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PREFACE 

Thi.s is the seventeenth of a series of reports issued under Research 

Study 1-8-69-123, "A Systems Analysis of Pavement Design and Research 

Implementation." This study is being conducted jointly by principal inves­

tigators and their staffs in three agencies -- The Texas Highway Department 

at Austin, The Center for Highway Research at Austin, and The Texas Transportation 

Institute at College Station, as a part of the cooperative research program 

with the Department of Transportation, Federal Highway Administration. 

Included herein is the description of the studies concerning the inte­

gration of the Flexible Pavement System (FPS) computer program and BISTRO*, 

and elastic layered system program. Special emphases have been placed upon 

the economization of computation processes, and the evaluation of the struc­

tural feasibility of materials. 

Special appreciation is extended to Mr. James L. Brown of the Texas 

Highway Department for technical advice and consultation in the area of 

pavement systems analysis. Also, special thanks must be addressed to 

Drs. R., L. Lytton and R. M. Olson for their constructive comments and 

suggestions. 

The cooperation and assistance given by many individuals in both the Texas 

Highway Department and the Texas Transportation Institute are also sincerely 

appreciated. Dr. W. M. Moore and Mr. D. L. Schafer of TTI were particularly 

helpful through this research effort. 

* by Koninklijkel Shell Laboratorium, Amsterdam. 

March 1973 
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ABSTRACT 

Thi::;.report integrates linear elastic theory.into the current version 

of the Texas Flexible Pavement Design System in order to give an objective 

analysis base for the structure feasibility determination based on the in-

ternal stresses and surface deflections caused by a dual-wheel load of 

9,000-lb. 

Included in the report are: 

1. Layered Pavement Structure Under Dual-Wheel Load, 

2. Streamlined Computer Program for the Analysis of Elastic Layered 
Systems, 

3. Multi-Dimension Spline Interpolation, 

4. Regression of Texas Triaxial Model Based on Fibonacci Search, 

5. Means for Checking the Structure Feasibility of Materials, 

6. Two Examples of the Use of FPS-.BISTRO. 

KEY WORDS: basic design, BISTRO, computer program, dual-wheel load, 

Fibonacci search, flexible pavement system, multi-dimension spline inter-

polation, optimization, pavement structure, spline function, strains, 

stresses, structure feasibility, system analysis, Texas Triaxial compres-

sion test, trial design. 



SUMMARY 

The Texas Flexible Pavement Design System (FPS) has integrated the con­

cepts of the serviceability index, pavement deflections~ traffic projections, 

and swelling clay effects, as well as the costs information pertaining to 

initial construction, routine maintenance, surface rehabilitation, and user's 

contribution, into a broad based optimization procedure. In FPS the esti­

mation of structural feasibility is based on the growth of surface deterio­

ration which, in turn, depends on the magnitude of the "surface curvature 

index" (SCI) computed from experimental and historical relationships. It is 

known, however, that in some cases pavement life predictions based solely 

on the SCI are obviously in error: what appears to be needed at this time 

is a means for screening all trial designs by comparing computed stress 

with measured material strength, and rejecting designs that are too weak. 

Linear Elasticity has been widely applied to the description of the 

structural behavior of engineering materials. Many versions of progranuning 

routines have also been developed for the analysis of layered flexible 

pavetnent structures. 

It is thus envisioned that the application of Linear Elastic Theory 

for computing stresses may facilitate an objective analysis for the 

evaluation of surface behavior. BISTRO is·a computer program package 

developed for determining stresses, strains and displacements in an 

ideally elastic multi-layer road system. With the integration of FPS 

and BISTRO, stress-strength comparisons are included in the economic 

optimization for Flexible Pavement Design and Maintenance. In order 

to economize the computation process, the original BISTRO has been re­

vised and a multi-dimension spline interpolation routine has bee~ developed. 
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Strengths (both tensile and compressive) are estimated from the Texas 

Triaxial Compressive Test because of the long and extensive use of this 

teHt by the Texas Highway Department to establish comparative strengths of 

flexible pavement base, subbase,and subgrade materials. 

Two numerical examples are presented herein for the illustration of 

the application of this FPS-BISTRO System. 
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IMPLEMENTATION STATEMENT 

Detailed instructions for the utilization and application of the FPS­

BISTRO System will be presented in a seperate report. Three important 

features concerning the application of the System deserves special emphasis 

here: (1) further refinements of the methodology concerning material 

strength determinations must be accomplished before this system can be im­

plemented with full confidence; (2) the results of the use of BISTRO (i.e. 

stresses, strains and surface deflections) must be stored and documented to 

form the basic building blocks of the structure characteristics bank for 

future implementation and analysis, and (3) the performance equations need 

to be refined in order to enhance the effectiveness of the FPS-BISTRO System· 

.in practical applications. 

ix 



TABLE OF CONTENTS 

PREFACE. . . 
LIST OF REPORTS. 

. . . . . . . . . . . 
ABSTRACT • . . . • • • • 
SUMMARY. • • • . • • • • 
IMPLEMENTATION STATEMENT 
TABLE OF CONTENTS •• 

. . . . . . . . . . 
. . . . 

LIST OF FIGURES. • • • • • • • 
LIST OF TABLES 

. . . . . . . . 
CHAPTER 1. 

1.1 
1.2 

CHAPTER 2. 
2.1 
2.2 
2.3 
2.4 

CHAPTER 3. 
3.1 
3.2 
3.3 

CHAPTER 4. 
4.1 
4.2 
4.3 
4.4 

CHAPTER 5. 
5.1 
5.2 
5.3 

CHAPTER 6. 

CHAPTER 7·. 

REFERENCES • 

. . . . . 
INTRODUCTION 
Basic Philosophy of This Study • • . 
Objective and Scope of This Study •..•.•.• 

LAYERED PAVEMENT STRUCTURE 
Structural Design Variables. • . ••. 
Dual-Wheel Load. • • • • • • • • • • • • 
Surface Curvature Index. • • • . . . . . 
Principal Stresses andStrains . . . . . 

ANALYSIS OF LINEAR ELASTICITY BY BISTRO 
Original BISTRO Program. • • • • • 
Revised BISTRO Program • • • • • • 
Comparison of Original and Revised BISTROs . 

INTEGRATION OF FPS AND BISTRO 
Spline Functions and Interpolation 
Multi-Dimension Spline Interpolation • . 
Interpolation of BISTRO Output • . • • • 
Accuracy of Interpolation. • • • . • • . . . . 

USE OF TEXAS TRIAXIAL TEST DATA 
Regression Model • • • 
Regression Method. • • 
Checking the Strengths 
Stresses • • • • • • • 

. . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . 
of Materials Against Computed 
. . . . . . . . . . . . . . 

TWO ILLUSTRATIVE EXAMPLES OF THE USE OF FPS-BISTRO 

CONCLUSION AND RECOMMENDATION 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

X 

iii 
iv 
vi 

vii 
ix 
:.x 

xii 
xiii 

1 
2 

4 
6 
6 
6 

10 
11 
12 

16 
18 
20 
23 

27 
29 

38 

41 

44 

45 



APPENDICES 

APPENDIX A DOCUMENTATION OF THE COMPUTER PROGRAM "TRIAXIAL" 

A.l 

A.2 

A.3 

A.4 

Program Listing • • 

Input Instruction 

Input Data Listing for 273 Example Problems 

Output of 273 Example Problems •••••••• 

APPENDIX B OUTPUT OF TWO ILLUSTRATIVE EXAMPLES FOR FPS-BISTRO 

47 

51 

52 

59 

B.l Output of Problem No. 1 68 

B.2 Output of Problem No. 2 • . ' . . 77 

xi 



LIST OF FIGURES 

Figure 

1. A pavement section of n layers. 5 

2. Dual-wheel load of one end of an 18-kip axle. 7 

3. Typical deflection basin of the dual-wheel load as it would 
appear on a vertical plane through the points A and B. 7 

4. Interfacial points under dual-wheel load. 9 

5. A three-layer pavement structure with four interfacial positions. 13 

6. Illustration of a two-dimension spline interpolation. 19 

7. Interpolation of a three-layer design. 22 

8. Sampling points of 25 basic designs and 2 trial designs, A and B. 24 

9. Example of relationship between Oz and qr in a Texas triaxial test. 28 

10. Solution procedure of a least square regression using Fabonacci 
search to estimate C and T of Triaxial test data. 33 

11. Determining coefficients from Texas triaxial test data. 35 

12. Feasibility evaluation points from strength of materials of a three-
layer design. 39 

xii 



LIST OF TABLES 

Table 

1. Comparison of output of the original and three modifications 
of BISTRO. · 14 

2. Estimated computer executiation time to evaluate basic de-
signs by BISTRO~ with excellent accuracy level. 21 

3. Comparison of BISTRO outputs and interpolated values. 26 

4. Determining the number of Fibonacci iterations~ NFIB, by a 
predicted maximum T value~ Tmax~ of Triaxial data. 32 

5. Summary of parameters by soil characteristic categories. 37 

6. Differences on input and output informations between two 
example FPS-BISTRO problems. 42 

ftii 





----------

CHAPTER 1 

INTRODUCTION 

1.1 Basic Philosophy of This Study: Systems approach to the structural 

design of highway pavements has been viewed as a challenging and intriguing 

task to applied researchers since the late 1960's (lJ, <n. The complexity 

of highway pavement systems is fully recognized because of the interactive 

characteristics of many design variables, that include those defining the 

loads, the pavement structure, the construction, the maintenance, the mate­

rials, the environment, the performance, and the economics. Though subjec­

tive decision making may play an important role in the eventual selection 

of a final design, the objective analysis imbedded in the systems approach 

may offer a full range of unbiased identification of alternative courses of 

action for optimum design considerations. 

Thus, pavement behavior and its socio-economic consequences, are such 

complicated phenomena that they cannot be completely described by a single 

mathematical equation or model. Instead, a total coordinated and systematic 

approach based on the coupling of different subsystems defined for specific 

physical, social, and economical considerations can integrate all the funda­

mental relationships into a systems optimization procedure. 

In mathematical modeling, the routine of model development normally 

includes the following two cy.clic processes: (1) the cycle between the 

confrontation of the data and the elaboration of the model, and (2) the 

cycle between the search for tractability and the complexity of the model 

foi:'mulation. The optimization procedures developed for the highway pave­

ment systems have been undergoing the above two cyclic processes simul­

taneously since the beginning of this project. 
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The initial version of the systems approach to flexible pavement design 

integrated the concepts of the serviceability index, pavement deflections, 

traffic projections, swelling clay effects, initial construction costs, 

maintenance costs, seal coat costs, overlay costs, and highway user's costs, 

into a broad based optimization procedure. Since then, different refinements 

andmodifications have been added to the initial version: for instance, the 

inclusion of a more rational method of using swelling clay parameters in the 

projection of the serviceability index, the addition of the design confidence 

level, etc. 

However, the determination of the feasibility of a trial design based 

solely on its estimated tolerance of surface deflections, is completely de­

pendent, in the current approach, on empirical relationships derived from 

experimental and historical data. It is envisioned that the application of 

linear elastic theory may provide a means for the identification of the 

feasibility of each trial design based not only on deflections at the surface 

but also on stresses within the structure. While elastic theory must be re­

garded only as a first approximation to the true stress distribution in 

granular materials, the need to study its practicality and adaptability in 

this kind of application led directly to the studies described in this report. 

1.2 Objective and Scope of This Studl: The objective of this study is to 

integrate linear elastic theory into the current version of the Texas High­

way Department's flexible pavement optimization procedures, in order to 

provide additional information for use in identification of the feasibility of 

each trial design and overlay policy. 

