMEWSIMTRNs 11y I = 1» 31
WRITE (644390) (RTNIIXs I}y T = 1, JMRA)
WRITE (5443407 (TBNUIXs 1)} I = 1s JPRN)
WRITE (o yn300) MTBles (HAMETSEATBNe 1Fs 1 = 10 21}
WRITE (694310 (TBSP(IXs IJs I = 1» JPRNY
FURMAT  (19% *TRANJREINF.MESH SPACING® 4F6.1 %
CONTINUE

BAR NUMBER® 4F64C )

HNOSE = O
WRITE (6444303
FURMAT  (//51%%y *DESION® 17X #SEAL COAT
DO s4fu [ = [Ns 16
IF 1100)) oGTs 11 GO TO 6490
SNUSE = NANCSE+]
MY = MM ~NREG-]
MOSE & O
HPL = NPP{]3+]
DU 4450 ISL = 3 NPL
1sLl = 15L-1
PLIF = PLF{},s 1503
IF LPLIF 4GYa. AP) PLIF = AP
TIME = PLIF-PLFU]y ISLY1)
SEAL = 0.0
TISL » TFOS+SEALTRS
FOLTISL 40T, TIME} 50 TO «u50
NOSE = NOSE+]
SCATINOSEY = PLFYT,
S5EAL = 3EAL¥lev
wO TO &asC
LONTINUE
+F INOSE oGTe O
WRITL {&46b60) MY
FORMAT ¢ 14X 1243Xe
wQ TO 49D
ARITE (€98480) MYy 16COTHLIEYy (% = 1,
FORMAT  t14Xel2eD3X010FE2)
SONTINUE
LFO(NNOSE WEQe €} WRITE [444500)
FURMAT (19X +#3EAL CUATS GENERALLY NCT PRCYVIDED ON
LoRTINUE

15L11#T150L

GO 10 4470

*NO SEAL CQAT IS FEASIBLE®

NCsSE)

iF UMMF GEC, ANRED) GU 70 4530
MM = MMe6
MMF = AMaMXTRA-]

SCHEDULE %/ 1IXRNUMAFR® )

THESF DESTGNSG®)

DWOL T VAN ODDD VI TCDIDTIDILLAVRNVD DIV VRN DDBDVIDLDIDDDTODIRD

2057120
20740
20750
207860
20770
207180
20790
20809
20810
20820
20830
20840
208%0
20840
20870
20880
2089¢
20900
20910
28920
20910
20940
209580
20980
081
2094an
20990
21000
21010
21020
210380
2104n
21080
21760
21770
21¢40
21990
21100
21110
21120
21120
21en
21150
21169
2117
21180
21190
21700
21210
21770
21220
21740
21248
21260
Zi7mn
2128"

Y AA
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1F (MXTRA +EQe 0) GO TO 4530
Il = MXTRA
IM = 25+8#MXTRA
G0 TO 3780
4520 MM = ]
MMF = MXTRA
11 = MMF
IM = 25+8%MXTRA
GO TO 3780
4530 CONTINUE
NORTH = NOIN-KREJ
KOIN = KSUB+KREJ
KAP = NOIN-KOIN
KFD = KLIF-KFUND
JOIN = KFUND-KANAL
WRITE (6410303 NPROB, TITLE
WRITE (6+4540) NOINs KREJs NORTHy KAPs XSUBs KLIFEs KLIF,
1 KFDs KFUNDy KANALs JOIN
4540 FORMAT [ 4(/)» 33Xy *INITIAL DESIGN ANALYSIS* //
1 17X #0UT OF A TOTAL OF #]14% INITIAL POSSIBLE DESIGNS+#/23Xs 13
2 * WERE REJECTED DUE TO MAX, INITIAL THICKNESS RESTRAINT® /
3 17X  #0UT OF#13% DESIGNS THUS LEFT,#/23X,s 134 1X,»
4 *DESIGNS WERE REJECTED SINCE THEY ARE OVERDESIGNS OF THE # /
5 27X ®*INITIAL DESIGNS wHICH LAST THE ANALYS1S PERIOD#* /17x
6 #QUT OF#]3% DESIGNS THUS LEFT»# 7/ 23X, 123
7 # DESIGNS WERE REJECTED DUE TO THEIR LIVES BEING LESS #/
8 27X #THAN THE MINIMUM ALLOWABLE TIME TO THE FL1RST OVERLAY*/
9 17X *OUT OF# i13% DESIGNS THUS LEFT,®/ 23X, 13
1 * DESIGNS WERE REJECTED DUE TO THE RESTRAINT OF MAX[MUM* /
2 27X #1NITIAL FUNDS AVAILABLE® / 17X»%0UT OF#,13s% DESIGNS*
3 * THUS LEFT,# ,/23Xs13+#% DESIGNS WERE ACCEPTABLE INIT!AL
4 *DESIGNS WITH LLIVES*/27Xs *MORE THAN THE ANALYSIS PER{OD®*/]17X
5 #AND THUS® 3xs13,% DESIGNS WERE PASSED TO THE OVERLAY SUBSYST#
6 *EM TO ®* /32X *FORMULATE THE POSSIBLE OVERLAY STRATEGIES® )
IFf (JOIN +EQGs 0) GO TO 4650
WRITE (6445501 t1s I = 1s LM)
4550 FURMAT  ( 3(/)y 32X *OVERLAY SUBSYSTEM ANALYS1S* // 10X,
1 ®DESIGN COMBINATION NUMBER®26Xs 415 )
WRITE (6+4560) (NTHT{I)s I = 14 LM)
4560 FORMAT (/10X#NUMBER WHEN MAXe OVe THICKNESS RESTRAINT wAS HIT .

4[5)

1
WRITE (64+4570) (NTMT(1)s I = 15 LM)

4570 FORMAT (1CX®NUMBER WHEN MIN TIME BETWEEN Ov RESTRAINT wAS HIT
1 415)
WRITE (64+4580) (NOLT(I)s 1 = 1, LM}

4580 FORMAT (10X#NUMBER WHEN OVERLAYS NEEDED WERE MORE THAN EIGHTY -
1 415}
WRITE (654590} (LFT{1)s 1 = 1y LM)

4590 FORMAT (1UX#NUMBER OF T1MES SUBROUTINE *1H®*¥LIFF #]H*s waS &
1 * CALLED* 3X, 415 )
«RITE (6,4600) (MANT(1)s [ = 1, LM}

46U0 FORMAT (10X#NUMBER OF TIMES SUBRCUTINE *1H®*MANCE®1H*» WAS #

* CALLED® 3xs 415 )

1
WRITE (6,4610) (NTOCT(I)» 1 = 19 LM

LDV VOODIVDIDDDDIDDDDIDVDDDDODDDDDDDDODDDTDNDDNDDIDODDDIDDNDD DD

21290
21300
21210
21320
21330
21340
213%0
21360
21370
21380
21390
21400
21410
21420
21430
21640
21450
21460
21470
21480
21490
21500
21510
21520
21530
21540
215%0
21560
21570
21580
21590
21600
21610
21620
21630
21640
21650
21660
21670
21680
21690
21700
21710
21720
21730
21740
217%0
21760
21770
21780
21790
21820
21010
21820
21830
21840

[a¥al

461y FURMAT

4650

1
WRI1TE
4520 FURMAT

1

2
3

WRITE
4630 FORMAT
C

WRITL (6+4640) NNTs NNRs
4640 FURMAT

ENO

{1 X®*NUMBER OF TIMES SUBROUTINE #1H®##® TDC #1H¥s wAS #
* CALLED* 3Xs 415 )
(6966201 (NCNT(IL)s I = 1y LM}
(1.X®*NUMBER UF POSSIBLE OVERLAY STRATEGIES
415 }
(6,6630) (NTOT(l)s 1 = 1, LM}
(/10X+*0QUT OF A TOTAL OF #* 33X, 415)

OBTAINED hd

NNC

3171921 X¥THUS FOR THE ENTIRE DESIGN SYSTEM * /s 21X

#QUT OF AN GVERALL TOTAL OF*]4* OVERLAY STRATEGIES*#/25Xs
14% WERE REJECTED DUE TC DIFFERENT RESTRAINTS#®/ 21X

*AND ®l4* WERE CONSIDERED FOR OPTIMIZATION PROCESS* )

GO TO 10C0O
CONTINUE
ABOVE STATZMENT 1S USED TO END THE PROGRAM

R
R

DDV VDDDOVDIVOOD DD

218%0
21860
21870
218R0
21890
21900
21910
21920
21930
21940
21950
21960
21970
21980
21990
22000
22010
22020
22030

XA
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SUBRLUTINE LIFE (Pls BONEs Dy Ty SX, Es TUPIO)

COMMUN /LIFE/ P2, P2Py XJs 10PKE» 1TER, WTOT
CUMMUN /ALL/ AP, ADTGRs 1TYPEs RINT

LIFE FINDS THE TIME 1IN YEARS TO BRING A DESIGN FROM ITS

INITIAL TO 17s TERMINAL SERVICEARILITY

BEST = 0.005

PEST = (.005

TEST = 0.005

SAFETY u 049155

Z = EZTOPKE

Cl = AP®ADTGR/ (APRADTGR+20041

€2 ® 200./(AP*ADTGR+200.1

WT = WIDT®ICI*(TUPTO/AP) #823C 2% TUPTO/AP)
QTOTAL = SURT{H.-P2PI-SOURT(5.~PL}

PRO = 5,85-4.62%AL0G10(19.01

XL & (Z®(D%**3,01/11452)%%0,25

RHOSP = (XJ¥900C04/D"* 241 #11.-7415%5QRT (2,17 XL}
R1BL = 14010%ALOGLO(RHOSPAE90,/5X1+ALOGIDI0L3M1 )
DIL » 1,995~0,517#R18L

01 = 10,0##01L

BETA » 1a+{3.63%19,0%95,201/(D11*%8 %8

F = SAFETY/BETA

CL = SAFETY®(7.35%D1L+PRO)

C = 104%%CL

oP = 0,10
DT = 1,00
TOPK = 100.¢
YIT = 1.0

T = 0.0
1TER = ¢
WIP = 0,0

P = Py
PP = p1

(BONE oLYe BEST} GQ 10 110

PP = PP-DP
P = P~DP
Q = SGRT(5.~PP}~S0RT(5.~P1}

RK = QTOTAL/{QTOTAL~D)
TT = ¢1,/BONE}#ALOGIRK?
DT = ABSITT-T)