The scope of this study includes the following basic tasks: 
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(1) To revise the BISTRO program developed by the Shell Oil Company 
in Holland into an efficient subroutine. 

(2) To integrate the revised BISTRO program into the current version 
of the flexible pavement design system (FPS). 

(3) To develop a multi-dimensional interpolation routine for the ap­
plication of the revised BISTRO program to the analysis of 
structure and surface response due to a dual-wheel load. 

(4) To develop a method for the estimation of limiting tensile and 
compressive strengths of common flexible pavement materials from 
standard Texas triaxial compression test data (10). 

With respect to the specific tasks mentioned above, the remaining 

elwpters in this report will cover the following: 

Chapter 2 Layered Pavement Structure 

Chapter 3 - Analysis of Linear Elasticity by BISTRO 

Chapter 4 - Integration of FPS and BISTRO 

Chapter 5 - Use of Texas Triaxial Test Data 

Chapter 6 - Two Illustrative Examples 

Chapter 7 - Conclusions and Recommendations 
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CHAPTER 2 

LAYERED PAVEMENT STRUCTURE 

In this report, a flexible highway pavement is regarded as a multi-

layer elastic structure with asphaltic concrete as its top layer. Linear 

elastic theory is used in calculating certain surface deflections, as 

well as the stresses and strains at selected points within the structure. 

Computed stresses due to a 9,000-lb. dual-wheel load, are used as one 

check of the feasibility of the dimensions in trial designs. Computed 

vertical surface displacements are used to predict the economic life, a 

second check of feasibility based on the pavement performance equation 

developed by Scrivner and Michalak (3). This chapter will describe the 
' -

structural design variables, the dual-wheel load, the "surface curvature 

index," and the selected points within the structure for the analysis of 

stresses and strains. 

2.1 Structural DesiSB Variables: There are three classes of structural 

design variables considered herein for a flexible pavement system: (1) 

number of layers, (2) material con~tants for each layer, and (3) thickness 

of each layer. The sketch in Figure 1 represents a pavement cross-section 

composed of n layers of different materials including the subgrade. The 

first (top) ;layer is always asphaltic concrete, and the n.·th layer is the 

subgrade. Materials for each layer are characterized by the elastic modulus, 

E1 , and Poisson's ratio, vi, where the subscript, i, designates the position 

of the layer in the structure. Layers are numbered consecutively from the 

top layer downward. The thickness of the ith layer is represented by Di. 

The subgrade material is considered to be of infinite thickness. 
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LAYER I 

LAYER 2 

LAYER i 

LAYER n-1 

FOUNDATION 
(LAYER n) 

PAVEMENT SURFACE 

Dn = oo 

I 

Figure 1: A pavement section of n layers. 
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2.2 Dual-Wheel Load: Major factors affecting the serviceability of the 

layered pavement structure are the magnitude and frequency of load appli­

cation. To evaluate the loss of serviceability, the load spectrum is 

normalized to an equivalent number of 18,000-lb. single axle loads. Each 

such axle load is assumed to be applied to the pavement surface through 

four tires. Figure 2 shows the dual-wheel load at one end of the design 

axle. Two 4,500-lb. loads are assumed to be distributed at a uniform pres-

sure of 80 psi over two circular areas, 12 inches center-to-center. 

2.3 Surface Curvature Index: Figure 3, with the vertical scale greatly ex-

agerated, shows a typical deflection basin resulting from a dual-wheel load. 

The "surface curvature index", the parameter used to predict the ageing 

effect of a pavement surface, defines the surface deflection basin near the 

load. The value of the "surface curvature index", S, is computed by Eq. 

2.1, 

s = X 1000 (2.1) 

where WA is the deflection in inches occuring at Point A, and WB represents 

the deflection at Point B. Values of WA and WB under the dual-wheel load 

for a proposed design are computed based on linear elastic theory. In gene-

ral, the length of economic life of a pavement surface is assumed to be 

inversely related to the value of the "surface curvature index". Hence, the 

"surface curvature index" is included in the performance equation to project 

the loss of serviceability of a specific pavement (1)· 

2.4 Principal Stresses and Strains: In a layered pavement, the critical 

stresses and strains usually occur either just above or just below the 
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4, 500 LB LOAD 
80 PSI PRESSURE 

SUBGRADE 

4, 500 LB LOAD 
80 PSI PRESSURE 

Figure 2: Dual-wheel load of one end of an 18-kip axle. 
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' ........ 
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DEFLECTED SURFACE 

Figure 3: Typical deflection basin of the dual-wheel load as it would 
appear on a vertical plane through the points A and B. 
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interfaccH. rt was assumed that the principal stresses directly under the 

center of either load at layer :interfaces were the critical stresses to 

be compared with material strength. Figure 4 shows 4(n-l) interfacial 

points of an layer design under the dual-wheel load. Because of symmetry, 

only 2(n-l) points are considered. Major and minor principal stresses and 

strains at 2(n-l) interfacial points are computed based on linear elastic 

theory. These stresses are compared with Texas triaxial test results as 

a feasibility check. Checks for strains are left for future research, 

inasmuch as limiting values of strains for pavement and subgrade materials 

are not readily available while values of limiting stress can be estimated 

from the standard Texas triaxial test. 
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CHAPTER 3 

ANALYSIS OF LINEAR ELASTICITY BY BISTRO 

Current methods of highway pavement design rely heavily on empirical 

rules. However, a number of researchers have investigated the feasibility 

of the application of linear elasticity to predict the stresses, strains, 

and surface deformations in pavement structures (!). This chapter describes 

one approach to the application of linear elasticity to pavement design. 

Some researchers have felt that the application of elastic theory is 

severely limited by the unacceptable amount of computation time required. 

Thus, the reduction of computation time has been the basic consideration 

in the development of the application approach. 

3.1 Original BISTRO Program: The computer program, BISTRO, was developed 

for the numerical computation of stresses, strains, and displacements at 

any position under the road surface. The program has the built-in options 

for one or more vertical surface loads applied uniformly over circular 

areas. The input data required are as follows: 

(1) number of layers, together with the elastic modulus, Poisson's 
ratio and thickness of each layer; 

(2) number of loaded areas, together with the applied unit pressure, 
the radius, and the coordinates of the center, of each; 

(3) request-options for outputs desired; and 

(4) number of desired positions in the structure where computations 
are to be made, as well as the layer number and coordinates of 
each position. 

.. 
The program BISTRO will compute the ~allowing items based on the user's 

options: 

(1) vertical, radial, tangential and shear strains and stresses; 
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(2) vertical and radi.al displacements; 

(3) principal strains and stresses with their orientation; and 

(4) principal displacements (parallel to the principal strain directions). 

3.2 Revised BISTRO Program: BISTRO is a comprehensive programming package 

for the analysis of multi-layer, linear elastic structures. Although dif­

ferent versatilities and computational options have been built into the 

BISTRO system for the user's specifications, the computation time: require­

ment for each original BISTRO run is too much to qualify BISTRO as a 

practical tool in the flexible pavement system treated herein. It thus 

became inevitable and indispensable to reduce the computation time require­

ment of BISTRO for the determination of stresses, strains, and displacements 

in a finite-layer flexible pavement structure• 

The following two types of modiiications were made in the BISTRO program 

in order to reduce its running time significantly: (1) the inclusion of 

specific changes of programming statements while not affecting the accuracy 

of the output; and (2) the relaxing of accuracy crite:da in determining the 

zeros of Bessel functions and in performing numerical integrations, again 

with negligible sacrifice of overall computation accuracy. 

The revised BISTRO was further modified into a.subroutine of the 

Texas Flexible Pavement System computer program (FPS). Inputs to this sub­

routine include: (1) physical characteristics of the pavement structure 

which consist of the elastic modulus, the Poisson's ratio, and the thickness 

of each layer, and (2) the desired level of accuracy -- excellent, good, or 

fair. The surface curvature index, and the major and minor principal 

stresses and strains at the inter-layer positions indicated in Figure 4, are 

then calculated. 
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3.3 Comparison of Original and Revised BISTROs: A comparison in terms of 

the accuracy and total machine time consumed by the original and three re-

vised versions of BISTRO were made as illustrated in the following example. 

A three-layer pavement structure as described in the following table 

is used for computational comparison: 

Layer Elastic Poisson 
No. Material Modulus (psi) Ratio Thickness (in.) 

1 Asphaltic Concrete 240,000 0.5 1 

2 Black Base 150,000 0.5 4 

3 Sub grade 24,000 0.5 

The problem is to find the surface curvature index (SCI), and the major and 

minor principal stresses and strains at four interfacial positions. Figure 

5 shows the four positions and their assigned position numbers. Computer 

outputs are listed in Table 1. Program A is the original BISTRO. Programs 

B, C, and D are revised BISTROs with accuracy levels "excellent", "good", 

and "fair", respectively. Symbols a.I•:f.and aiii'i represent major and minor 

principal stresses at position i. Symbols ei'i and eiii•i represent major 

and minor principal strains at position i. These programs were run on the 

IBM 360/65 at the Data Processing Center at Texas A&M University. 

It appears that the results from the original BISTRO and the revised 

BISTRO with "excellent" accuracy level are identical whereas the machine 

time requirements are in the ratio of 1. 72 to 1.17. Meanwhile, the revised 

BISTRO with "good" accuracy level also gives almost identical values with a 

few exceptions which only show some differences in the third digit. The.re-

sulting numerical difference is no more than 1%. But the machine time re-

quirements are at the ratio of 1. 72 to 0. 91 between the original BISTRO and 
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TABLE I: Comparison of output of the original 
and three modifications of BISTRO 

Program A B c D 

Agreement with 
Original BISTRO Excellent Good Fair 
Computer execution 
time (minutes) 1. 72 1.17 0.91 0.79 

SCI 0.323 0.323 0.323 0.323 
0 1,1 -0. 721E 02 -0.721E 02 -0.721E 02 -0.719E 02 
0 III, 1 -0.781E 02 -0.781E 02 -0.781E 02 -0.782E 02 
0 I,2 -o. 72BE 02 -0. 728E 02 ..;o. 729E 02 -0. 726E 02 
0 III,2 -0. 778E 02 -0. 778E 02 -0. 778E 02 -0. 782E 02 
0 I,3 0.854E 02 0.854E 02 0.854E 02 0.854E 02 
0 III,3 -0.2·52E 02 -0.252E 02 -0.252E 02 -0.252E 02 
0 1,4 -0.747E 01 -0.747E 01 -0.747E 01 -0.747E 01 
0 III,4 -0.253E 02 -0.253E 02 -0.253E 02 -0.253E 02 

t I ,1 0.239E-04 0.239E-04 0.237E-04 0.256E-04 

~III,1 -0.137E-04 -0.137E-04 -0.137E-04 -0.138E-04 

€ I,2 0.317E-04 0.317E-04 0.313E-04 0.346E-04 

e: III,2 -0.179E-Q4 -0.179E-04 -0.176E-04 -0.212E-04 

e: I, 3 0.417E-03 0.417E-03 0.417E-03 0.417E-03· 

eiii,3 -0.689E-03 -0.689E-03 -0.689E-03 -0.689E-03 

If.. I, 4 0.417E-03 0.417E-03 0.417E-03 0.417E-03 

f; III,4 -0.701E-03 -0.701E-03 -0.701E-03 -0.700E-03 
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the revised BISTRO with ''good" accuracy level (Program C). However, the 

values calculated by Program D (the revised BISTRO with "fair" accuracy 

level) show significantly greater differences. Thus, it was concluded that 

the revised BISTRO with "good" accuracy level (Program C) would be the best 

version, in terms of both running time and numerical accuracy, to be incor­

porated in the flexible pavement design system. 
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CHAPTER 4 

INTEGRATION OF FPS AND BISTRO 

As this study is aimed at the use of linear elasticity as a subsystem 

of a flexible pavement design system (FPS), maximum effort was devoted to 

the integration of the existing FPS program and the BISTRO program. Al­

though the BISTRO running time was reduced by approximately 50 percent, it 

would still be a very expensive program for direct application in FPS. For 

instance, it might still take more than 500 minutes computer time on the 

IBM 360/65, to evaluate 1000 trial designs (the limiting number handled by 

FPS). The cost of evaluating 1000 trial designs and determining the optimal 

choice thus would be astronomical. In order to overcome this difficulty, a 

multi-dimension spline interpolation method was developed to replace the 

BISTRO analysis for each trial design without sacrifice of desired accuracy. 