T =77

T = T+D7T

PSC = 5,-{SGRT(5.~PLI+QTOTAL# {1, ~EXP (~BUNE#T1) 1982
DP = PP-PSC
PP = PSC

PRVAATVYUDAT LA VI OLD DDV DD DVIHNINRNIVNVDLIWLODXOID I VDLV DUVV VRV OV OO

22040
22050
22060
22070
22080
22090
22100
22110
22120
22120
22149
22150
22160
22110
22180
2190
22200
22219
22220
22230
22240
22250
22280
22270
227280
22230
22390
22110
22320
223130
22340
223%0
22360
22370
22380
22390
22000
224610
22420
22430
22440
22450
22460
22470
224R0
226490
22500
22=10
77570
225an
235 RN
22550
22580
22570
22580
22%9n

[aXaXalal

13v

1a4u

15u

P = P-pP
1IF tOP 4EGa. 0400 GO TO 130
QT = (P)1=P)/(PL~1.5}
wIPL = CL+FRALOGIGIGT)
WIP w 10.%%WTPL
TALCT = T+TLPTO
WIT = WTOTH(CI# (TACT/AP I ##24(20TALT /AP
OW = wTT-wWT
wT = Wil
WIP = WIP+DW
PM = P1-(Pl-1.51%(WIP/Ci®¥* (1 /F1
ITER = ITER+]
1F (PM LLTs P23 GG TL 140
P x PM
IF (P 4EGe P21 GO TO 150
60 To 100
® « PeDP
PP = PP+OP
T = 1-DT
sF (DY JLTe TEST LANCs DP LLTs PESTY GO YO 15D
i1 = 0.0
DR = DP/2,.
2T = DI/2.
w1 = wTT~Dw
«TP = WIP-0W

20 To 100
CONTINUE
T iS5 THE (IFE OF THE DESIGN
THIS will RE TAKEN RaCK TO THE MAIN PROGRAM
RETURN
END

DXL AOWVRIDIVDVIDO VBN IIAITIRTIADIDODIDON

22600
22610
22620
22610
22640
2286%0
22880
22670
22680
22890
22760
22710
22720
22730
22740
22750
227860
22770
22780
22790
22800
22810
22820
2zA34
22840
22850
22860
22870
22880
22990
22900
229310
22920

Lze
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300

VS WON

SUBROUTINE PUPY (XMEAN» SD»s CL»s X}

PUPY MEANS PREDICT USING PROBABILITY

THIS SUBROUTINE DETERMINES THE OESIGNED VALUE OF CERTAIN
VARIABLE OEPENOING UPON THE OISPERSION OF TEST RESULTS(SO)
UF THAT VARJABLE AND THE CONFIDENCE LEVEL REQUIRED FOR THE
OESIGN WlTH RESPECT TO THAT VARIABLE

DIMENSION Z(51)
DATA (Z(I)» 1 = 1951 )}
0e15109061764900201790022749002533,3042792,043055+043318,
063584904385490e8124,04440000+467843004958,00526490+5534,
0e5829906612790643390.67440C0e7062+047387506772140.8066,
0.841500e877990+491549009542+40¢99469 140365+1¢0804,11264
1o175001622639142817+1.340641.4053,1+475751.555C»1.6450,
1.751191,881492+40540+243267+3.900 /

XMEAN IS THE MEAN VALUE OF THE VARIABLE
SD 1S THE STANDARD DEVIATION FOR FHE VARIABLE
L IS THE CONFIDENCE LEVEL DESIRED FOR THE VARIABLE
100 PERCENT MEANS NO RISK AT AlLLe. USE THE LOWEFST VALUF

AA 8 (50e-CL)/100.

A = ABS{AA)}

XA = 100e%A

NA = XA

XNA = NA

DA = XA-XNA

XZ s Z{(NA+1)+(2(NA+2)~Z(NA+1))1*DA
IF (AA .LT. 0.00) X2 = =XZ

X = XMEAN+X2®SD

X IS THE DESIGNED VALUE OF THE VARIABLE. THIS VALUE wiLL
BE TAKEN BACK TO THE MAIN PROGRAM
CONTINUE

RETURN
END

/ 0000040+0255040503504075034041005+041256

DTV DDVDVDVDVIDVIDDIDDDDDDDDDNDNDDTDIDOTDDDDDDDDD D

229130
22940
22950
22960
22970
22980
22990
23000
23010
23020
23030
23040
23050
23060
23070
23080
23990
23100
23110
27120
23130
23140
23150
23160
23170
23180
23190
23200
23210
23220
232130
23240
232%0
23260
232719
23280
23290
23300
23310
23320
23330
23340
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400

41u

420

43y

SUBRUUTINE MANCE (PLPs PLF, THMPSY)

“ANCE MEANS MAINTENANCE

COMMUN /MANCE/ CERRs CLWe CMAT, DFTY
COMMON /ALL/ APy ADTGRs ITYPEs RINT

REAL LABs MAT, MTOT

CATA ARRAY FOR PERCENTAGE OF MAINTENANCE REOUIREMENTS
DATA PLW¢PERRIPMAT/Ce60+0+3950421/
OATA PLWRPERRRyPMATR/04444042140e35/

T = PLF-PLP
IF (PLF «GT, AP) T = AP~PLP
PLP PERFORMANCE LIFE PREVIOUS
PLF PERFORMANCE LIFE FOLLOW1ING
T - YEARS OF MAINTENANCE

IF (ITYPE .EQ. 2)
XLw = PLWR
XERR = PERRR
XMAT = PMATR

GV TO 410
Xlw = PLW
XERR = PERR
XMAT = PMAT

CONTINVE

GO TO 400

MTOT = Q.0

NT = T+]1.0
00U 420 1 = 14 NT

Xl = -1

YP & 19,72%(X11)%#%82,+13,72%0FTY=-183,0
IF (YP JLE. 04C) GO TO 420

LAB = YP®RXLW®CLW

EQUIP e YP®XERR®CERR

MAT = YP®XMAT®*(CMAT

TOT = (LAB+EOUIP+MAT)/(1++RINT/100s)%*(XI1+PLP)
IF {1 «EDs NT) GO TO &30

MTQT = MTOT+TQOT
CONTINUE

Tl = NT

FIQT = T0T*¢(T1-T

TOT = TOT-FTOT
MTOT = MTOT+TOT

ATOT TUTAL MAINFENANCE CUST FOR T YRS AFTER APPLYING RINT
TMPSY = MTOT/(1760.0%16+0}
TMPSY TUTAL MAINTENANCE CUST PER SQUARE YARD
TH1S wWllLL BE TAKEN BACK TO THE MAIN PROGRAM
RETURN

END

D VDD DDVIDIDIVVDVDAADTDIRLDDDDDOAODIVIVIDDDDIDDTDDLDDDDDDDDDODIDDODD

233%0
23360
23370
23380
23390
234np
23410
23420
23430
23440
23450
23460
23470
23480
23490
23600
23510
23%70
23530
23540
23550
23560
23570
23580
23590
23600
23610
23620
23630
234640
226%0
23660
23670
23680
23690
23700
230
23720
23730
23740
237%0
237860
23770
23780
23790
23R00
2381¢
23820
23830
23840
2785n0
238580
23870
23880
23890
23900

23910

8¢¢
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SUBRLUTINE TDC (PLAT. OVTHs TDCSYs HPSYS
Toc MEANS TRAFFIC DELAY (OST
CUMMUN 7TDC/7 PAPH» HPDCs PVSOs PVSNs DEQO, DEGN, AAS, ASODS

1 ASND»MODELy DTS50s DTSNy DDOZs NOLO, NOLNs ADT
COMMUN ZALL/ AP, ADTGR. ETYPE: RINT

DIMENSION CCSRIGe61s CCBULE96) s CURSIE92)y CODIL2)y CAPLAL3)
THE FOLLOWING ARE TABLES CONTAINING THE USER COSTS.
CUST OF SLOWING DOWN IN A RURAL AREA IN TEXAS

EXCESS CUST ABOVE CONTINUING AT INITIAL SPEED

IT INCLUDES OPERATING AS WELL AS TIME COST OF SPEED CHANGE CYCLE

*» DOLLARS PER 1000 CYCLES *%

DATA CCSR/B46733164243145505042647749324120,546:0,099.441%5214401,

1 394609,6642335106097942%0,4114354+28.42245%.917:02.48243

2 *0os 150795539054 10764022,4%04+522e612456e40505%0406%244857

COST OF SLUWING DOWN IN AN URBAN AREA
DATA CCOU/54869s 1167692 19455 230403y 65,0020 6748684 04
1 55602y 124B5Ts 22249333 373384 58,992+ 2%Dss 64501
2 159765 29,610 492116y 3%#0,y B.607s 210448y 404242s
3 4%0es 1148569 29436 5%0,4 1644327

COST OF OPERATINMG AT A UNLFUPM SPEED IN TFXAS
CIFFERANCE OF TwQ VALUES GIVES THE EXCESS COSY OF OPERATING AT
REDUCED SPEED
1T INCLUDES OPERATING AS WELL AS TIME COST
## DOLLARS PER 1000 VEHICLE MILES ¥
DATA CURS/393.447, 214453 156,05, 129.030 11%:51:110,16, 362,43,
i 197evhs 142257 1164845 103,244 $6.737

COST OF 1DLING
i7 INCLUDES OPERATING AS WELL TIME COST
*% DOLLARS PER 1000 VERICLE HOURS se
DATA COD/345%476432634117

CAPACITY TABLE
OUTPUT AND RECOVERY RATES» VEHICLES PER HOUR IN ONE DIRECTYION
USED TU CALCULATE POls PNl DOly AND DN1 FOR MODEL NCS 3,4 AND ©
DATA CAP /13504930000 2340Ce+30004427004445004428004547004
b 4350606200, 965004964730.7

ADTT = ADT*(1.,0¢ADTGR/100.0%PLAT)
nPsY

GVTH 15 TOTAL OVERLAY THICKNESS DURING ONF CVERLAY

LO = (AS0D+4¢991/1040
LN ® [ASND+6499)71040
K = (AA545.0)1/1040

TUTAL YIME JN HOURS TO OVERLAY PER SGe YO OF PAVEMENT

VOO ODNITVIVDTIVIJIDADD 0D NL VDI ODDIDINVNDV NI DIIDOTOIIVDDRNRDDI DU N

23920
23930
23940
23950
23960
23970
23980
23950
24000
246010
24020
24030
24040
24080
24080
24070
24080
24090
28100
24110
24129
26130
24140
24150
24160
24170
24180
24150
26200
24210
24220
24230
24240
26280
24260
26270
24280
24290
24300
264%¢N
24320
264330
24340
249%0
24760
243710
243480
24290
24400
24410
264620
2a430
r{YY %l
24480
2LLg0
24470

n
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IF (LO .GT. 61 LO » &
IF (LN 4GY. 4) LN = &
IF (K +GTa &1 K = 6