4.1 Spline Functions and Interpolation: A spline function of degree m is a 

piecewise polynomial function defined in successive intervals by means of 

arcs of different polynomials of degree at most m. Successive polynomial 

arcs are joined toegther as smoothly as can be done. Therefore, any two 

successive polynomials joined at a node have the same ordinate and the same 

derivative values of orde'rs .. l, 2, •••• , m-1. 

One dimension spline interpolation was developed by Greville ~). 

Consider the problem of interpolating between n given data points, 

(Xf, Yi), i = 1, 2, •••• , n, 

where b ~ Xl < x2 < • • • • < Xn _::: d 

xi = argument value of the ith data point 

Yi = function value of Xi 
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b lower bound of xi values 

d = upper bound of xi values 

A spline function of an odd order m is defined as follows (k = (m-1)/2): 

s(x) = 

= 

k 
I: aj xJ 

j=o 

k 
l: aj xj + c1 (x - x1)m 

j=o 

k 
= l: aj xJ + c1 (x - x1)m + c2 (x - x2)m 

j=o 

= 
k 
l: 

j=o 
X <X < d n- -

are determined 

by solving the following n + k + 1 simultaneous equations: 

k 1 
.E ajxij + .E Cj (xi - xj)m = Yi i = 1, 2, ... n 

j=o j=l' 

(4.2) 
n 
.E 

r = 0 0, 1, 2, k cjxj r = ·• .. • j=l 

Given an argument value x, the function value y can thus be determined by 

setting y = s(x) in Eq. 4.1. Since the numerical process developed for 

spline function determination includes only simple arithmatic manipulations, 

the overall computation time is rather short compared with other interpolation 

methods. For example, the third order spline interpolation only takes about 
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50 percent of the computer time required for interpolation by a second order 

polynomial regression, with similar accuracy. 

4.2 Multi-Dimension Spline Interpolation: A special multi-dimension spline 

interpolation method has been developed by the authors to facilitate the use 

of BISTRO in FPS. It is essentially a multiple polynomial interpolation. 

Compared with general multiple and polynomial regression methods, it is most 

applicable, especially when the required order of a polynomial model is un-

known. 

This interpolation scheme is conducted over either evenly or unevenly 

spaced points, called grid points, in an-dimension euclidean space. Each 

coordinate is assigned mi values, i ... l, 2, •••• , n. There are niJ.. x m2 x 

••• x fin grid points in total. The interpolation for this ni-dimension space 

is performed by interpolating one dimensjon at a time with the spline rou-

tine described in Section 4.1. 

A two-dimension sample space, n = 2, is used to illustrate the inter-

polation procedure, as shown in Figure 6. Consider the problem of 

interpolating between m1 x m2 given data points, (xij• Yij), where Xij and 

Yij designate the independent and dependent variable values at the sampling 

point, with the ith value on the horizontal axis and the jth value on the 

vertical axis, i = 1, 2, •••• , m1, and j = 1, 2, •••• , m2. The problem is 

to find y00 corresponding to a given value x = x00 • Procedures are as follows: 

(1) j = 1 

(2) Conduct a one-dimension spline interpolation of third degree by 
taking: 

i) 

variable; 

•••. , ~. j) as an a!rray of the independent 
1 
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Figure 6: Illustration of a two-dimension spline interpolation, 
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H) (ylj, Y2j, •.. • , Ymll) as an array of the dependent 

variable; 

iii) x0 j as an argument. 

Then Yaj is interpolated. 

(3) If j < m2, set j = j + 1, and go to step (2). 

(4) If j = m2, conduct a one-dimension spline interpolation of third 
degree for the interpolated value by taking: 

i) (xol' xo2• 

variable; 

. . . . ' x . ) as an array of the independent om2 

ii) (y01 ; Y02 , •••• , Yom) as an array of the dependent 
variable; and 2 

•:Lii) x00 as an argument. 

Then y00 is interpolated. 

4.3 Interpolation of BISTRO Output: Multi-dimension spline interpolation 

is used to replace the BISTRO ana+ysis for trial designs. 

In a n-layer pavement, sn-l basic designs with the same material con-

stants are evaluated by the revised BISTRO program to construct an interpo-

lation basis (or frame work). Any other n-layer design, with the same 

material constants, but a different thickness combination, can thus be 

interpolated. Estimated computer execution times to calculate the surface 

curvature index, and major and minor principal stresses and strains at 

2(n-l) positions, on the IBM 360/65, are shown in Table 2. 

20 



Table 2: Estimated computer execution time to 
evaluate basic designs by BISTRO with 
excellent accuracy level. 

No. of Basic Estimated Computer 
No. of Layers Designs Time (min.) 

2 5 5 

3 25 20 

4 125 80 

5 625 320 

In order to avoid unnecessary computer costs, only a three-layer design is 

actually programmed and tested in this study. 

In a three-layer pavement structure, for different thicknesses of both 

first and second layers, spacings within the prescribed range are used to form 

basic designs. The uneven spacing of grid points within the· range of thick-

ness of the first layer (asphaltic concrete layer) was found·from experience 

to be necessary to achieve better accuracy of interpolation as shown in 

Figure 7. · 

The interpolation of a three-layer pavement design system is discussed 

below and illustrated in Figure 7. Symbols used in Figure 7 are as follows: 

Dl = thickness of the first layer 

Dz = thickness of the second layer 

D11 = minimum allowed thickness of the first layer of the initial design 

D15 = maximum allowed thickness of the first layer of the initial design, 

+ accumulated maximum allowed depth of all overlays, excluding 

level up 
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0 12 Dll + (n 15 - Dn) /15 

D I 'J DJ2 + 2 (D]') u11) /15 

1)14 D1J + 4(015 Dll)/15 

021 minimum allowed thickness of the second layer of initial design 

n25 = maximum allowed thickness of the second layer of initial design 

0 22 °21 + (D2s 

D23 = 022 + <025 

Twenty-five combinations of thickness, (Dli' n2 .), i = 1, 2, •••• , 5; 
J . 

j = 1, 2, ..... , 5, with the same material constants are defined as the 

required basic designs. Any other three-layer trial design with the same 

material constants and the thickness combination, (D1o, D2o> , can thus be 

interpolated by the two-dimension spline interpolation discussed in the 

preceeding section. 

4.4 Accuracy of Interpolation: In order to compare the accuracy of interpo-

lation, an illustrative example is presented. Suppose that the physical 

characteristics of a proposed three-layer pavement structure is as follows: 

Elastic 
Layer Modulus Poisson Dkl (in). nk5 (in). 
No. k Material (psi) Ratio 

1 Asphaltic Concrete 240,000 0.5 1 16 

2 Black Base 150,000 0.5 4 20 

3 Sub grade 24,000 0.5 

Twenty-five basic designs are evaluated by the revised BISTRO at first. Two 

trial designs, A and B, are to be obtained by interpolation. For design A, 

D1 = 1.5 inches and D2 = 6 inches. For design B, Di = ·12 .inches and n
2 

= 18 

inches. Figure 8 shows twenty-five basic designs to be evaluated by Bistro, 
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i .q and the two trial designs, A and B, to be interpolated. 

Interpolated values are compared with revised BISTRO outputs in Table 3. 

The accuracy level of "excellent" was used. Symbols SCI~ a1 i· a11.1 i· t: 1 · .. and 
' ' .. ,. ' ,J 

r III, i are defined as in Table I. It was observed that the computer execution 

time was only 2.4 seconds, on the IBM 360/65, for the interpolation of seventeen 

output values, i.e., 0.14 second per output value. 
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TABLE 3: Comparison of BISTRO outputs, and Interpolated values. 

A B Design 
Revised BISTRO Interpolation Revised BISTRO Interpolation 

SCI 0.211 0.221 0.058 0.057 

crr,l -0.442E 02 -0.437E 02 0.700E 01 0.673E 01 

criii,l -0.754E 02 -0.742E 02 -0.131E 02 -0.132E 02 

crr,2 -0.555E 02. -0.547E 02 -0.379E 00 -0.579E 00 

criu, 2 -0.756E 02 -0.743E 02 -0.133E 02 -O.l34E 02 

cri,3 0.565E 02 0.583E 02 0.691E 01 0.696E 01 

criii, 3 -0.151E 02 -0.160E 02 -0.161E 01 -0.163E 01 

crr,4 -0.365E 01 -0.410E 01 -0.243E 00 -0.245E 00 

0 III, 4 -O.l53E 02 -0.162E 02 -0.163E 01 -0.165E 01 

c:I,l 0.670E-04 0.686E-04 0.474E-04 0.477E-04 

€III,l -0.128E-03 -0.123E-03 -0.781E-04 -0.773E-04 

c:I,2 0.702E-04 0.709E-04 0.474E-04 0.477E-04 

c:ur,2 -0.131E-03 -0.126E-03 -0.817E-04 -0.812E-04 

e:r,3 0.272E-03 0.282E-03 0.297E-04 0.299E-04 

EIII.,3 -0.444E-03 -0.462E-03 -0 • .554E-04 -0.557E-04 

e:I,4 0.272E-03 0.282E-03 0.297E-04 0.299E-04 

e:rn,4 -0.4'59E-03 -0.476E-03 -0.570E-04 -:0.575E-04 

Execution Time 1.09 min. 2.4 sec. 0.67 min. 2.4 sec. 
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CH..'-\PTER 5 

USE OF TEXAS TRIAXIAL TEST DATA 

This chapter develops a method for determining non-linear "regression 

coefficients" using a Fibonacci search. The procedure estimates the lateral 

tensile strength and a dimensionless parameter from Texas triaxial test data. 

The estimated values are used in the Texas flexible pavement design system to 

compare material strengths with the major and minor principal stresses induced 

in a trial design by the load previously described (Section 2.2). 

The writers acknowledge that estimating the tensile strength of a granular 

material from a compression test is risky, but for the present there is no 

practical alternative. 

5.1 Regression Model: The assumed relationship between vertical and radial 

failure stresses observed in a Texas triaxial test is given below. In this 

model, compressive stresses are positive. 

Where 

a C 
a = U[l + !. 1 z T 

a = vertical normal stress at failure, 
z 

ar ; radial normal stress, or confining pressure, 

u = unconfined compressive strength, u > 0, 

T = lateral tensile strength with a = 0, T > 0, z 

C = dimensionless parameter, 0 < C ~ 1. 