VPH = ADTT2PAPH/ 1004
VPH TOTAL NUMBER OUF VEHICLES PASSING THE OVERLAY AREA& IN
ONE DIRECTION PER HOUR
SAME NUMBER OF VEHICLES ARE ASSUMED YO BE PASSING IN
THE OTHER GIRECYION ALSO
LAE2]
MODEL NUMBER ONE

“nny

POl = 04

PNl = 04

Dol = 0,

DNl = 0.
ABOVE VALUES ARE SEING GIVEN FOR MODEL NUMBEK ONE ByT THESE
VALUES ARE ALSO USED FOR OTHER MODELS IN CASE SEPERATE VALUES
UF THESE VARIABLES ARE NOT COMPUTE®D FOR THEM

PO2 = PV50/100.
PNZ = PYSNZ10C.
pC2 = DEQGO
DNZ = DEGN
D = 1.712.
LU TU (540,530+5104520+510) ¢ MODEL

rane
MUDEL HUMBER TWO

“anw

5006 A = DYSO/ASOD

AQ = AsVPR
POL = O.5%{1,~EXPI~AQIi®w2
PNl = PDL
DO = (1e+EXP(2.%ATHI®(EXP (AT ~AL=Y, 1/ (2o "VPHOPOL
1 PEXPIZ AL I~EXPAGI*1a
Dhi = DO1
GU TO 54
LI X
MODEL NUMBERS THREE AND FivE

“nnw

5w VUTRAT = CAP{2%]1TYPE~1+ NOLO)

LA Sy

RECRAT = CAP{2*]TYPE,» NOLCH
JF IvPH oLE. DUTRAT) GO TGO 540
POl = HPDC* (VPH-OUTRAT /(2.2 yPHAN}
1F (POl 4GT, 1.7 POL = 1.
DUl = HPDC* (VPH-OUTRAT Y (RECRAT=OUTRAT )/ (24 2yPR*ED]
1 *[RECRAT~VUH) }
w0 TO 540
LER Y )
MLDEL NUMBER FOUR
LR 2 1

R
R
R
R
R

R
R
R
R
R
R
R
R
R
]
R
R
L4
R
R
R
R
R
R
R
R
B
R
R
R
R
R
R
R

R
R
R
R

R
R

R
R

4
R

24
24
R
R
3
R
R
I
R
&

R
R

24480
26490
24500
24510
24520
2645230
24540
24550
24560
24570
24580
24590
24600
24610
24620
24630
24640
24650
24680
24670
24680
24690
24700
24718
24720
4730
24740
24759
26760
24170
26788
26750
24800
24810
26820
24030
PHRL0
24850
24860
24870
24680
24890
24900
24910
24920
24930
24940
249%0
24060
24570
24980
26990
25000
25010
25020
250130

622



520 OUTRAT = CAPL{2#1TYPE-1,y NOLO)
RECRAT w CAP{Z¥#ITYPE,» NOLO)
IF (VPH JLE, QUTRAT) GO 10 530
PO1 = HPDCH{VPH-OUTRAT)I/ (2. *VPHAD)
IF (POl 4GTa 14} POL = 1.
DOL = HPDC* (VPH-OUTRATI* (RECRAT~OUTRAT) /{24 *VPH*PO]
1 H(RECRAT=VPH})
530 OQUTRAT = CAP(2%iTYPE=1s NOLN)
RECRAT » CAP(2#%ITYPE, NOLN)
IF (VPH oLE. OUTRAT) GO TO 540
PNI = HPDCH* [VPH=OUTRAT)/(2.%VPH*D)
IF (PNl oGT, 1,7 PHL = 1a
DN1 = HPDC® (VPH=OUTRATI* {RECRAT=0UTRAT) /(2. *VPH*PN]

1 #{RECRAT-VPH) }

GO TO 540
540 CONTINUE
<
C START CWLLECTING ALL PERTINENT INFORMATION ABOUT DIFFERENT TYPES OF
L DELAY CuSTS. THE FOLLOWING ARE THE DIFFERENT TYPES OF TRAFFIC DELAY
L COSTs PER VEHICLE,
<

GO TO {550,560)« 1TYPE
C COSY UF STOPPLING FROM APPROACH SPEED IN A RURAL AREA.

350 C01 = CCSR{Ks 1}71000.

CNL = Co1
L COST OF SLOWING TO THRU SPEED IN A RURAL AREA.
CO& = CCSREKs LO+1171000.
CNé = CCS5RIK» LN+1)710004
GO 10 570 -
¢ COST OF STUPPING FROM APPROACH SPEED IN AN URBAN AREA.
56U CO1 » CCSUEKe 1371000,
CR1 = Col
€ COST OF SLOWING TO THRU SPEED IN AN URBAN AREA.
CO& = CCSU(Ks LO+117/1000.
(N4 = CCSUCKs LN+13/71000.
€ COST OF UELAY DUE TO CONGESTION OUTSIDE THE RESTRICTED AREA.
570 COZ2 = DOL*CODILy 1TYPE}Z L1000,
CN2 = DN1*COD(1y ITYPEJ/1000,
€ COST OF DRIVING AT A REDUCED SPEEDs
1F {MODEL .EQs 5) GO TO %80
CO3 = (CURS(LOy 1TYPE}~CURS(Ky ITYPE})#DTSO/1000.
CN3 ® (CURSILN: ITYPE)~CURS(Ky LTYPE)I#DTSN/1000.
G0 To 590
580 CO3 = {CURS(LOs 1TYPE)RDDOZ~CURSIKy JTYPEI®DTSO)
1 /1000,
CN3 = (CURS{LNs ITYPE}~CURS(Ks ITYPE1IRDTSN/1000.
C EXCESS CUST OF STOPPING FROM THRY SPEED + COST OF IDLE TIME . ALl
€ wITHIN THE RESTRICTED AREA.

594 GO TC (4600,6101s 1TYPE
400 COS = CCSR(LOs 121/1000.+D02%COD(1s [TYPEI/Z1000.
CHRS = CCSRILNy 13710004+DN2%CODI1s ITYPEIZ1000,
G0 Yo 620 .
610 CO5 = CCSUILO, 1371000.+0024C0DI1s ITYPE) /1000,

CH5 = CCSUTLNs 1171000.4DN2#CODIL [TYPEIZ1000.
C
<

MOV EDVDHDIVDIDVIXIVIDIDIDODDNADNIRDI DD NN LDV IO IR DD ONODIDDODD

25040
25080
25060
25010
25080
25090
25100
25110
25120
25130
25140
25150
25160
25171n
251an
25190
252n¢
25210
25220
2%230
2%240
25250
25260
25270
25280
25290
25300
25310
2532¢
25330
25340
25350
25360
25370
25380
25350
25400
25410
25420
25410
25440
25450
25460
25470
25480
25490
25500
25510
2%%21
25%%0
25540
255%0
25%60
25570
2%%580
25%a0

C
C

n [aNa¥al

[a¥a¥aNa¥Xal

START TUTAL CUST COMPUTATIONS
620 DCH = VPH*{POI#(C0OL4COUZ+COBI4(1a=POL 1% (COT+C0G 1 +PO2
1 RPCOSIHVPH® (PN *(CNI+CN24CNI Y+ 1 1a~PN1I # (CN2+CNG)
2 +PN2#CNS |
DCH 1S TOTAL TRAFFIC DELAY COST PER HOUR OF OVERLAY CGNSTR.
DCSY = HPSY*DCH
IPLAT = PLAT40,%
TOCSY = DCSYZ(1a+RINT/Z100s}##PLAT ¢
TOCSY IS THE PRESENT wORTH OF TOTAL TRAFFIC DELAY COST PER
SQUARE YARD DURING OVERLAY CONSTRUCTION
THIS Will BE TAKEN BACK TO THE MAIN PROGRAM
RETURN

END

VDL BOI/IDITDODHO 0N 00

25600
25610
25620
25520
25640
256%0
25660
25470
25630
2%650
25700
25710
257120
25730
25740
257140
25760
25770
257RC

0€e



APPENDIX 4

INPUT DATA LISTING FOR SAMPLE PROBLEM
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RRR RIGI1D PAVEMENT SYSTEM AVERAGE PROBLEM

0 [¢] [ 0 Q
28 4000 3000 1 5418
3000 6999 1 3359
7000 7999 1 200%
8000 11999 1 1633
12000 15999 1 L3%]
16000 18000 1 n
18001 18%00 1 102
18501 20000 1 31
20001 21999 1 11
22000 23999 1 i
24000 25999 1 1
26000 29999 1 1
0000 6000 2 268
6000 1199%¢ 2 4761
12000 17999 2 2521
18000 23999 2 1302
24000 2999% 2 3086
3000 32060 2 -3
32001 32500 2 43
32501 33999 2 24
34000 35999 2 17
346000 37999 2 11
38000 39999 2 7
40000 41999 2 o
42000 43999 2 3
44000 45999 2 2
46000 49999 2 1
50000 54999 2 0
50 5.0 500 6040 10000.0
6e2% 2440 540 6e0 90 2.0 2640 540 200
4420 2% 4e0 1e% 0,06
'} [+ 2% 0s0 6.0 8.0 1 2 1
50 50 Osl 0ol 5040 3040 LD D 3
2 72 450 40 9% 140 200000040 195.C 10C«C 120 LOMN AN
72 6% 60 9% 150 550000040 28040 1700.0 1ean DN
640 12.0 1.0
100, 15,0 9540 1e0 20 1153,
2 GRANUL AR 1« 18 70000, 400,90 2.0 -1 10. 2
C« TREATED Os 3.0 900000, 600,0 3.0 Sa 12 2
A~61%+GR7570050 U4l A~43260000 $.10
A-15 STR3I3000 v.07 A~15 INT40000 0.08
ASTHIA-L9870000 wWl0
A-615+0RAULQV00 W08 A~15 STR23000 0.07
3 [ 5 4 12 % 14 6 16 3 “
100040 1140 200000 10t 262 a0
540 5.0 1100.6
144 O3 13 100 n
100 240 Z2+3 1.C 5.C £0. 7 77 &

£LT
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APPENDIX 5

SAMPLE COMPUTER OUTPUT FOR PROGRAM RPS1
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4lGfy  rave~ENT SYSTEM wAMESH WHEQ JUt e 1974 mlog, rasg E g RN “hIE SN KHEW Jul Y 197¢
PRV mk R1GIR PAYEREST $xSTgm AVE~alGE wRUR| [ Pebp -r el maeg el SYSTEM AVe=anE PRORLE -

P A CORTRELS

TRAFF JC TebUT LSl gm 3Oy [1 S
dlTe CnCR oanD JCP BAYEME w TS TU aF TKIFU
LOal AanGE 2¥G, LEan AXLE “0e OF axlé male 00 awh Al CYERLRYS 10 o€ TR1ED
IN KIPS Long aPPLIcatIO .S scTr VEEGRYED waM ang wYRE b Sw nRINFARCEYEWT Tu <€ T21en
Puln® 1t fUmy UF OpTenT
3 - 3960 1,500 SINGE %5418 BainT pIdAST j g CESIGAS 1. ISCREaSI™G ndukn OF TOTaL ST
3900 = €459 4,999 Sinm b 1459
7000 - {339 T.498 Si~nG € 2008
80D = 1199y 9596 SIss k 1433 ur Bl es  CECISIONS 0% ~ESIRAINTS
12v80 =  i59%¢ 14,000 SINGLE “15
16V0G - 18600 17,000 SInG E 71 Vex iy v Lol ial bunnt ave JLAMLE ¢~ LLarkS) hed
l8upl ~ 18500 18,25 SiNf E 102 Pua Tritiel TrICaESSe DLAH PLUS RUBBASE (Tar-Ew) Pawni
le501 - 20000 19,259 SIN3 € 31 Mar TIwp 10 FLRST QwFwiaY [YFARS) Zevs
2¢891 - 2lsgy ?l.008 S{NGE I FIN Tt spoeEEN UVEALATE (YFARS 6,59
2000 = 23999 23,500 SInGi £ S "ok Thiul AC CVERLAY TRLICANESS (froHES) s g
2a0fn = 25999 25,000 Sins E 1 Pltoap CwpelaY TRICHAMESD 8T ONE TY=€ (INgHES) 2enu
CHUDE w 299yn 28,000 SINGLE 1 Pux ToTil CUMC OVEALAY (=I1CRNESS ¢ JMConES) Zaaiy
LY LY0D 3,000 TaNDEM 68 L ARG WYL ROAY TyplungSS AT rap TIMe (1 .rap ) Gety
6300 - 11999 Be999 TANIEM 47151 Lok T r ALALYSIS LRWlJD (IFASS) Prer v
12300 = 17499% 15,000 TAYDEM 2521
lauoo = 23499 21,000 TanJFM 1302 )
2edpp =~ £999Y 2%.000 TANDE M 386 PEm¢ QumANCE VARIABLES
dgugp - 3200 31,000 TANDE Si
32001 - 22500 Je.e%0 TANES 43 Ja1TtAL SuRvilEakiLITY [nDEX a2
32501 = 3399¢ 33,250 TanIm 2« Tew? kb M ~viCEadlLITY INDEX Febi
34000 = 35999 24,999 TaNIFY 17 StevtcEcualITY SnoEr AFIER aN AVFRLAY Py
36600 - 171999 36,999 TANDER 11 VuRt s M s L SERY L TRDEKORE TRaFFCa INFINLYE Timf 1abd
38000 = 39999 38,999 TANDEM 4 DHFLLERG LLaY FakiMcTERs BOMNE vheR
40300 = 41999 40.59% TANYEM [
42000 = »3999 42,999 TANQE M 3
44yg0 - «5999 44,5899 TANUFM 2 TMeFFIC OELATY £0ST vapT oLtS
bp000 = 49999 47.99% TANDE ™ 1
S0u00 - 54699 2,499 TARDEM 4 LISTAnCE wvVem e Cr YRAFFIC IS SLn#ED. Ay PIReCriun Su
Ny DY CIRECCTON 5y
fwe M L FE Lee® In RESTRICTER Z22°Ey DYaMIARCTEON ]
NeQveniREC(Ton 2
TRaFFIC onlwTr ann -IS13IduTION PRl F el G CLES STOUREL KY ROAD FIULIR,  OvenIRECHLIUN e iy
aldvetIRECITON LY
~ Vi CELST Cuudel =Y 4%av EQUIP v~ WSy Ovenlrectlon ol
AALE GROWIm FAaCcTOR e 00 Ne v enNIRECTTON abu
ALY 500wTH waYE —ayi 29 S b TerUags QueRiuY IRNE (w00, QvenlneCliun Jos
LIRECTIONRL CISTRIBUTION FACTIOS Lhend We e r RECHLON Lrews)
LANE N1STImtelloN FagTun B d avhriel @ PAUACm SPEED 10 OYFALAY REa N 6., )
InITIal AVESAGE LAILY TwHaFFIC 1r0GHa: G LEY 102 LI3TLACE amDint JVEM Y 7AnE et
ST LRIVl A Rt S COVST R T O YR
e F PLUNMSZLAY CyELaLar CURSTRGOYTION 0lC 'ns Y
E R T L A AL - LV 3 3 3 E]
R A A R RejHal

LET



RISID PAVEMENT SYSTEM PAMESH KWER Ju Y 19790 TS Pave cpnd S15Te RASESh Kk ~ JuLy lo7u
PROy  RH RIGID PAVEMENT SYSTEw  aviKaGe wRIBIEm PRUY  Hm R1GTU PR4FMELT SYSTEM  avewaGE PROaLE~

#LTEQLALS ISLEGRADY
vaTERIALS (CONCRETED

N . A SuRYLADE » -EAN VALUE 10dey s
CUNCRETE WIX GESlon MuMpER i 2 SURGAADE & YALUL+ STaNDAKD DEVIATTUN 15¢09
AGE OF ILSTING CONCRETE T ? SJBOHADE N vALUE, DESION COWFIDENCE LEVEL Ie Ll
MEASURING POINT THINRD (L35 SUBGEALE FPICTION FagTon Tetid
FLERURAL STRENGTremMpaAN VALUE 450400 630400 SUBUwADRE LeuUanILITY FAQICR Jevy
FLEXURAL STRENGTHSSTU. DEV, 4000 ©0.6G0 CUST PL& LanE MILE OF SUBSRANE FREPARGT ION 13800
FLEASTROESIGN CONF L LEVEL 95,50 95400
TENSILE STRENGTH 19%.00 260400
ELASTIC rODULUS 20g0v00 5540000 ~oTEQIALDY (SURBASF:
wElonY lag.o0 13000
CONSTRUCTION ECLIFKENT CoST Te0.00 10udeup tugd.se TYPS GRARUL AR r.TReATEY
€OST FER CUBIC YaRD . 17400 14,00 EnUASTLIIY FACTOR le00 0e0n
COST OF SURFACING CONCRETE 400,00 3.0.00 FRICTION tACTCR 1080 *e00
ELASTIC MODULYS 2otao Yu0900
LUNa I EWVIPKRENT COST a00s00 Hube 0O
MIn]uM ALLUNARLE CONCRETE TMICKNESS 6200 LUST/ cCmPa TER CU YO 2e0C 300
PAXIHUM ALLOWABLE CONCRETE Twlgkwe$Ss 1200 "IN ALLCWED THICKNESS 6400 6400
PRECTICEL INCREMENT FOR PCURIME cANCHLTE L0 Fax alLLCably THICKNESS 1¢-00 12000
INCREVMENT FCR SUBGASE 2+00 2«00
MATERTALS (STEEL)
1 2 OVER AY
BARS IN1T1aL CUST PER LANE MILE OF FIUTPMENT FOn OVERLAYS 1006.0¢
LOR3ETuoImAL Cusfsryg YU OF In PLACE COMPACTED A5PHRaLT CanCRETE 1ieuy
dak STEEL a5Tw DESI6 A=615+6R7% av432 E3PHAN T CUNCRETE MODULUS VaqUE Zo0UBY
TENSILE YIELD PT STR 70000,00 ~0000.00 PHOUUCTION wATE OF COMPACTED ASPHalLT CONCReTF 10003
COST/L8 OF sad STEEL «11¢ 100 LonCHETE PACOUCTION RATE 2400y
TRANSYERSE CUNCRFTE CUEFFICTENT 90
gaM STEEL AT~ QES1S A~1% 5TR A*1% INT
TERSILE YIEWLD PT STR 33060,90 40090,00 SEaL Coars
COST/LE OF BAR STEEL uT0 « 08B0
BaR MOS. TU BE TRIED ’ 3 L] s Timk 7O FIRST SEsL COAY AFTER aC rvEauAY Sevd
TImMtk PETIWCEN SEaL C0aTS Seddl
¥ 1RE FESKES LUST PER LanE mILE OF A SEAL CfaT i1fn.ve
WIHE MESH AST» DESIB ASTw,s-4G8
TENSILE YIELD PT STR T3080,00 JUINTS
COSTAB OF wiIRE MESH »100
MESH STZES 10 B¢ TRIED COSTAFT Ur "wWanG, JAINT (SARTNG. 0/ wELDS A In/0R <EAL ING} Jedtd
LONGe #IRE SPaCInG 4.0 Se 00 .00 CEST/RT UF LUNG. JOTNT (SEALING) «30
TRAN, WIRE SPACING 1200 18,00 ite00 RANGE GF DPACING FORm CONTRALTICH @ INISy pasFd vaLLY 1neun
VatER YaLVE 1on,u9
TIE pa®s USEN »jTH x, MESH WU Ur YTwa oS, CONST, R #aRPING JOT TS/mILE <AR ~RLP a
TIE BAR ATl OES])G. a=6i19:6ReN n=1% ST
TENSTLE YIELU PT STw 44.500,00 337,040 MAINTEWANCEs BIMF ST NS anD NIGCELLENES
(IS8T /18 CF TTE darsS «080 L2070
T1E waR % 1 wE TWHIED 3 LY La¥s of PrEEZING TEMPEHATLRE PFR YEAR 1owiy
COMPOSITE LadCR “aGE FOR WAINTENANCE OPERATIONS st
(U008 Ty EuliiemweNT RENTAL &ATE £r8 Mal 3T A9pwa] i uls FRED]
COSY oF MaTEHIALS FOR MAaIMTENARCE UMERATIONS Tadta
Salv:cE FedoEST 8T THE ERD AF alap 731> PEUTOp 6 sany
siiilm QF tAaCr pLanE P davin
C30al NLMEEwn JUF LaneS v BOTH pTsecl NS -
raly Tb 1oTEHE ST 04 TIwe VA UE OF ~ONgY nat?