(5 .1) 

The upper limit of C was set to 1.0, because for C > 1, unrealistically high 

values of T would be obtained as a result of the a vs a curve being convex 
z r 

in shape. Eq. 5.1 satisfies two specific conditions: 

(i) if a = 0, then a = U r z 

(ii) if a ; -T then a = 0 
r ' z 

This is shown schematically in Figure 9. 
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1.-T 

Figure 9: Example of relationship between a2 and or 

in a Texas triaxial test. 
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N + 1 data points, (ori' oZi), i = 0, 1, 2, ••• , N, are normally 

obtained from each Texas triaxial test. By taking OrQ = 0, the corresponding 

oz0 is the unconfined compressive strength, U. The remaining N data points, 

with ori > 0, i = 1, 2, •.• , N, are submitted to regression analysis using 

the following model derived from Eq. 5.1 

err = ln U + C ln (1 + ~) (5. 2) 

where 

U is a given constant; 

or is an independent variable; 

az is a dependent variable; and 

C and T are coefficients to be estimated. 

The regression method developed in this report is a least squares method 

using a Fibonacci search. 

5.2 Regression Method: A general method to estimate unknown coefficients is 

the least squares regression. The key point of least squares is to minimize 

the sum of squares of the prediction errors, i.e., 

~- · 0 ri 
Min F(C,T) = i=l [ln azi- ln U -· C ln (1 + -r->1 2 (5.3) 

C and T can be determined by differentiating Eq. 5.3 first with respect to C 

and then with respect to T and setting the results equal to zeroes. Now 

gl (C,T) = 
aF N a a [a = -2 i!l [ ln ozi - ln u- c ln (1 + ~i)] [lrt{l. + ~i)J = 0 

g2 (C,T) 

(5.4) 
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so that the estimated C and T are solved by a Newton search, 

k k )' -1 ~ k k) a12 (c , T ). g l (C , T ) . 

( k k . . k k a22 C , T ) g
2 

(C , T ) . 
/ 

where the superscript k is an interation number, and 

a21 (C,T) 
3 Sz (C, T) 

... . ' 
ac 

a g2 (C,T) 
a22 (C,T) = --­

aT 

(5 .5) 

Poor convergence was observed when Eq. 5.5 was iterated, so that there 

existed a need to develop a regression method without taking derivatives. 

A method using a Fibonacci search was found very efficient to estimate T 

and C values. Instead of minimizing the sum of squares of prediction 

errors, this method minimizes the standard error, i.e., 

S.E. • j± ~ 
N ~·1 

a 
(ln ozi - ln U - C ln(l + -!!>J2 (5.6) 

Actually, minimizing the standard error is essentially the same as minimiz-

ing the prediction errors, because ,N is a constant, and the square root of 

a nonnegative term is still nonnegative. 
) 

There are two unknowns in Eq. 5 .. 6. In order to conduct a Fibonacci 

line search, C is approximated by a function of T, 

c :: 

N 
E ln ozi - N ln U 

i=l 

N 
E ln (1+ 0p1) 

i=l 
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Sub:,;tltute Eq. 5.7 into Eq. 5.6; S.E. is then a function with only one 

variable, T. 

A Fibonacci search (.2_) determines the smallest interval, in which the 

optimum of a unimodal function lies, after a given number of iterations are 

completed. In applying a Fibonacci search to the triaxial test model, 

· (Eq. 5 .1.), .some modifications are made. Instead of determining the smallest 

interval in which the optimal point lies, the modified method determines 

the optimal point. This is done by fixing the smallest interval equal to 

0.1. The number of Fibonacci interations, NFIB, is then determined by a 

predicted maximum T value, Tmax. This is shown in Table 4. 

Figure 10 shows a flow chart of the solution procedure. After a T 

value is generated from the Fibonacci search routine, C and S.E. values are 

calculated from Eq. 5.7 and Eq. 5.6. A next T value is generated again 

from the Fibonacci search routine. After NFIB Iterations are completed, 

the smallest S.E.* and corresponding C* and T* values are selected. If 

C* 2 1, then C* and T* are taken as the estimated coefficients of the 

regression model. If C* > 1, then let C* = 1. T* and the standard error 

of T*, S.E.*, are calc.ulated from Eq. 5.8 and. Eq. 5.9. 

T* = N 
E ozi - NU 

i=l 

* S .E. = 
1 N 
- E [Qzi 
N i=l 

(5.8) 

(5.9) 

A computer program, TRIAXIAL, has been written for the numerical compu-

tations. Documentation of the computer program is shown in Appendix A. Two 

31 



Table 4: Determining the number of Fibonacci iterations, 

NFIB, by a predicted maximum T value, Tmax*, 

of Triaxial data. 

NFIB Tmax NFIB Tmax 

1 0.1 11 14.4 

2 0.2 12 23.3 

3 0.3 13 37.7 

4 0.5 14 61.0 

5 0.$3 15 98.7 

6 1.3 16 159.7 

7 2.1 17 258.4 

f3 3.4 18 418.1 

9 5.5 19 676.5 

10 8.9 20 1094.6 

* Tmax for any given number of iterations, NFIB, is the 

corresponding Fibonaccian number divided by 10. This 

limits Tmax to a minimum value of 0.1 psi. Note that 

each Tmax is the sum of the two preceeding values. 
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Tk is geruirated ·from 
Fibonacci search routine. 

Sav~Tk, ck, and s. E.k values 

. -. .. .. ···-· .. * . ···--- .. ··-
Select the minimum S. E. . fro~ the ---; 
S. E. array and corresponding C _and J . 

N_o 

. T * is c~lc-ufated from Eq. 5.8 

... ·. ··-·-- ·-··· ... ··- . ·-·-- . .... - . 

$. E. is calculated frQm Eq._ 5.~. 

' * -·· ·-··---~. -----.A.---------··---·-····-···- '1''#;><1'-"")':':T; c and T ·are estimates of c a~d T r -~+-

Figure 10: Solution procedure of a least square regression 
using Fibonacci search to estimate C and T of 
Triaxial test data. 
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hu."'\dred ~eventy three example problems have been solved. Inputs and outputs 

of these examples are listed in Appendices A.3 and A.4 respectively, while 

plots of six typical problems are shown in this section (Figure 11). (The 

test results shown on page 36 are fqr lime stabilized materials and probably 

are not representative of field conditions because of the accelerated curing 

procedure used in the laboratory). 

The TRIAXIAL program took 0.46 minutes computer time on IBM 360/65 to 

solve the 273 problems. This regression method has been found to be very 

efficient and the optimal estimates are guaranteed in a finite number of 

iterations. 

Table 5 is a summary of parameters by soil characteristic categories. 

This table is obtained from the outputs of the 273 example problems shown in 

Appendix A.4. Code numbers are defined as follows: 

Stabilization Code Kind of Stabilization 
1 None 
2 Asphalt 
3 Lime 

Soil Binder Code Percent Retained on 40M Sieve 
1 0 - 24 
2 25 - 49 
3 50 - 74 
4 75 - 100 

Pl Code Range of Plasticit;x: Index 
1 52 and above 
2 39 - 51 
3 26 - 38 
4 13 - 25 
5 0 - 12 

The U, T and C values in Table 5 were regressed on the three codes by a select 

regression method (l, _!!), using a second degree surface as the model. Results 

are shown in the following equations: 

2 u = 6.96 + 9.16 x
1 

(R2 = 0.744, Probability of Type 1 Error= 0.000) 

T = 3.26 - 1.96X2 - 1.64X3 + 0.29 X~ + 1.66X1x2 
(R2 = 0.832, Probability of Type 1 Error = 0.094) 
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Table 5: Summary of paraneters by soil characteristic categories 

STAB SB PI NO. u T c CODE CODE CODE SAMP. AVERAGE STD DEV AVERAGE STD DEV AVERAGE STD DEV 

l 1 1 4 4.3 1.23 ·1. 3 1.99 0.614 0.259 1 1 2 23 6.4 2.24 0.8 0.66 0.510 0.127 1 1 3 55 7.8 3.07 0.9 0.81 0.506 0.165 1 1 4 34 10.5 4.91 1.5 1.70 0.565 0.209 1 1 5 26 18.2 27.45 1.7 3.63 0.667 0.196 1 2 3 9 8.6 3.15 0.5 0.32 0.431 0.125 w 1 2 4 12 15.2 6.35 0.8 0.45 0.568 0.139 " 1 2 5 10 14.5 7.04 0.8 0.89 0.607 0.182 1 3 3 5 8.8 2.85 0.6 0.47 0.597 0.182 1 3 4 6 11.2 3.49 0.5 0.37 0.602 0.137 1 3 5 22 26.2 15.10 1.1 o. 92 0.618 0.155 1 4 1 2 33.1 27.65 0.1 0.07 0.470 0.176 1 4 3 1 7.7 0.4 0.653 1 4 4 9 42.2 56.98 0.5 0.47 0.486 0.10 7 1 4 5 36 34.2 16.98 o.8 l. I) 3 0.525 0.162 1 5 5 l 15.7 1.2 0.703 2 2 5 1 32.9 6.0 1.000 3 1 2 1 46.0 6.4 0.622 3 1 3 1 138.5 1.7 0.156 3 1 4 5 71.1 53.94 3.6 3.01 0.504 0.244 3 1 5 9 86.8 49.68 7.2 15.93 0.490 0.316 3 2 4 1 108.7 6.6 0.408 



c = -0.85 - o.soxf + 1.92x1 

(R2 = 0.566, Probability of Type 1 Error = 0.000) (5.12) 

where x1 = stabilization code, x2 = soil binder code and x
3 

= Pl code. 

The above three equations did not provide good precision for the estimation 

of U, T and C from the code classifying material characteristics. ·Users of 

FPS-BISTRO should,.therefore, run the computer program TRIAXIAL (see Appendix A) 

to obtain the U, T and C values of the specific construction materials avail-

able for designs and then input these U, T and C values into the program FPS-

BISTRO. In doing so, however, the user should bear in mind that (1) the 

standard Texas triaxial test is intended to provide strengths at or near the 

lowest values likely to occur in the field, and (2) the extrapolation required 

to obtain estimates of tensile strength should be regarded with caution at 

this time until the behavior of common base and subbase materials in tension 

is better understood. 

5.3 Checking the Strengths of Materials Against Computed Stresses: Estimated 

tensile and ~ompressive strengths of common Texas materials from Texas triaxial 

tests were incorporated into a feasibility check of initial and overlay designs 

in the FPS-BISTRO program. 

Symbols used in Eq. 5.13 and Eq. 5.14 below are defined as follows: 

a1i· -maximum principal stress at point 1. 

oiii;i - minimum principal stress at point i. 

Hi - distance from surface to ith layer interface. 

Ui - unconfined compressive strength of ith layer. 

Ti - lateral tensile strength of ith layer. 

Ci - dimensionless parameter of Texas triaxial model of ith layer. 

The feasibility evaluation point!:!, i, for strength of materials are shown in Fig. 12. 
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Figure 12: Feasibility evaluation points for strength 
of materials of a three-layer design. 
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Check for Tension: Materials satisfying the following conditions are con-

s:f.dered feasible for tension. (The terms, -0 .08H1 and-0.08H2, are the 

estimates of the overburde~ pressure at the first and second interfaces, 

respectively.) 

crl,l - 0.08H1 ~ r 1 

cr1,4 - 0.08H1 ,=: r 2 

cr1 , 3 - 0.08H2 2 r 2 

cr1 , 4 - 0.08H2 ,=: r 3 (5.13) 

Check for Compression: Materials satisfying the following conditions are 

feasible for compression. 

- (oiii, 0.08H
1

) ~ ul [1 - (crl.l - o.08HllySl 
1 - ' 'l' l. 

- (crnr, 2 - 0 • 08H
1

) _:: u2 [1 - ~0~ I 2 - Q .08HJ h12 
t2: . . 

- (our, 3 - 0.08H2) ~ u2 [1 - (o~.a- o.oaH2)lc2 
T" -_ 

- (out, 4- 0.08H2) ,2 u3 [1 - (ol.~ ~-o.osn,)]c3 
3 

(5';.14) 
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CHAPTER 6 

TWO ILLUSTRATIVE EXAMPLES OF THE USE OF FPS-BISTRO 

In order to illustrate the use of the computer program, FPS-BISTRO, 

. two examples are presented. Outputs of the two example problems are shown 

in Appendix B. Input information is also included in the output pages. 

The differences in input and output informations between the two example 

problems are listed in Table 6. 

The major difference between the two problems is the material used 

for the second layer. In the first problem, a black base is used, while 

in the second problem, crushed lime stone base is selected. The cost of 

the crushed lime stone base ($4.00/cubic yd.) is less than half of the cost 

of the black base ($11.00/cubic yd.). However, from the output information,· 

the total cost of the optimal design using crushed lime stone 

base in the second layer ($3.61/square yd.) is greater than half of the 

total cost of the optimal design using the black base ($5.13/square yd.). 

The lateral tensile strength of the black base (30 psi) is twice that of the 

crushed lime stone base (15 psi). This seems to be the reason that the 

optimal thickness of the crushed lime stone base (19 inches) is more than 

4 times the optimal thickness of the black base (4.5 inches). 
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TABLE 6: Differences on input and output informations 
between two example FPS-BISTRO problems. 

OUTPUT 

Max allowed thickness of initial 
construction (inches) 

Problem 1 

16.00 

Problem 2 

22.00 

Materials information 
Second layer 

Material 
Cost 

Black Base Crushed Lime Stone 

tJ 
T 
c 

OUTPUT 

Optimal design 
Initial const. cost 
Overlay const. cost 
Salvage value 
Total cost 
First layer thickness (inch) 
Second layer thickness (inch) 
Perf. time (years) 

T(l) 
T(2) 
T(3) 
T(4) 

Swelling clay loss 
SC(l) 
SC(2} 
SC(J) 
SC(4) 

Surface curvature 
SCI(l) 
SCI(2) 
SCI(3) 
SCI(4) 

(serviceability) 

index 

42 

11.00 
120 

30 
0.8 

Problem 1 

3.90 
1.65 

-0.67 
5.13 
7.00 
4.50 

3.9 
8.6 

14.5 
21.2 

0.39 
0.30 
0.23 
0.14 

0.114 
0.091 
0.076 
0.067 

4.00 
110 
15 

0.4 

Problem 2 

2.47 
1.56 

-0.66 
3.61 
1.00 

19.'00 

5.3 
10.0 
15.3 
21.3 

0.50 
0.26 
0.18 
0.12 

0.091 
0.090 
0.081 
0.071 



TABLE 6: (continued) 

OUTPUT (continued) 

Principal stresses of init. const. (psi) 
Major stresses at 

Point 1* 
Point 2 
Point 3 
Point 4 

Mlnor stresses at 
Point 1 
Point 2 
Point 3 
Point 4 

* Point number is referred to Figure 12. 
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Problem 1 

24.5 
7.57 
29.5 

-1.54 

-21.5 
-21.8 
-7.49 
-7.64 

Problem 2 

-50.6 
-61.5 
14.7 

-0.598 

-79.6 
-79.6 
-3.53 
-3.59 



CHAPTER 7 

CONCLUSION AND RECOMMENDATION 

The empirical relationships used in current versions of FPS do not permit 

the computation of stresses and strains analytically in the pavement structure. 

This report provides one means for using the theory of linear elasticity to 

estimate principal stresses and strains at interfacial points under loads. 

The method is practical and reliable, but may not be economical. To overcome. 

this economical difficulty, a stress-and-strain table of most common basic 

designs could be constructed by running the revised BISTRO developed in Chapter 

3, and storing the results on tape for future use. The multi-dimension inter­

polation method developed in Chapter 4 could then be applied to evaluate all 

other trial designs. The computation of the stress-and-strain table would 

of itself be very expensive, especially for designs with more than three 

layers. However, it would save much more money in the long run if elasticity 

theory were applied to FPS and the BISTRO analysis were replaced by the stress­

and-strain table. 

The feasibility evaluation for strength of materials has been developed 

in Chapter 5. The stresses are considered in this report. However, the 

feasibility check will not be complete until a method to consider the strains 

is fully developed. Furthermore, some effort should be made to refine the 

"performance equation" (3) now being used. A model based on the fatigue 

theory seems very adaptable (9). 

Because the materials treated in this report differ from ideally elastic 

materials, the stresses and strains computed from elastic theory should be 

regarded only as first approximations to the true stresses and strains existing 

in flexible pavements. But a first approximation is certainly a step away 

from empiricism and toward a mechanistic structural subsystem of the total 

pavement design process. 
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APPENDIX A 

DOCUMENTATION OF THE COMPUTER PROGRAM "TRIAXIAL" 
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A.l Program Listing 
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//$OPTIONS 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••c c c c c 
C ESTIMATE T & C OF TRIAXIAL DATA C 
c c 
C BY FIBONACCI SI:ARCH C 
c c 
c c 
c•••••••••••••••••••••••••••••••••••••••*******************************C 

1 COMMON NrANtSIGMARC6J rX(6) ,Y(6),SUMY,TTl20ltCC(20) ,SSC20) 
2 DIMENSION FI8(20J,SIGMAZC6t 

c 
c 
c 

3 

It 
5 
6 

7 
8 

c 
c 
c 

9 
c 
c 
c 

10 
11 
12 
13 
14 
15 
16 
17 

c 
c 
c 

18 
19 
20 
21 

c 
c 
c 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

FIBONACCIAN NUMBER DIVIDED BY 10. 

OATA FIB I 0.1, 0.2, 0.3, 0.5, 0.8, 1.3, 2.1, 3.4, 5.5, 8.9, * 14.4, 23.3, 37.7, 61.0, 98.7, 159.7, 258.4, 418.1, 676.5, 
* 1094.6 I 

1 FORMAT(46Xt2F6.1t 2F7.3) 
2 FORMAT(20X,Iti6,2X,ZF6.lt2F7.3) 
3 FORMAT(lH1,9(/),20X, * 1 SOIL STAB SB PI 1 ,24X, 1 STD. 1 / 20X, 
* NO. CODE CODE CODE U T C ERROR 1 /l 

4 FORMAT C 1Hl) 
5 FORMATCI4,312ti5,13F5.0t 

SET TEST NUMBER OF FIBONACCI SEARCH, NfiB.lE.20 

READ IN TRIAXIAL DATA 

LINE•O 
WRITEC6,3) 

20 READ( 5 ,5, EN0•80) NUMBER, llel2t 13 ,N, U, ( SIGHAR(I), Sl GMAZ (Itt I= l rN) 
AN•N 
IFCLINE.LTe44) GO TO 24 
LINE•O 
WRITE( 6, 3) 

24 CONTINUE 

CALCULATE Y & SUHY 

SUMY•O. 
DO 30 1=1, N 
YCit•ALOGCSIGHAZ(I)/U) 

30 SUMY•SUMY+YCI) 

FIBONACCI SEARCH 

CALL ASSCFIBCNFIBt,c,v,NFIB) 
M•NFIB-1 
TL•O. 
TR•FIBCNFIB) 
CALL ASSCFIBCMJ,C,VR,H) 

41 M•M-1 
T•TL+F lB(M) 
CALL ASSCTtCtVL,H) 

42 IF(M.EQ.1) GO TO 44 
IF(VL.GT.VRI GO TO 43 
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32 
33 
:Vt 
35 
36 
37 
3B 
39 
40 
41 

42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

52 
53. 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 

71 
12 

73 
74 
75 
76 
17 
78 

c 
c 
c 

c 
c 
c 

c 
c 
c 

c 
c 
c 

T R;;: TK·~ F i ,~q '-'l) 

VR=Vl 
GO TO 41 

43 Tl=TL+fHHM» 
Vl=VR 
M=M-1 
T=TR-FIB(M) 
CAll ASS(T,C,VR,M) 
GO TO 42 

44 CONTINUE 

FINO MINIMUM STANDARD ERROR 

IMIN=l 
SDMIN=SS(l) 
DO 50 1=2,NFIB 
IF(SDMIN.lE.SS(l)) GO TO 50 
IMIN=I 
SOMIN=SS( I) 

50 CONTINUE 
WRITE(6,2) NUM13ER,Il,I2,J3,U,TT(IMfN),CC( IMIN),SS( IMIN) 
L I NF=l INE+1 
IF CCC( IMIN).LF.l.O) GO TO 20 

CALCULATE A NEW T WITH C=l, WHEN C.GT.1. 

c = 1. 
SUMR=O. 
SUMZ=O. 
DO 60 I=l,N 
SUMR=SUMR+SIGMAR(I) 
SUMZ=SUMZ+SIGMAZ(I) 

·60 CONTINUE 
T=U*SUMR/(SUMZ-AN*U) 
SE=O• 
DO 62 I= 1, N 

62 SE=SE+1STGMAZ(l)-U*(1.+SIGMAR([)/T))**2 
SE=SQRHSE/AN) 
WRITE(6,U U,T,C,SE 
L I NE::L INF+l 
Go ro 20 

80 CONTINUE 
WRJTE(6,4) 
STOP 
END 

SUBROUTINE ASSCT,C,SE,NASS) 

SUBROUTINE ASS(T,C,SE,NASS) 
COMMON N,AN,SIGMAR(6),X(6),Y(6),SUMY,TT(20),CC(20),SS(20) 

CALCULATE X, SUMX & C 

SUMX=O. 
DO 10 1=1,N 
X( I J=ALOG( l.+SIGMAR( I )/T) 
SUM X=SUMX+ X (I ) 

10 CnNTINUE 
C=SUMY /SUMX 
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c 
c 
c 

CALCULATE STANDARD ERROR 

79 SF=O. 
80 DO 20 I=l,N 
81 20 SE=SE+(Y(l)-X(IJ*C)**Z 
82 SE=SQRT(SE/AN) 

c 
C ASSIGN T, C t SE VALUES TO ARRAYS 
c 

83 TTCNASSJ=T 
84 CCtNASSJ=C 
85 SS(NASSJ~SE 
86 RETURN 
81 END 

//$0ATA 
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~" 

A.2 Input Instruction 

Each input data card represents one problem. Instructions are as 

follows: 

Field Column Format Comment 

1 1 - 4 14 Sbil Number 

2 5 - <6 12 Stabilization Code 

3 7 - 8 12 Soil Binder Code 

4 9 - 10 I2 PI Code 

5 11 - 15 IS Number of Data 

1 < N < 6 - -
6 16 - 20 F5.1 Unconfined Compressive Strength 

7 21 - 25 F5.1 arl 

8 26 - 30 F5.1 a 
zl'~ 

9 31 - 35 F5~1 a r2 

10 36 - 40 FS.l al3 

11 41 - 45 FS.l ar3 

12 4() - 50 FS.l az3 

13 51 - 55 F5.1 ar4 

14 56 60 F5.1 az4 

15 6-1 - 65 F5.1 ar5 

16 66 - 70 F5.1 a 
z5 

17 71- 75 FS.l ar6 

18 76 - 80 F5.1 a 
z6 

ari and az~ are radical and vertical normal stresses at i-th data point, 

1 .::_ i <. :til, arranged in ascending order of a . • a is called the "lateral stress" 
r1 r 

and az the "vertical stress" in common laboratory language. 
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A.3 Input Data Listing for 273 Example Problems 
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1 1 2 2 3 3 It It 5 5 6 6 7 7 8 
•••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o ••• es •••• o •••• 5 •••• o 

i.OO 1 1 1 5 5.2 3.0 8.3 5.0 ll.lt 10.0 18.3 15.0 24.5 20.0 28.1t 
145 1 1 1 5 2. 7 3.0 12.2 s.o 14.3 10.0 22.1 15.0 24.9 20.0 31.4 
166 1 1 1 5 5. 3 3.0 15.5 5.0 19.4 1o.o 24.3 15.0 32.7 20.0 34.6 
167 1 1 1 5 3. 9 3.0 13.2 5.0 1-\.3 10.0 22.5 15.0 25.2 20.0 30.7 
11 1 1 2 5 5.2 3.0 10.9 5.0 18.3 lo.o 25elt 15.0 23.6 20.0 22.1 
16 1 1 2 5 lt.6 3.0 11.7 5.0 H.O 10.0 21.4 15.0 28.4 20.0 34.3 
39 1 1 2 4 7.-\ 5.0 18.2 10.0 2-\.6 15.0 27.6 20.0 30.0 
96 1 1 2 5 3. 7 3.0 8.8 5.0 12.4 10.0 l7e8 15.0 25.9 zo~o 12.5 