82



RIG1D Favp HMENT
PRUY i

SYSTgm HaMESH KHER
RIGID PAVEMENT SYSTEM

MOST ECONQuICAL JCP PAVEMENT DESIGN wltH

INITLAL CUNSTRUCTIUN, LIFE IS 6,465 vEaps
MATERIALS
CONCRE 1€ Y.uld INCHES
SUBBASE peU0 INCHES

LUNG,REINF ,MESK SPACING 4,0 5.0 b,

MESH ULAMETER .19 .22 .24

TRANGREINF o MESE DPACING 12.0 14e¢0 J6.n

MESH LIAMETER .22 26 o 2h
LY

T1E ganS BAR NUMYER 3
SPACING 19,6 34.9
TRANSVERSE JODINT SPaCING 55 r

LONGITUDINAL JOINT SPaciNg 12 r

SUBSEQUENT COnNSTRUCTION

i
2

cos?

OVERLAY WITh 2.00 INCHgS OF

AC AFTE=
OVERLAY WITk 2,00 INCHES OF

B8C AFTFR 1

TOTAL OVERLAY TrICKNESS 4,00 INCHES

ANALYS]S nOLLARS PER SnUARE YaRg
INITIAL CONSTRUCTION

COSY OF SLBGRSDE PREPARATIOM

COST OF CCNCRETE

COST UF SLbUASE

CUST UF RELINFORCEMENT

cOST OF JCINTS

COST UF TIE daRS

TCGTAL INITIAL CONSTRUCTION CUST

TOTAL OVERLAY CONSTRUCTIQN CUST

T0TAL T40. COST QURING Ov, CONSTRUCTION
TOTAL MAINTENANCE COST

TOTAL SEAL COA[l COST AFTER O¥, CONSTRUrTION
SALVAGE RETURNS

ToTaL CVERALL COST

DESIGN ANALYSIS

TOrAL

Jur Y 1gg¢

AVERAGE MRURLE™

AC yvERLAY

CESCHIPTION

“pTERT AL MATERIAL
MUMBED Namt

2

1

1 AgTM,A-498

'} ASTMea=4390

1 A=615,GRa0

EET

EET

62465 YEARS
3571 YEARS

TOTAL { IFE 21.A19 YFARS

182
3,685
«390
+ 389
« 342
013

5,014
938
079
o lae
152

=, 891

5,432

98 INITIAL DESIGNS WERE EXAMINED, WT OF wulrd,

58 UESIGN> wERE REJECTEU CUF TO UCFR RESTAaINTS

40 REMAINING INITIAL DESIGNS PROQVCED

23) OVERLAY STRATEGIFS

RIo1L FAVESENT
PRUY  uk

SYSTER

RIGIL PavEMENT SySTgw

" RAMESH KHER

#OST ECONOMICAL JCP PAVEMENT DESIGN WITH

INITlAL CURSTRUCTIUN, LIFE

1s 90342 YEARS

MATERIALS
CUNCRETE 12,00 [ACHES
SUpbasSt 0200 [INCHES

LUNG4RE INF (MESK SPaCING
MESK ULA~ETER
THAN.REINF (MESE 3PaCING )
MESH ULLAMETER
sak NUMHER
SPaCING 1

Tie yar$

TRENSVERSE J0OI

4.0 e 640

.20 22 P8

2.0 1440 16,0

25 27 70
3 )

Se8 2800

NT SPACING «5

LERGITUDINAL JOINT SPACTNE 12

SUBSEWULENT CONSTRULCTIUN

I CVERLSY w1Tk 35.00 INCHES OF

TCTAL OvEapay THICKNESS

COST aNBLYSIS
INITIAL CONSTHUCTION

CC AFTF2
5.00 INCHES

CULLARS PEN SQUAKE YARD

CUST UF SLBUKADE PHEPARATIUM

CuST UF CONCRETE

CUST OF SLUDASE

COST OF REINFORCEMENT
CuST Ur yCIwnIS

cuST OF T]E QRS

1OTAL INITIBL CONSTRUCTION CUST
TCTaL OVERLAY COnSTwucTion CuUST
1CTAL 1,0, CUST LURIAG Uv, CUNSTRUCTION™

TOTAL MAINTEAANCE COST
SaLVaGE ®ETUKNS

1GTaL CVERALL CusT

OESIOA AN.LYSS

934y YEARS

Juty 197V
AVERAGE PROQLEM
CC OvERL Ay
DESCRIPTION
MpaTERT AL MATERI AL
NUMBER NaME
1
1
1 ASTMya~496
1 ASTMyA=a96
1 A=615,GRa0
FEET
FPEET

TuTAL | IFE  23.579 YFARS

«182
e,156
396
0023
¢392
014

5.569
l.l5g
L0862
+357
-1.06p

6,055

Tulal 9n I~1TIAL CESTGNS wgRE EXaMINgERe OUT UF vulehre
B LESIEND wEkWE REJECTEU CUp T0 UerR wESTRAINTS

v <FMAINING INITTAL DESIGNS PRQDICED

91 OVERLaATY

STRATEGIFS

6t¢



RIGID  FAVEMEMY

SYSTEM RAMESH KAER
PROy Wk

HIGIN PAVEMENT SySTgw

JU Y 1970
AVINAGE HROALE™

SUMMARY UF DESIGNS IN INCREASING "RDER UF Tnlap Cosrt

DESIGN NUMRER 1 2 3 a 3 6
LY Al R L ARl e R R A R L L YT Y Y Y Y P Y YL Y AL TS A Y PR ALY YR Y- Yy Y ]
PAVEMENT TYP( JP cRC cAcC rRC CRe JeP
QVERLAY TYPE AC AC AC [ ac al
RELINFORCEMENT TYPE ME >n ME SH #ESH MEGH BaRs MESh
CONCRETE TYPE ’ 2 2 2 2 1 F]
SUbBASE TYPg 1 ? 2 2 2

[T YT TR YT Y oY Yy Y P Y Y TR I Y YR YR L LR YR Y O Y Y ¥ - ¥-2)
SLAp THICKNESS JelQ 6,00 2,00 LR Te00 900
SUBBASE THICKNESS 6eUG 8,00 1lu.d0 6, .2 8.00 6400
OVEnLAY THICKNESS 1 2400 2.5¢0 2000 2,00 2.0p0 ¢e50
OVERLAY THICKNeSS 2 2490 2,00 2,00 2,00 Ze00 2.00
INIYIAL L1FE 6,07 5.02 9,45 T.7¢ S.84¢ 6,07
OVERLAY PERF, LIFE 1 1357 11,37 1i.99 16,63 12.32  13.90
OVERLAY PERFs LIFE 2 21,82 20,06 20.90 27.54 20e40 22496
TOTAL PERFORMANCE LIFE 21e82 20,08 20,90  27.9%  2(.40 22,64
SPACING ThHanS, JUINTS 85.40 00 00 o0y 00 55490
SPACING LONy, JGINTS 12,vC 12,00 12,00 12.09) 12,080 12.00
080088880000 000 8000080 LERR ECREUERLERERIgatEetRERIUERRatiGBaueagqURedtEes
COST OF SUBG, PREFARATIUN s192 «192 192 «192 192 o192
COST CF CONCRETE 3.685 2+51R 2.918 250/ 249 3. 685
CCST CF 3UBYaSE «390 <752 .919 + 585 o752 <390
CUST OF REINFOHCEMENT « 389 1039 1.039 1.213 1269 « 389
(CST QF JOINTS 392 112 )12 112 112 . 302
81 CF TIE 34RS «013 017 o7 02U «019 013

-

InNIV AL CounsT, CUST S,04¢ 4,63) 4,798  S,07 4,834 S.y10
QVERLAY CONST, CUST «938 1142 997 <851 979 10043
TRAFFIC LELWY CCST 079 0091 080 076 <0Ap «JR9
MALNTENANCE COST ol4e e148 o141 214 139 .1a8
SALVAGE WETURNS -eBY0 -e699 ~.670 “aT4ld LY -3 4] =919
SEaL C0al cusT o122 166 $162 WQae .159 einl

@e0CUUeeEET0CEeetNReErUREET Rt RRENQEORtaguRenettageneastitunategagntRbes

ToTay CyST PER Su YARC 6,632 5,479  5.508 5,50 5,52y 5.572

088000 d YOO R NURI R R RO el RICRBTRETeGGRUUR BRI ERRNENCt oINS agCRRRIGGS

SYSTEY

JuLy 197

AVERAGE PROR{ EM

“iglu Favkapnt ST5Te KASESH KREQ
ERIV -n “101 PAavERENT
FEINFORCENENT PESTSN
LeSIEN SETPFOPCEME. T DFSCRIPTION

AUMME

i LUNGerE JMFeMESH SHACTNG
MESE DNTaMETER

CRAN e F [ F e MESH ZRACTNG
“tum NIAMETER
dar NUMRER
SFACING

IFE waps

2 LUNGeHE T ab ot SF SraCrso
dESm YlaMETHR
[hRAre AE [7F «MESK SHACTNG
=ESm pTAMETER
gAR NUMARER
SHACTNG

it mauws

4 LuisoeRe [RF oM S SPAC NG
MESH L1AYETER
Thatie- EIRF aMESE SPACING
mESK CIAMETER
BAR NUM4ER
SPACING

11t gaRS

- LS GarEL FeneSn SFACING
Fo5F D] LMETER
THat, JAF INF o 4ESH S AC MG
moSh L [AMETER

Vi£ 309§ Qak wUmMIER
NPACING

> LUNG. NEINF . SAM a0,
NFACTHG

That.. REINF. AW s,
SPeCING

1i:. 2.RS 0AN NUMBEY
SPACING

& Ll “FIRF oMEsE 5-aCTING
"eSt LUIASETER

e Argre THELMESKH SEAC NG

e L 1AMETER

tle ~+ars gak NUMBF R
5¢aC1%6
L SLAI CQat
NI mER
i View7 jted]
< Ve jradtf
4 1V e4h [RoYY
“ 1417
= LU, » 17e3¢2
- Phawt J:ew

4.9 547
«ls «??
12ea 1440
.22 26
3 4
15¢6 34,9
40 Sen
35 «39
i2ef YA
W26  o2m
3 “
tae?7 26,2
e S,
.35 30
{0 14en
26 429
3 4
147 26,2
4,9 €.n
238 W47
12 140
.28 «an
a 4
1e6 2244
3 4
3.9 Teb
a «
13.5 7‘a,r
3 4
13,5 24,0
4.0 3.0
ois «??
17en 14,0
X+4 Y4}
a

150 4.9
SU-ERULF

0.0
W4
100
«26

n.?
a3
159
«30

0,0
o3
Yhet
+20

be0
46
1649
32

7.6
LERY]

ne0
wCh
19.v
20

tefemTaL
Numge R

MaTFRLAL
~e b
ASTMeA=uln
AGTM, A=uitn

AmBisrunai

agTH,A=a36
ASTH  A=496

Aa6153GRA0

AGTMh=avb
AGTMeA=a~b

AablSrRav

AQTMh=ais
AqTH, R=u9e

A=B]l5rfnel

Amd2
A=;5 1!

A=15 |7

ACTH A=43R
AGTH A=496

AmBl~yieraii

o%e



RIGID PAVEMENT SYSTEM RAMESN KNER JULY 1970
PROQ AR HEGID PAVEMENT SYSTEm AYERAGE PRUBLES

MOST ECONOMICAL CRC PAYEWMENT DESIGN Wlte  AC OvERLAY
INITLIAL COMSTRUCTION, LIFE 1§ 5,016 YEAnS

MATERIALS VESCHIPTION
MaTERTAL HATERLAL
NUMBE®R HAME
CUNCRETE 6,00 INCHES 2
SUBBASE Beul INCHES 2
LONG.REINF . MESK SPACING 4,0 Sep 6.0 1 ASTMyAm4 98
MESH DIAMETER .38 38 L4
TRAN(REINF ¢MESH SPACING 12,0 lseg 16,0 i ASTM, awé50
MESH DIAMETER .26  +28 L3¢
TIE BARS BAR NUKBER 3 4 i Awbl5 ,GReD

SPACING 14,7 26,2

TRANSYERSE JOINT SPACING 0 FEETY
LOMGITUDINAL JOINT SPACINg 12 FEET

SUBSEQUENT CONSTRUCTION
1 OVERLAY wITH 2.50 INCMES OF AC AFTFR  S.01g YEARS
2 OVEHLAY wITk 2,00 INCHES OF AC AFTER 11,373 YEARS

TOTAL OVERLAY THICKNESS 4,50 INCHES TOTAL LIFE 20,038 YEARS

COST ANALYSIS COLLARS PEn SQUARE YARD
INITIAL CONSTHUCTION
'3

COST OF SUBGRADE PREPARATIOMN 192
CoST OF CONCRETE 2.518
COST OF SUHBASE 752
CuST OF REINFORCEMENY 1.039
08T OF JOINTS S F]
COST OF TIE BaRS 0317
TCTAL INITIAL CONSTRUCTIoN COST 4,03
TOTAL OVERLAY CONSTRUCTION COST Is142
TeTaL Tous CeST QURING Ov, CONSTRUCTION 091
TOTAL MAINTENANCE COSY Jlap
TOTAL SEAL COGAl CUST AFTER Ov, CONSTRUCTION o164
SALVAGE RETURNS 699
TOoTaL OVERALL CUST S,479

DESIGN ANALYSIS
TOLAL 58 INITIAL OESIGNS wERE EXAWMINED, DUT OF wulfH,
59 VESIGNS wERE WEUECTEL BUr T¢ UgsR ~ESTMalnTs
39 REMAINING INITIAL DESIGNS PAODICED 226 OVERLAY STRATEGIES

wivic FAVEMERT SYSTEm RAMESH KHER JULY 1970
PRUY Nk HIGID PAVEMENT SYSTEm AVERAGE PRORyEM

BOST ELONDMICAL CRC PAVEMENT DESIGN wite €T OvERLAY

INITLAL CUNSTRUCTLUM, LIFE IS T+719 yEAPS

WATERIALS DESCHIPTION
maTEMT AL “ATERIaL
wusMdEe NaME
CONCREIE Togd INCHES 2
SUBBASE os 00 INCHES e
LORG.REINF o MESE 3Pallng 4.0 S50 [N i ASTM, a6
MESH D1ArETER .38 42 Y
THARGREINF o MESE SPACING 12,0 14en 16,n 1 A5TMsa=4n6
“ESH LIAMETER 2B .30 L3p
TiE BAnS s8R NUMBER 3 & 1 A=b15,GRe 0
SPACING 2.6 224
TRANSVERSE JOINT SPACING U FEETY

LONGITUDINAL JOINT SPACTNG 12 FEEY

SUBSEULENT CONSTRLLCTION
1 GYEMLAY wITr  s.uy INCHES OF ¢ a#Te®  tet¥iq YEARS

TCTAL OVERLAY THICKNESS 5,00 INCHES TUTAL LIFE 24,838 YEARS

CoST an3r818 LULLARS PER SQUARE YARD
InITEAL CONSTRUCTIUN

CusST CF SLuoHaADE PREPARATION 2192
COST OF LONCRLTE 2.907
CuST UF SLUBASE 585
CuST OF REIWFORCENMENT 1.213
CUST OF JoinTs o112
CudY UF YTJE oaRd 020
FCTal INITIAL CONDYwULTION CuST 5,0za
10TaL QvEMLaY LOnSTaucTIon Custy l1eus)
TCTAL Ta0. CCST Luning Ov. CUNSTRUCTION Oz
TCTAL walInTERANCE COST » 381
Sapvatbt RETURNS - 879
TOTAL CVERALL CuST te03e

NESTUN BNALYSIS
TUTal  we 171714l (ESTGMNS WFRE EXamINEDe WT OF «alors
€9 DESICNS werg LEJEFTEY CUp TC USER weSTRINTS
49 ReralNING INITIAL DESIGNS PAGpCED 59 IVERLAY STRATpsIeS

Ve



Rlelr FAvVEMENT 5YSTEM RAMESH KHER JhY 1970
PROP Rk RIGID PAVEMENT SYSTEM  AVERAGE PROBLE™
SUMMARY UF UESIGMS IN [NCREASING OROER OF TOTap COST

DESIGN nUMBER R 7 [] v 10 11 12
RELE NS UG ORE RN NI RN E RN YA NN NG QU R RN BB R PSR R BRISRBGIRNIANINCH NN O REREDR
PAVEMENT TYPE Ny JeP CRC Nl cHe CRE
OVEHLAY TYPE AC Ac aAC 4C aC aC
REINFORCEMENT TYPE MESH ME SH mESH ME S VESH naRS
CONLKRETE TYPE 2 1 2 i 2 1
SUDBASE  TyPg 1 1 2 ¢ z 2
Q.QIQQ“QGQQO‘Q..Q&OOCQQ‘QQQQOC.O!.QQI-.....QQQQOI..Q.OQ.'.‘OO.'CQC!Q‘Q0.0
SLAY THICKNESS G.00  1l.00 0.00  11s00 6,00 Teou
SUBBASE THICKNESS Bedy 6.09 0.00 6e00 10400 Ba00
OVERLAY TNICKNESS 1 2.0 2,00 3.00 2,50 2450 2.50
OVERLAY THICKNESS 2 2,00 2.00 2.00 2,00 2400 2400
INITIAL LIFE ) 6,83 T,m 5,02 T8 5. 5.8
OvERLAT PERF, LIFE 1 13.71 16,8} 11.93 15,08 1256 1. 75
OVERLAY PERF, LIFE 2 22403 23,25 21,40 23,91 22.32 21443
TOTAL PERFORMANCE LIFE 22403 23,28 2ledl 23.91 22.32 21.43
SPACING THaNS, JOInTS 85,00 45,00 2 00 5,00 T 00
SPACTING LONG, JUINTS 12400 12,00 12,00 12,06 12400 12400

BERRA AR RN E SRR RN B DA R RR NN A IR RTINS PA AN RO RIE et IS S anIRI4IRGRtnan

COS1 QF SUBG, PREPAKATION 192 o192 192 LT 192 =192

COSt CF CONCRETE 3,685 3,823 2,518 2.B23  2.518 2.490
COST OF SUBBASE 501 « 390 .752 *390 .919 . 782
€081 OF RETNFORCEMENT 1" WIBT 14029 2387 1.039 1,269
COST OF WOINTS 302 «392 .112 +392 W17 L1112
CCSY ¢F TIE 8awsS »013 +018 o017 s015 017 .019
INATIAL CONST, COST 5,121 5,199 44831  5,19% 4,798 4,034
OveRLAY CUNST, COST 933 BE6  1e250 999 je.107  1+006
TRAFFIC CELAY €OSI ~078 T «101 +087 «09p « 090
MALNTENANCE COST o148 e16% v1aa «168 fley «13b
SALVAGE RETURNS -e BYO ~e521 - T2H -« 9590 -e699 .. 699
SEAL COAl COST 152 186 v164 P 086 olbn + 150

L RAREARNRARRS RN R RN RRRBERRARRRBERR R B RO BRIV NINES QB TR RNOOBRESRRRORs IR

TOTAL CUST PER Sy YoRvy Ge5a0 LPR-13 5e562 Se590 5,593 Ye000

AR RSB RRR AR R QCOREIRRRBORDERNTERERIN I QB NINSNO N AP N oo ROBLRISR  Ed0 ROV

~hbwly
EEDN)