130 1 1 2 5 9.7 3.0 18.8 5.0 22.0 10.0 27.8 15.0 33.3 zo.o 41.9 
132 1 1 2 5 6.5 3.0 12.8 5.0 19.7 10.0 27.9 15.0 34e1 20.0 38.5 
137 1 1 2 5 9.0 3.0 19.2 5.0 22.6 10.0 28.6 15.0 35.6 20.0 19.8 
140 1 1 2 5 6.3 3.0 15.9 5.0 19.3 1o.o 27.0 15.0 28.9 20.0 35.2 
159 1 1 2 5 5. 5 3.0 14.6 5.0 16.8 to.o 16.0 15.0 21.-\ 20.0 34.2 
162 1 1 2 5 5. 3 3.0 15.4 5.0 17.3 10.0 23.3 15.0 27.2 20.0 34.1 
163 1 1 2 5 3.1 3.0 12.6 s.o 16.2 10.0 21.6 15.0 26.7 zo.o 31.1 
169 1 1 2 5 5.5 3.0 15.5 5.0 18.5 10.0 22e7 15.0 27.2 20.0 36.2 
186 1 1 2 4 2.3 5.0 12.7 10.0 18.8 15.0 2-\.7 20.0 27.1 
195 1 1 2 5 4.1 3.0 12.8 5.0 15.6 10.0 23.6 15.0 30.6 20.0 35.6 
205 1 1 2 5 4.4 3.0 13.4 5.0 16.6 10.0 21.7 15.0 29.9 20.0 29.-\ 
220 1 1 2 5 a. 3 3.0 18.6 5.0 14.9 10.0 21.0 15.0 32.1 20.0 36.1 
225 1 1 2 .5 a. a 3.0 16.6 5.0 18.6 10.0 28.7 15.0 33.4 zo.o 35.7 
229 1 1 2 5 10.1 3.0 17.9 5.0 20.1 10.0 21t.5 15.0 33.7 20.0 44.0 
230 1 1 2 5 9.4 3.0 21.6 5.0 18.7 10.0 2J.4 15.0 35.0 20.0 :n.o 
237 1 i. 2 5 8.1 3.0 16.1 5.0 19.7 10.0 24e2 15.0 34.2 20.0 39.5 
239 1 1 2 5 8.3 3.0 18.0 5.0 21.4 10.0 27.6 15.0 27.1t 20.0 35.3 
244 1 l 2 5 6. 5 3.0 13.2 5.0 15.6 10.0 23.6 15.0 30.6 20.0 34.7 
263 1 1 2 5 5.2 3.0 15.3 5.0 17.6 10.0 25.8 15.0 31.0 20.0 32.7 

3 1 1 3 3 lt.4 5.0 11.9 10.0 18.1 15.0 2-\.2 
12 1 1 3 4 5.,6 3.0 12.0 5.0 lite-\ to.o 21.9 15.0 28.2 
13 1 1 3 4 9.2 s.o 17.0 10.0 23.3 15.0 30.-\ 20.0 33.5 
14 1 1 3 5 9.1 3.0 15.4 5.0'19.1 10.0 26.2 15.0 31.6 20.0 H.O 
24 1 1 3 5 l4e4 3.0 26.4 5.0 30.4 10.0 41.6 15.0 52.9 20.0 63.1 
4a 1 1 3 5 3.9 3.0 a. 6 5.0 11.9 10.0 19.-\ 15.0 28.7 20.0 34.6 
77 1 1 3 5 4. 2 3.0 10.7 5.0 11.4 10~0 23.9 15.0 27.7 20.0 15.9 
q8 1 1 3 .5 3. 7 3.0 a.3 s.o 10.9 1o.o 14.6 15.0 22.0 20.0 2a.7 

ll9 1 1 3 5 4.0 3.0 12.3 5.0 16.9 10.0 23.2 15.0 31.3 20.0 37.2 
121 1 1 3 5 3.9 3.0 u.o s.o 15.3 1o.o 22.0 15.0 30.2 20.0 36.1 
122 1 1 3 5 6.9 3.0 17.8 5.0 21.0 1o.o 27.6 15.0 36.1 20.0 42.1 
126 1 1 3 5 1. 8 3.0 15.4 s.o 19.4 10.0 27.1 15.0 31.6 20.0 3a.3 
133 1 1 3 5 u.o 3.0 22.6 5.0 27.6 10.0 30.9 15.0 38.2 20.0 lt7.4 
136 1 1 3 5 10.2 3.0 21.5 5.0 23.7 10.0 31.9 15.0 36.1 20.0 46.6 
138 1 1 3 5 11.1 3.0 21.3 5.0 26.1 10.0 33.0 15.0 42.3 20.0 41.7 
139 1 1 3 5 1. 8 3.0 15.5 5.0 19.3 10.0 27.8 15.0 35.0 20.0 32.0 
141 1 1 3 5 5. 8 3.0 14.5 5.0 19.0 10.0 22.2 15.0 31.6 zo.o 33.2 
151 l l 3 5 6.9 3.0 13.8 5.0 18.5 10.0 23.8 15.0 31.2 20.0 34.1 
152 1 1 3 5 7.8 3.0 lit. 2 5.0 17.5 10.0 27.1 15.0 34.0 20.0 39.5 
153 1 1 3 5 1.2 3.0 4.2 5.0 4.3 10.0 5.6 15.0 4.6 20.0 7.1 
154 1 1 3 5 4.4 3.0 15.1 5.0 17.3 10.0 25.6 15.0 31.1 20.0 33.2 
156 1 1 3 5 10.1 3.0 22.3 5.0 28.1 10.0 36.5 15.0 40.3 20.0 42.9 
158 1 1 3 5 3. a 3.0 13.8 5.0 17.5 10.0 23.9 15.0 32.2 20.0 38.1 
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1 1 2 2 3 3 ~ ~ 5 5 6 6 ., 7 8 
•••• 5 •••• o •••• 5 •••• o •• ~.5 •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• 5 •••• o 

161 1 1 3 5 5· 7 3.0 17.0 5.0 20.8 to.o 27.8 u.o 29.5 zo.o 38.3 
168 1 1 3 5 6.3 3.0 15.5 s.o 19.7 10.0 25.2 ts.o 27.6 20.0 37.2 
170 1 1 3 s 8.6 3.0 20.8 5.0 22.9 1o.o 27.5 15.0 3~.2 20.0 37.~ 
180 1 1 3 5 5.1 3.0 9.6 s.o 19.1 10.0 25.0 u.o 31•0 20.0 34.5 
185 1 1 3 ·5 6. 5 3.0 16.9 s.o 21.4 10.0 28.1 u.o 31.6 20.0 33.5 
191 1 1 3 It u.1· 3.0 24.0 s.o 26.8 10.0 3~.3 u.o 34.1 
197 1 1 3 5 9.3 3.0 21.5 5.0 23.8 1o.o n.a u.o 39.3 20.0 ~0.6 
198 1 1 3 5 u.s 3.0 23.7 s.o 26.2 to.o n.1 u.o ~o.~ 20.0 ~0.9 
199 1 1 3 5 5.1 3.0 15.8 s.o 18.8 to.o 26.5 u.o 29.9 zo.o 3~.5 
200 1 1 3 5 12.1 3.0 21.~ 5,0 25.8 to.o n.s u.o u.s 20.0 ~.,., 
201 1 1 3 5 lle1 3.0 21.2 5.0 35.1 10.0 37.0 u.o 39.5 20.0 ~8.7 
202 1 1 3 5 10.2 3.0 23.5 s.o zs •• 10.0 u.s u.o 36e6 zo.o •\2.3 
206 1 1 3 5 10e6 3.0 21.9 s.o 25.8 10.0 32.9 u.o ~0•9 20.0 ~2.8 
207 1 1 3 5 7.5 s.o 22.1 s.o 22.~ 10.0 22.9 u.o 36,3 20.0 ~5.0 
223 1 1 3 5 10.3 3.0 18.0 5.0 21.2 10.0 25e2 u.o 3~.1 zo.o ltOeZ 
22~ 1 1 3 5 9.0 3.0 18.6 s.o 2.0.1 10.0 25.6 u.o M•l zo.o , .. ., 
232 1 l 3 5 u.1 3.0 22.0 s.o 27.6 10.0 .,., u.o ~o.o 20.0 ... , 
23~ 1 1 3 5 lle4 3.0 23.7 s.o 26.2 to.o u.s u.o ~o.t zo.o u.s 
235 1 1 3 5 10.4 3.0 17.6 s.o 22.8 to.o ,~.o u.o 38.6 20.0 ltt~O 
236 1 1 3 5 s.8 3.0 8.6 s.o 16.0 10.0 22·3 u.o 29a 20.0 34 •. 6 
238 1 1 3 5 5.6 3.0 16.~ 5.0 18.4 1o.o 2s.s· u.o 32,5 20.0 l4el 
2~1 1 1 3 5 8.1 3.0 19.2 s.o z~.t to.oz3•• u.() u. !5 zo.o •0•5 
242 1 1 3 5 7.1 3.0 15.0 5.0 15,7 10.0 2~·~ u .. o 2a.~ zo.o 33•1 
245 1 1 3 5 s.o 3.0 16.8 5.0 18.5 10.0 28.6 u.o 33,9 20.0 35.9 
250 1 1 3 5 11.4 leO 25.0 5.0 26.1 to.o 32.9 u.o ItO• 3 zo.o 41.6 
251 1 1 3 5 11t.Z 3.0 28.3 s.o 28.8 to.o 36,3 15.0 43.9 20.0 "46.2 
253 1 1 3 It .u. 3 s.o 31.3 to.o 38.3 u.a tttt.o 2o.o 49.6 
255 1 1 3 it. 5.6 5.0 15.7 10.0 22.0 u.o 30,9 zo.o 31.1 
257 1 1 3 5 6.0 3.0 14.3 s.o 18.1 1o.o 26.7 u.o 35.5 20.0 40~5 
258 1 1 3 5 s.o 3.0 15.8 5.0 16.9 1o.o 29,3 u.o 32o,3 20.0 35.6 
259 1 1 3 5 4.6 3.0 15.0 s.o· 20.1t to.o 28.0 15.0 29.7 zo.o u.o 
261 1 1 3 5 5.0 3.0 18.3 s.o 15.7 10.0 23.7 u.o 29t3 20.0 36.2 