CaRlGh
NUMAER

2

Lty

il

ie

Lealef
nuraf N
i
L
¥
iy
44
le

el ke

e

SYSTEmMm HarESH KeE®
<1610 PAVEMENT SYRTEM

“EINFORLEVMENT DESTAN

REIF IHCERENT DESCRIFTION

LUNGe=E IRk ®ESR SHACInG a0 5,0

HESH ULAMETES » 13 .27

ToakieRE LAY »MEBm SPACING 1248 1&.8

T1c bass

MESH LTAMETER o22 24
Bak NUMRER 3 &
SPACING  [Se6 34,5

LLBGeRE L NF s#E Sk SPACING 840 S.0

€50 VIAMETER .19 .21

FrRunNoREIAF oMESr SPACTIAG  J24f [&an

14 34RS

e GIAMETER -3 Y2
dak wUMIER 3 a
SPACING 17«2 0,8

LUNGaRE T F o MESH SPACTHG 40 Seft

“ESr DIAMETER 35 »30

ThANSREINE oMe S SPACTNG 1249 14,1

T1e gams

LS DIAMETER o246 o288
Dol WUMBER 3 s
SPACING 16.7 26,3

LUNGLRELRF o+ MESH SPACING 40 5en

ESK LISMETER ol8 21

THAN AEINF e MES™ SPACTNG 12ea 16,2

TIE 3sas

HEar DEAvETER »24 225
daR mUMAER 3 3
SHACING 172 30,¢

LLRG e REINE oM S0 SRACING ReQ S

LS UlamETER =35 +30

Trau RE IRt aMESm SHACTNG 1240 T4,.n

~ESP L TAMETER 26 L Pa

e oAusS A NUMMEH 3 &

SEaCING  14e7 2647

LinGy REINF daw N, 3 [}

SHACTNG 3.3 Ten

Trhr.s REINF o Han NOy 2] Y

SEALTNE 1348 24,

1{z s Haw NUMRE R 3 «

SHACTSE 1368 24,7

Sgar COAY SCwmefuiy
lie23 jke!l
bcyln 1Gecl
LU,22 1+evd

1.1

1u,6e8 17438
Ligrw 170t

os
r 24
100
26

6.0
23
1oed
27

6,0
vald
YY)
»30

LTy
523
160
27

6.0
e ]
jo.0
«30

37.6

37a6

JukY 1gTv

AVEWHAGE PROW E-

MaTeKIal
N gER

“aTERLSL
NAME

AgTH,A=a96
4gTM,a=536

AwmblSsunted

AETMyAesIb
AGTHA=4 36

AwblHerey

ASTH, A=a36
AGTMeA=496

A«B1GeR40

AGTM #=8G5
AcTr a=a90

Anb]5eGRAT

AQTM AR=4 0
AGTMsA=E9N

Awblesbdat
i 3T

a=ib INT

ELEE-NN B )

[A4



RIGiC FAVESENT S8tk RAMESH KmER Ju Y 1970
#RUY RK RIGLD PAvEMENT SYSTEM AVE“AGE AR)uLre

In1Tiag NESIGN ANaLys1S

Cut OF a 1CTAL OF 196 InITIAL POSEIAL . DESIGhGy
0 wERE REJECTED DUE TO max, talTial TulexNESh WeSTRaINT
CUT OF19e CESIGNS THUS (EFT,
n OESIGNG wWERE qEJECTED STef? Teet AQr pVERUES IGNS nF THE
INITIAL DESIONG wrICl L&ST THE anaslvsis PEnIOp
SUT CFI9R DESIGNS THUS LEF T,
%6 QLSIGNS WERE REJECTED OUE 10 IMELR LIVES BETNG LESS
IMAN THE WINTMUM ALLEWABLS TIME 10 TWE ¢ IRST JvEmLAY
CUl OF1ag CESIGAS ThuS LEFY,
6] CESIGNS WERE REJECTED OUE 70 TmE RESTRAINT OF MAX MM
INITIAL FUNDS avAIL &BLE
QUT OF 15 DESICAS TnuS LEFIY
0 LESIGAS WEKE  aCCEPTaRLE  talllal nERIGNS BITH LT¥ES
PORE THaM THE ANALYSIS PERYOD
any THUS 79 LESIONS WERE FBG&Fn Yo THn OV¥EnLaY SYBSYSTEmM T
FORMULATE THE PLSSTBLF OVoRLaY STHRATESIES

OVERLAY SUBSYSTEM anaLY91s

DESION COMBINATION nUwdER i Q 3 s
KiMBER 4rEN MK, Cvs THWICKNESS RESTRAINT yag wil 4d v a0 d
NUMBERR anEN MIN VTIMe BETMEEN OV HeSTHRINT wgd MiT 1" ] & v
HUMBEHR mHEN DVERL LTS NEg( by WERE MDRE THaR rloMi i} [ 0 [
NUMBER OF TIMES SUshOUTINE WLIFE * »45 CalLEu 540 142 s4n 7Y
NUMBEK CF TIMES SUSROUTINE omanCEs ~aS ratifu B8O 12 asg 19
NUMBLHM CF TIMES SUoRJQLTINE # TNC &  wAS LalLED LBL 142 a4S 1%
NUPAER OF POSSYRLE OVERLAY STRATEGIES (CRTaINE 241 %1 z26 5%
ouT UF a TCYaL oOF 33y ¥i 262 %

Twug FCR THE EnTIRE OEDIGN STYSTEm

QUT OF &~ OVERALL TeTaL OF 181 ~/ERLAY STRaTEGLES
G4 WEng REJECTED DUE TO gIrFE@RNT ReSTYRAINTS

aNU 637 WEWE COSSYRERED FRR  IpYIMIZ&T (0. FROPL 3

£he



This page replaces an intentionally blank page in the original --- CTR Library Digitization Team



APPENDIX 6

DEVELOPMENT OF MATHEMATICAL MODELS



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



APPENDIX 6A. DEVELOPMENT OF MODELS FOR FOUNDATION STRENGTH

Layered elastic theory is used to compute the increase in the value of
modulus of support due to a subbase. Figure 19 describes the two-layered
system analyzed for developing this model. The system is loaded with 10 psi
pressure applied uniformly over a 30-inch-diameter circular plate. The de-
flection at the bottom of the plate is computed using program LAYER, developed
by Chevron Research Corporation. The Poisson's ratios of the subbase and the
subgrade are held constant to reduce the dimensions of the analysis and also
because their effects, relative to the variables which are being considered,
are not significant.

A wide range of values for the subbase thickness and the modulus of
subbase and the subgrade are adopted for the analysis. The table on Fig 19
shows the numerical values and the number of levels for each variable con-
sidered for analysis. The levels used for the variables are equally spaced
to analyze the results using orthogonal polynomial regression analysis for
developing the prediction equation.

The external pressure of 10 psi when divided by the maximum deflection
computed under the plate gives the modulus value at the top of the subbase
in terms of pounds per cubic inch.

The complete factorial comprised of 6 X 7 x 6 (=252) problems is analyzed
and the k values at the top of the subbases are computed. Table 7 shows
typical data for a 6-inch subbase.

A regression analysis was run to develop a prediction model for all
levels of the three variables analyzed. It was found that a model of accept-
able accuracy could not be obtained due to the wide range of response. Vari-
ous transformations were tried for the variables and the response but it did
not improve the results and, therefore, the decision was made to divide the
data into three smaller factorials. These factorials were comprised of all
the values of E, and E, and the values of subbase thicknesses at the

3 4
following levels:
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10 psit
ﬁ‘&f&if‘f*iﬁi
l-—so in.——-.| T
Modulus = Eq Subbose Dy

Poisson's Rotio = 0.35

Subgrode

Modulus = E4

Poisson's Ratio

0.45 oo

Levels of Variobles for Subbose Analysis

Level Number | 2 3 4 5 6 7
D3( in.) 0] 3 6 9 12 15 18
Log E: 4.0 435 4,70 5.05 5.40 5.75 6.10

E, (psi) 600 (3600 | 6600 | 9600 | 12,600 | 15,600

* Equi-spaced Logio E, Vaolues Were Taken to Cover a Wide Range of Ey

Fig 19. Schematic of layered system for subbase analysis.
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TABLE 7. k VALUES AT THE TOP OF 6-INCH SUBBASE
(FLASTIC LAYERED SOLUTIONS)
E, — 600 3,600 6,600 9,600 ; 12,600 15,600
~.
Log E3 ‘ i
o ) | .
4.00 33 160 273 376 | 470 556
|
| | i
i 4.35 39 . 175 1 300 418 ¢ 532 ' 640
s ! 1 s
i i ! '
SR S I R :
4.70 41| 195 328 | 457 . 582 | 704
i |
z i ‘
5.05 57 225 369 | 507 . 640 771
I I T I
B |
5.40 72 268 429 580 | 724 i 865
: o
! l
5.75 92 328 515 686 j 848 1003
-J_,b,_,,-
6.10 118 410 635 836 ! 1024 1202
I
!
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(1) 0, 3, and 6 inches;
(2) 6, 9, and 12 inches; and
(3) 12, 15, and 18 inches.

Three models déveloped along with the transformations used for orthogonal
polynomial analysis are given in Chapter 4 (Eqs 4.15 through 4.21).

Application of the theory of elasticity to the solutions of layered
system requires certain essential assumptions regarding boundary and con-
tinuity conditions. These assumptions are therefore indirectly active on
the models developed. Soils in each of the two layers are assumed to be
homogeneous, isotropic, and linearly elastic materials. The subbase layer
is assumed to be weightless, infinite in horizontal extent, and continuously
in contact with the subgrade. The subgrade is assumed to be infinite in
extent both horizontally and vertically downwards. Also, the subbase is
assumed to be free of any normal and shearing stresses outside the loaded
area.

The procedures to determine the values of subbase modulus E and sub-

3

grade resilient modulus E4 for input into the prediction models will be

described in the rigid pavement design user's manual which is currently being

prepared.



APPENDIX 6B. DEVELOPMENT OF MODEL FOR LOSS OF SUPPORT

A theoretical attempt is made to evaluate the effects of systems loss
of support characterized by a term 'erodability factor.” This factor essen-
tially defines the size of the area of pavement slab which experiences a
conplete loss of support due to erosion. Based upon experience and engineer-
ing jﬁdgment, three sizes and shapes of these areas, as explained in Fig 20,
are chosen under a standard slab to define the erodability factors of ome,
two, and three. Resulting structures are analyzed for stresses and deflec-
tions by Program Slab 43 (Ref 30). The largest principal stresses are plotted
against the modulus of support as shown in Fig 21,

It has been established at the AASHO Road Test that stresses produced
in a concrete pavement slab are proportional to the number of load applica-
tions it can carry. Utilizing this observation, the équivalent modulus value
can be determined, which would give the same largest principal stress in the
slab as that given by the slab with partial support.

Table 8 gives the computed modified values of the modulus, kM ,» for

different erodability factors, Ef , and various initial modulus values, kT
An orthogonal polynomial regression analysis is performed to predict the
value of kM to be used in RPSl. The equation with the transformations is
presented in Chapter 4 (Eqs 4.22 and 4.23).