It 1 1 4 4 4.1 s.o 15.4 to.o 24.2 15.0 30.~ 20.0 38.7 
17 1 1 4 4 4.5 5.0 43.9 10.0 73.6 15.0101.1 20.0125,1 
18 1 1 " 5 17.8 3.0 25.3 s.o 27.3 10.0 37.8 u.o 46.6 20.0 51.5 
19 1 1 4 5 8.6 3.0 14.0 5.0 17,0 10.0 26.7 u.o 32,3 20.0 37.2 
23 1 1 4 5 2.8 3.0 u.s s.o 15.4 10.0 25.1 u.o 34• 3 20.0 40.1 
25 1 1 It It 5.0 s.o 15.4 10.0 24.2 u.o 29.4 20~0 33.3 
26 1 1 4 5 lle1 3.0 18.6 s.o 22.3 to.o 30.9 u.o 35.1 20.0 lt6.1. 
40 1 1 It 5 s. 3 3.0 14.6 5.o 2o.a 1o.o 24.2 u.o 31te2 20.0 42.6 
50 1 1 It 5 3.8 3.0 9.3 s.o 12.7 10.0 u.o ts.o zs.,a 20.0 31.5 
74 1 1 It 5 7.6 3.0 24.0 5.0 33.3 10.0 39.9 u.o 42.60 20.0 49,5 
79 1 1 It 5 3.5 3.0 21.1 s.o 21.5 to.o ~1.$ u.o 33~0 20.0 55.5 
80 1 1 4 5 11.6 3.0 17.4 5.0 20.9 1o.o 32.2 u.o 37.9 20.0 44.9 
81 1 1 It 5 9. 2 3.0 14.0 5.0 15.6 lOtO 25.2 u.o 33.4 20.0 36.3 
86 1 1 It 5 8.1 3.0 13.2 5.0 16.1 10.0 24.5 15.0 3h9 20.0 38.9 
94 1 1 4 4 14· 5 5.0 31.9 10.0 41.1 15.0 51.0 zo.o 72-tlt 
97 1 1 It 5 7.4t 3.0 10.1 s.o 14.7 10.0 24.1 ts.o 29.2 zo.o 40.4 

134 1 1 4 5 13.7 3.0 39.2 5.0 41.3 10.0 50.8 15.0 57e3 20.0 64.0 
155 1 1 4 5 13.3 3.0 29.3 s.o 33.1 10.0 38.9 15.0 43.2 20.0 53.9 
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111 1 1 It 5 9.2 3.0 25.1 5.0 28.4 10.0 36.8 15.0 46.3 zo.o 49.9 
172 1 i It 5 a. 1 3.0 22.2 5.0 25.3 10.0 31.0 15.0 38.2 20.0 46.6 
173 1 1 It 5 5. z 3.0 15.1 5.0o 19.4 10.0 24.1 15.0 31.6 20.0 33.3 
174 1 1 4 5 9.6 3.0 21.7 s.o 26.6 10.0 34.4 15.0 39.7 20.0 48.7 
177 1 1 4 5 13.4 3.0 39.0 5.0 42.5 10.0 52.1 15.0 72.3 20.0 79.7 
178 1 1 4 5 7.6 3.0 18.5 5.0 20.5 to.o 28.5 15.0 30.5 20.0 38.7 
181 1 1 4 5 14.2 3.0 26.0 5.0 29.1 10.0 34.3 15.0 42.6 20.0 62.9 
182 1 1 4 5 12.6 3.0 37.6 5.0 47.2 10.0 62.5 15.0 75.0 zo.o 93.2 
184 1 1 4 5 15.9 3.0 42.9 s.o 48.7 10.0 58.3 15.0 70.3 zo.o 82.4 
208 1 1 4 5 15.7 3.0 46.2 s.o 49.0 10.0 65.0 15.0 81.0 zo.o 95.3 
240 1 1 4 5 u.s 3.0 26.8 s.o 28.5 10.0 34.6 15.0 40.4 20.0 49.1 
249 1 1 It 5 17.8 3.0 41.4 5.0 39.9 10.0 52.9 15.0 53.9 zo.o 64.0 
254 1 1 4 5 19.8 3.0 23.8 5.0 49.5 10.0 63.7 15.0 73.5 20.0 86.8 
256 1 1 4 5 19. 1 3.0 37.5 5.0 42.0 10.0 56.2 15.0 60.2 20.0 71.6 
260 1 1 4 5 .5.4. 3.0 14.2 5.0 16.5 10.0 21.8 15.0 27.2 20.0 35.2 
2.62 1 1 4 5 17.2 3.0 35.3 5.0 39.5 10.0 46.1 15.0 62.2 zo.o 73.1 

8 1 1 5 5 5.8 3.0 21.5 5.0 30.5 10.0 48.2 15.0 67.0 20.0 83.9 
20 1 1 5 5 6.6 3.0 9.4 5.0 13.1 10.0 22.7 15.0 32.0 zo.o 35.1 
21 1 1 5 5 12.1 3.0 41.6 5.0 53.6 10.0 82.9 15.0106.3 20.0120.7 
46 1 1 5 4149.2 5.0153.7 10.0229.8 15.0305.8 20;.0318.4 
52 1 1 5 5 7.8 3.0 28.9 5.0 44.4 10.0 65.8 15.0 90.9 20.0106.9 
58 1 1 5 5 5. 5 3.0 14.9 s.o 19.3 10.0 26.3 15.0 33.5 20.0 36.9 
63 1 1 5 4 9.4 5.0 44.8 1o.o 75.6 15.0110.1 20.0134.4 
65 1 1 5 5 5.0 3.0 22.1 5.0 35.0 10.0 63.6 15.0 89.2 20.0112.1 
66 1 1 5 5 9.2 3.0 27.9 5.u 34.5 10.0 58.2 15.0 75.0 zo.o 96.5 
72 1 1 5 4 14. 1 5.0 53.5 10.0 82.9 15e0ll1e0 20.0141.5 
83 1 1 5 5 23.9 3.0 48.2 5.0 64.4 10.0100.8 15.0113.9 20.0154.3 

118 1 1 5 5 18.6 3.0 51.6 5.0 62.6 10.0 89.5 15.0114. 8 20.0138.1 
120 1 l 5 5 28.1 3. 0 56.0 5.0 64.3 10.0 21.5 15.0107.3 20.0124.5 
123 1 1 5 5 14.3 3.0 48.1 5.0 58.5 10.0 87.8 15.0120.6 20.0134.7 
125 1 1 5 5 24.0 3.0 50.4 s.o 57.1 10.0 76.8 15.0 97.3 20.0114.1 
157 1 1 5 5 21.0 3.0 51.8 5.0 58.0 10.0 75.0 15.0 77.5 20.0115.5 
160 1 1 5 5 16.3 3.0 45.2 s.o 50.4 10.0 67.9 15.0 91.0 20.0 99.8 
119 1 1 5 5 12.8 3.0 49.4 5.0 31.9 10.0 80.6 15.0 98e7 20a01l5s4 
183 1 1 5 5 6.3 3.0 39.2 5.0 45.2 10.0 71.3 15.0 99.7 20.0122.5 
188 1 1 5 5 9. 7 3.0 45.6 ·5.0 56.4 10.0 79.8 15.0105.7 20.0129.2 
214 1 l 5 5 13.5 3.0 39.5 5.0 46.3 10.0 63.3 15.0 83.1 20.0 89.5 
215 1 1 5 5 11.2 3.0 47.6 5.0 60.3 10.0 85.7 15.0103.7 20.0120.7 
218 1 1 5 5 17.4 3.0 53.9 5.0 63.2 10.0 82.2 15.0 92.6 20.0120.2 
246 1 1 5 5 14.3 3.0 45.6 5.0 45.3 10.0 55.1 15.0 72.1 20.0 81.3 
266 1 1 5 5 11.2 3.0 29.2 5.0 4!).5 10.0 55.6 15.0 78.4 zo.o 97.5 
270 1 1 5 5 5.7 3.0 24.7 5.0 37.7 10.0 48.2 15.0 68.9 20.0 96.3 

54 1 2 3 4 7.6 5.0 30.3 10.0 48.7 15.0 59.9 20.0 76.7 
124 1 2 3 5 4.4 3.0 14.7 5.0 18.3 10.0 20.9 15.0 27.6 20.0 30.4 
127 1 2 3 5 6.2 3.0 16.1 5.0 19.9 10.0 21.4 15.0 34.4 20.0 34.4 
131 1 2 3 5 13.8 3.0 24.0 s.o 28.9 to.o 11.e 15.0 37.7 zo.o 44.8 
203 1 2 3 5 12.1 3.0 26.8 5.0 28.4 to.o 40.7 15.0 45.5 20.0 55.1 
204 1 2 3 5 11.1' 3.0 29.8 5.0 35.3 10.0 41.2 15.0 55.6 20.0 61.7 
233 l 2 3 5 7.1 3.0 15.2 5.0 19.3 10.0 28.9 15.0 36.5 zo.o 36.0 
243 1 2 3 5 9.1 3.0 27.5 5.0 23.9 10.0 36.3 15.0 42.7 zo.o 42.8 
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248 1 2 3 5 6.0 3.0 22.5 5.0 n.o 10.0 33.4 15.0 34.3 20.0 ~2.1 
1 1 2 4 5 11.9 3.0 36.8 s.o 49.7 10.0 85.9 1Se0103.9 20.0132.0 

28 1 2 4 5 11.9 3.0 37.6 5.0 41.1 10.0 19.8 15.0 92.6 20.0107.6 
42 1 2 4 5 2. 8 3.0 8.2 5.0 Ue6 10.0 19.4 15.0 28.2 20o0 :Uo3 
47 1 2 4 5 12.1 3.0 33.6 s.o 44.8 10.0 10.1 15.0 81.8 20.0 97.8 
53 1 2 It 5 24.2 3.0 51.6 s.o 72.1 10.0101..1 15.0123.8 zo.ouo.e 
62 1 2 It 5 15.0 3.0 31.5 5.0 47.4 10.0 51.5 15.0 16.2 20.0 18.3 
67 1 2 It 5 19.0 3.0 40.8 5.0 49.9 10.0 13.6 15.0 90.7 20.0103.9 
76 1 2 It 4 13.5 5.0 37.6 10.0 46e6 u.o 67.9 20.0 12.2 
99 1 2 4 5 18.1 3.0 35.1 s.o 42.4 10.0 58.1 15.0 76 .. 6 20 .. 0 IU .. 9 

189 1 2 4 5 18.9 3.0 64.6 5.0 73.8 to.otoo.o n.cnu .. t~ zo .. ou1 .. 3 
193 1 2 4 5 5.9 3.0 33.5. 5.0 37.8 to.o 54.3 15.0 !51.7 20 .. 0 73.9 
213 1 2 It It 22.6 3.0 50.8 s.o 62.5 lOeO 69e6 15.0 88.6 

2 1 2 5 5 u.s 3.0 32.6 5.0 46.3 10.0 71.3 15.0111.6 20.01.25 .. 7 
9 1 2 5 5 n.o 3.0 50.2 5.0 70.8 10.0 81.9 u.ouo.1 20.01~9.8 

27 1 2 5 5 19.2 3.0 36.5 5.0 48.1 10.0 65e<Ct 15.0 1'9.5 20.0 61 .. 0 
30 1 2 5 5 13.8 3.0 34.3 5.0 41.3 to.o 65.4 15.0 87.2 zo.o 92.1 
31 1 2 5 5 18.1 3.0 46.4 s.o 63.6 10.0 88.1 15e011Ze9 20.0145.6 
44 1 2 5 4 6. 5 s.o 39.3 10.0 63.2 UeO 90e0 20.0106.8 
91 1 2 5 5 1. 8 3.0 11.1 s.o 11.4 10.0 22.6 u.o n.o 20.0 33.5 