Theoretically E should be a function of factors such as precipitation,

f
amount of water on and under the pavement, erosion, cross slope, grades, joint
patterns and sealing efficiency, subbase materials, subgrade, compaction,

slab thickness, and traffic loads and their repetitions, etc.
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TABLE 8. DATA FOR ERODABILITY ANALYSIS AND PREDICTION EQUATION

Log of Largest

Principal Stress Predicted
Log kT kT Produced, psi Log kM Log kM*
Ef = 0,0
1.6 39.8 2,506 1,600 1.600
1.8 63.1 2,464 1.800 1,800
2.0 100.0 2.428 2.000 2.000
2.2 158.5 2.400 2.200 2.200
2.4 251.2 2,383 2,400 2.400
2.6 398.1 2.370 2.600 2.600
2.8 630.9 2.357 2,800 2,800
3.0 1000.0 2.344 3.000 3.000
Ef = 1.0
1.6 39.8 2.5750 1.280 1.273
1.8 63.1 2.5410 1.435 1.451
2.0 100.0 2.5060 1.600 1.600
2,2 158.5 2.4710 1.765 1.751
2.4 251.2 2.4380 1.939 1.933
2.6 398.1 2.4050 2.160 2.176
2.8 630.9 2.3750 2.515 2,511
3.0 1000.0 2.3460 2.970 2.969
Ef = 2.0
1.6 39.8 2.6425 0.970 0.968
1.8 63.1 2.6140 1.095 1.099
2.0 100.0 2.5860 1.225 1.228
2.2 158.5 2.5580 1.358 1.353
2.4 251.2 2.5330 1.475 1.473
2.6 398.1 2.5100 1.585 1.587
2.8 630.9 2.4875 - 1.690 1.694
3.0 1000.0 2.4650 1.795 1.793
Ef = 3.0
1.6 39.8 2.6910 0.730 0.730
1.8 63.1 2.6690 0.835 0.834
2.0 100.0 2.6475 0,935 0.938
2.2 158.5 2.6250 1.045 1.041
2.4 251.2 2.6040 1.140 1.142
2.6 398.1 2,5830 1.240 1.239
2.8 630.9 2.5640 1.330 1.332
3.0 1000.0 2.5450 1.420 1.419

*
The standard error for residuals in Log kM = 00,0077 and R? value = 0.999.



APPENDIX 6C., DEVELOPMENT OF MODEL FOR ASPHALT CONCRETE OVERLAY DESIGN

A model for the analysis of composite structures resulting from asphalt
concrete overlays provided over cement concrete pavements is developed by
using layered elastic theory. Considering the correlations developed between
stress and performance using the Road Test data (Ref 58), it can reasomably
be assumed that a pavement overlay combination is equivalent in performance
to "an equivalent concrete thickness' if both experience the same maximum
tensile stresses. It is assumed further that such an equivalent concrete _
thickness can be analyzed by the performance model used to analyze rigid pave-
ments.

Figure 22 describes two such equivalent structures. The following
procedure is adopted for development of the model for the equivalent concrete
thickness, based on the above assumption and using layered elastic theory.

As regards the large number of variables affecting the stress in the
layered system formulated for analysis, the structure below the concrete slab
is represented by the single parameter, the modulus of support k . Three-
layered structures, fairly representative of usual field designs, were chosen
with the layered analysis for their deflections giving respective k values
of 40, 200, and 1000 psi. A load of 9000 pounds with 60 psi pressure was
chosen for analysis. The structures are shown in Fig 23.

Keeping in view the polynomial regression analysis to be attempted to
formulate a prediction model, a complete factorial analysis of the involved
variables was desired. The following four most important variables were

chosen for analysis:

(1) concrete slab thickness: 6, 8, 10, and 12 inches;

(2). asphalt concrete overlay thickness: 3, 6, 9, 12, and 15 inches;

(3) modulus of asphalt concrete: 100,000, 450,000, and 800,000 psi; and
(4) modulus of support values: 40, 200, and 1000 psi.

For achieving an orthogonal polynomial fit for data, the variables were

equally spaced. Log k was used in place of k . Poisson's ratio for
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concrete and overlays, as well as the modulus value for concrete, was held
constant for the analysis.

Each structure with a particular concrete thickness, AC modulus, and k
value was analyzed for each overlay thickness by the LAYER Program. A num-
ber of problems with varying concrete thicknesses and no overlay were also
solved. Curves of the type shown in Fig 24 were plotted for overlay thick-
ness versus maximum stress at the bottom of concrete and concrete thickness
versus the maximum stress.

The equivalent thickness of concrete corresponding to each overlay thick-
ness was picked from these graphs. Figures 25 and 26 show comparative
plots of overlay thicknesses versus equivalent concrete thicknesses for dif=-
ferent k wvalues, asphalt concrete moduli, and concrete thicknesses. About
250 problems were solved by the LAYER Program to develop this data.

An orthogonal polynomial regression analysis was carried out for 180
data points. The overlay thickness of 15 inches, considered to be relatively
large, was dropped from the analysis to achieve a better fit of data. A
complete study of main effects and interactions was carried out to explore
all possible combinations of variables which could help to improve the pre-
dictions. The developed model for equivalent concrete thickness is given
in Chapter 4 (Eqs 4.28 and 4.29).

The following limitations can be stated with regard to the model de-
veloped:

(1) Composite structures are analyzed by the elastic layered theory

and, therefore, all the assumptions relating to the theory are
active on the model developed.

(2) A number of material properties and the load applied for the layered
analysis were held constant for the model.

(3) The deterioration of the existing PCC pavement at the time of the
first overlay or that of composite pavement at the time of subse-
quent overlay is not considered in this model.

(4) Analysis is based on equivalent stress concept. The assumption is
well supported by the observations at the AASHO Road Test but the
following, as stated by Hudson and Scrivner (Ref 58), should be
held as regards this assumption:

Theory says that stresses in concrete slabs are
influenced by many variables, including load, thickness,
support, modulus of elasticity, Poisson's ratio and the
contact area of the applied load. Excluding load and thick-
ness, the other factors listed were held constant for the
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Road Test pavements, within the limits of measurement error.
With these other factors held constant the stresses obtained
from strain measurements for the study pavement proved to
be reasonably good predictors of the performance which these
pavements ultimately gave.

It is not known whether these same relationships be-
tween stress and performance could hold if the variations
in stress were due to factors other than load or slab thick-
ness, presumably they would. However, the factors and inter-
actions involved in such a determination are so complicated
as to require additional experimental evidence...
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APPENDIX 7. MODELS FOR CALCULATING TRAFFIC DELAY COST
DURING AN OVERLAY CONSTRUCTION

The stops and speed reductions of traffic during an overlay construction
are agsumed to follow certain speed profiles, as shown in Fig 27. Five dif-
ferent methods of handling traffic during an overlay construction are built
into the program and any one can be specified by the designer. The methods
are described in Fig 28.

The procedure for computing traffic delay cost is as follows:

Average daily traffic ADTt at the time tn when the nth overlay is

provided is

ADT_ = ADT, (1 + Gp.t ) (7A.1)

where ADTi = 1initial one direction average daily traffic and GF = average

daily traffic growth factor per year.

If Pph is the percent of ADTt arriving each hour of overlay construc-
tion, vehicles arriving per hour, Vph , are
Zph
Vph = ADTt - 100 (7A.2)

Traffic delay cost in overlay direction is calculated in three parts.

(1) The proportion of vehicles, PO1 , stopped by congestion gives rise

to the following cost:

co CO, + CO, + CO (7A.3)

c 1 2 3

where

Co cost of congestion per vehicle;
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SA ]

Speed

SO

-Deceleraie

Proportion of Vehicles Stopped = PO,

Accelerate

Proportion of Vehicles Stopped = PO

Fig 7A.1.

. —— Proportion PO, Remains Sto d
2 pped for
[ Distance —3 Time DO,
Proportion PO, Remains Stopped for Time DO,

SA = Approach Speed

SO = Speed Through Restricted Zone
#* (SN) in Overlay Direction

LS® = Length of Restricted Area

%* (LSN) in Overlay Direction

Lo = Length of Area Being Overlayed

* In Parentheses are the Corresponding Values
in Nonoverlay Direction. There are Similar
Corresponding Values for PN, PN, ,DN,,ON,

Speed profiles for vehicles during overlay operation.
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g LSN i

(a) Model I: traffic routed to shoulder.

\

LS@{=LSN)

|J

- O ——

(b) Model II: alternating traffic in one lane.

[-t—— LLSN —&

(¢c) Model III: two lanes merge, nonoverlay direction not affected.

Fig 28. Models for handling traffic during overlay construction
(after Scrivner et al, Ref 104).

(Continued)
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[t LSO(=LSN) L

| ——— SA~

SA-

(d) Model IV: overlay direction traffic routed to nonoverlay lanes.

———SA ' SN—» =
-—p——SA SN—m -
- LSN -

(e) Model V: overlay direction traffic routed to frontage
road or other parallel route.

Fig 28. (Continued from previous page.)
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CO, = cost of one cycle of stopping from and returning
1 ,
to the approach speed per vehicle;
CO2 = cost of idling and time loss per vehicle;
CO3 = cost of driving at the reduced speed through the
restricted area per vehicle
The rest of the vehicles, 1 - PO1 , which are not stopped but travel

at the reduced speed incur the following cost:

= +
COS CO3 CO4 (7A.4)
where
COS = cost of slowing per vehicle;
CO3 = cost of driving at reduced speed per vehicle;
CO4 = cost of one cycle of slowing to the through speed

and returning to the approach speed per vehicle.

Cost of disturbances in the regular flow of traffic per hour is

therefore

co, =V PO, . COc + Vv

D oh ° 1 . (1 - POl) . COS (7A.5)

ph

A proportion, PO2 , of all vehicles passing through the restricted
area is stopped due to movement of overlay equipment and personnel,.

The cost, COp , is the sum of two following costs:

= -+ R
COp CO5 CO6 (7A.6)
where
CO5 = cost of one cycle of stopping from and returning to
the reduced speed in the restricted area per vehicle;
CO0, = cost of idling while stopped per vehicle.
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Cost per hour due to being stopped by equipment and personnel,

COE , is, therefore,

co, = V . PO, . COp (7A.7)

Total traffic delay cost per hour in the overlay directioun is thus

CODE = COD + COE (7A.8)

The above analysis can be reached for the nonoverlay direction by
replacing O in each term by N . The total traffic delay cost per hour

in the nonoverlay direction, C , is therefore

Npg

CNDE = CND + CNE (7A.9)

Assuming equal traffic per hour in the nonoverlay direction, total

traffic delay cost per hour in both directions, CT , is thus

CT = CODE + CNDE (7A.10)

If the production rate of overlaying material is denoted by Pr
cubic feet per hour, the number of hours to construct one square yard of

overlay, H will be
sy
= 0 1
H = -3 (7A.11)

where Tn is the thickness of the nth overlay, inches.

Total cost of traffic delay during the nth overlay, Cn , per square

yard of pavement will be

¢cC = H . C (7A.12)
n sy T
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