143 1 2 5 5 19.1 3.0 65.3 5.0 11·1 10.0 89.4 15e0l23e2 zo.ou<et.o 
190 1 2 5 5 27.3 3.0 70.9 s.o 84.5 10.0104.4 n.oue.o 20.0151.4 
2<Ct7 1 2 5 5 4.4 3.0 26.7 5.0 31.7 10.0 50.1 UeO 1lo8 zo.o 95.3 

7 1 3 3 5 lt. 8 3.0 14.4 s.o 20.6 10.0 30.5 u.o 41.9 zo.o 53.4 
33 1 3 3 It 7.1 3.0 34.0 s.o 42.3 10.0 51.6 u.o 86.4 
57 1 3 3 4 u.o s.o 42.4 10.0 64.5 u.o 95.0 20.0112.4 

213 1 3 3 5 9. 3 3.0 62.2 s.o 69.1 10.0 6'7,3 u.o 80.4 zo.o 98.1 
228 1 3 3 5 l1.7 3.0 2~.7 5.0 26eS 10.0 30.4 n.o n.t zo.o 49.8 

32 1 3 4 5 10.1 3.0 31.1 s.o 44.2 10.0 68.9 15.0 93.,9 20.0U3 .. 9 
34 1 3 4 5 7.5 3.0 27.1 5.0 39.5 10.0 51.2 u.o n.o zo.o 86.3 
37 1 3 It 5 11.6 3.0 41 .. <! 5.0 50.5 10.0 76.9 15.0 96.4 20.0104 .. 8 
55 1 3 It 5 9.0 3.0 34.3 5.0 54.4 10.0 19.8 15.0104.8 20.0135 .. 3 

135 1 3 It 5 11.9 3.0 50.6 s.o 59.0 10.0 70.3 15.0 84.2 20.0103 .. 0 
144 1 3 It 5 10.3 3.0 48.1 s.o 56.3 10.0 6B.z 15.0 82.3 20 .. 0135.,1 

5 1 3 5 5 19.2 3.0 49.1 5.0 65.4 10.0 86.1 15.0105.5 20.0124 .. 8 
6 1 3 5 5 4.9 3.0 28.6 s.o 36.6 10.0 58.3 15.0 11.0 20.0 94 .. 5 

10 1 3 5 5 7.9 3.0 18.7 5.0 31.1 10.0 59.8 15.0 84.9 20.0116 .. 1 
35 1 3 5 5 23.2 3.0 60.5 5 •. 0 96.1 10.0129.7 15.,0168 .• 4 20.0203 .. 0 
.36 1 3 5 5 21.1 3.0 46.3 s.o 68.2 10.0 99.4 15.0126.0 20o0157w8 
38 1 3 5 5 4.9 3.0 9.1 s.o 12.9 10.0 19.8 15.0 26.6 20.0 30.8 
56 1 3 5 4 7.2 s.o 40.3 10.0 67.4 15.0 75.4 20.0 98.8 
60 1 3 5 5 25.7 3.0 56.0 5.0 79.6 10.0 98.1 u.ou3.s 20.0156.3 
64 1 3 5 5 31.4 3.0 64.2 s.o 77.6 10.0110.7 15.0136.0 20.0161.0 
68 1 3 5 5 24.9 3.0 51.1 5.0 68.4 10e0 92.3 15.0119.7 20.0141.1 
69 1 3 5 5 22.2 3.0 62.5 s.o 81.9 10.0102.6 15.0158.9 20.0115.0 
71 1 3 5 5 23.7 3.0 60.9 5.0 71.1 10.0112.0 15.0143.6 20.0163.3 
81 1 3 5 5 52.6 3.0 88.3 s.o 95.4 10.0148.7 15.0111.3 20.0210.0 
95 1 3 5 4 12.2 5.0 52.6 10.0 86.2 15.0116.3 20.0134.6 

101 1 3 5 5 43.3 3.0 71.3 5.0101.6 10.0142.1 15.0168.2 20.0183 .. 0 
104 1 3 5 4 37.8 5.0101.6 10.0171.0 15.0202.2 20.0154.9 
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105 1 3 5 5 47.3 3.0 85.8 5.0108.2 10.0169.3 15.0206.7 20.0229.2 
106 1 3 5 5 58.9 3.0101.0 5.0110.8 10.0155.8 15.0214.9 20.0248.9 
164 1 3 5 4 38.9 3.0121.9 5.0138.8 10.0159.4 15.0189.3 
212 1 3 5 5 20.0 3.0 67.8 5.0 94.1 10.0112.7 15.0128.6 20.0172.6 
216 1 3 5 5 22.3 3.0 85.3 5.0 98.3 10.0126.6 15.0143.2 20.0186.7 
265 1 3 5 5 27.4 3.0 76.3 5.0 95.3 10.0139.1 15.0135.2 20.0228.0 
192 1 4 1 5 13.5 3.0132.3 5.0136.0 10.0212.0 15.0228.9 20.0289.2 
231 1 4 1 5 52.6 3.0142.1 5.0153.4 10.0202.9 15.0218.0 20.0282.4 

22 1 4 3 5 1.1 3.0 29.1 s.o 45.4 10.0 65.9 15.0 83.2 20.0 97.7 
15 1 4 4 5 u. 2 3.0 41.6 5.0 60.9 10.0 89.9 15.0116.6 20.0140.0 
92 1 4 4 5 59.5 3.0118.1 5.0129.1 10.0153.1 15.0207.7 20.0261.5 

109 1 4 4 5 16.3 3.0 76.5 5.0 89.5 10.0123.9 15.0166.8 20.0192.8 
111 1 4 4 5 22.0 3.0 98.8 5.0104.4 10.0144.5 15.0190.6 20.0243.4 
142 1 4 4 5 16.7 3.0 69.2 5.0 85.4 10.0125.9 15.0137.7 20.0177.2 
194 1 4 4 5 22.3 3.0 85.0 5.0 97.6 10.0123.2 15.0163.5 20.0169.3 
211 1 4 4 5189.5 3.0306.7 5.0289.8 10.0316.0 15.0433.6 20.0464.7 
226 1 4 4 5 2le8 3.0 63.6 5.0 83.6 10.0 98.4 15.0141.7 20.0167.1 
264 1 4 4 5 20.5 3.0 65.5 s.o 77.3 10.0115.9 15.0129.2 20.0143.3 

29 1 4 5 5 8.2 3.0 28.2 5.0 48.9 10.0 79.0 15.0105.7 20.0130.9 
84 1 4 5 5 28.0 3.0 74.9 5.0 82.2 10.0122.9 15.0161.1 20.0190.5 
85 1 4 5 5 19.0 3.0 43.7 5.0 55.7 1o.o 94.9 15.0142.6 20~0149.9 
88 1 4 5 5 72.7 3.0117.1 5.0119.5 10.0165.3 15.0234.2 20.0263.1 
89 1 4 5 5 56.6 3.0 90.4 s.ou2.1 10.0169.1 15.0203.8 20.0246.7 
90 1 4 5 4 46.0 3.0 89.3 5.0115.9 10.0154.9 15.0188.5 
93 1 4 5 5 49.0 3.0 98.7 5.0128.4 10.0160.1 15.0190.1 20.0247.1 

102 1 4 5 5 74.9 3.0142.2 5.0163.4 10.0194.5 15.0241.0 20.0278.3 
103 1 4 5 5 43.0 3.0 76.1 5.0115.~ 10.0150.3 15.0192.7 20.0246.1 
108 1 4 5 5 37.0 3.0100.4 5.0118.4 10.0144.9 15.0204.2 20.0247.1 
110 1 4 5 5 55.4 3.0133.3 5.0150.4 10.0183.6 15.0234.1 20.0249.0 
112 1 4 5 5 39.6 3.0115.2 5.0135.8 10.0180.9 15.0201.8 20.0206.9 
117 1 4 5 5 59.7 3.01~1.6 5.0174.1 10.0211.8 15.0247.7 20.0276.5 
128 1 4 5 5 18.8 3.0 86.7 5.0115.2 10.0144.0 15.0191.4 20.0230.6 
129 1 4 5 5 25.5 3.0123.8 5.0134.1t 10.0189.4 15.0206.1 20.0221.0 
147 1 4 5 5 36.5 3.0111.1 5.0132.1 10.0174. 8 15.0208.1 20.024 7.2 
148 1 4 5 4 12.3 3.0 85.4 5.0 90.0 10.0139.8 15.0158.4 
149 1 4 5 5 23.4 1.0 66.8 3.0 97.1 5.0116.9 10.0157.1 15.0181.1 
150 1 4 5 5 25.9 1.0 46.4 3.0 61.9 5.0 65.9 10.0110.8 15.0124.7 
165 1 4 5 5 33.3 3.0107.2 5.0127.9 10.0166.3 15.0185.8 20.0244.2 
175 1 4 5 5 19.9 3.0 97.4 5.0110.2 10.0141.8 15.0185.5 20.0223.2 
176 1 4 5 5 8. 8 3.0 68.3 s.o 71.3 10.0 71.9 15.0 97.1 20.0i31.9 
187 1 4 5 5 35.2 3.0133.0 5.0141.8 10.0183.5 15.0220.6 20.0263.1 
196 l 4 5 4 21.6 3.0 87.8 5.0101.6 10.0129.2 15.0156.3 
209 1 4 5 4 51.4 5.0144.0 10.0214.7 15.0257.9 20.0272.4 
210 1 4 5 5 31. 3 3.0 93.7 5.0102.5 10.0160.2 15.0208.3 20.0221.3 
217 1 4 5 5 42.8 3.0120.5 5.0156.3 10.'0202.6 15.0223.7 20.0260.3 
219 1 4 5 5 36.3 3.0 95.6 5.0126.9 10.0155.2 15.0209.1 20.0263.4 
221 1 4 5 5 28.7 3.0108.0 5.0128.2 10.0162.7 15.0190.6 20.0218.3 
222 1 4 5 5 15.5 3.0 84.0 5.0 91.0 10.0130.2 15.0158.3 20.0248.3 
227 1 4 5 4 43.4 3.0 95.9 5.0146.0 10.0182.6 15.0227.8 
267 1 4 5 5 24.5 3.0 91.5 5.0108.2 10.0139.7 15.0153.0 20.0230.4 
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268 1 4 5 5 14.8 1.o\11 .. 1 5.0 80.3 10.0107.8 l5e0148e6 zo .. oun.3 269 1 It 5 It 49.8 ·3.0103.0 5.0117.0 10.0153.0 15.0206.7 271 1 It 5 5 26.2 3.0 39.2 5.0119.0 10.0149. i 15.0180.8 20.0245.6 272 1 It 5 5 16.6 3e0 78.1 5.0 91.4 10.0127.3 15.0129.8 20 .. 0184. 7 252 1 5 5 5 15.7 3 .. 0 39.6 s .. o 48.9 1o.o n.a 15.0 96 .. 2 20.,01.22 .. 7 45 2 2 5 4 32.9 5.0 56 .. 4 10.0 92.6 15.0116.6 20.0139.9 70 3 1 2 4 46.0 5 .. 0 67.6 10.0 77.9 15.0102.2 20.0109.4 146 3 1 3 4138.5 3.0155.7 5.0179.3 10.0190.2 15.0194.7 49 3 1 It 5 75.6 3.0104.2 5.0147.1 10.0152.1 15.0171.0 20.0176.5 61 3 1 It It 16.8 5.0 65.4 10.0 95.7 15.0107.1 20.0132.8 82 3 1 4 4 16.2 5.0 33.7 10.0 54.5 15.0 71.7 zo.o 83.7 113 3 1 4 • 4133.2 3.0156.0 5.0170.5 10.0202.5 15.0220.4 114 3 1 It 4113.5 3.0136.9 s.ouz.s 10.0166.3 u.one.1 41 3 1 5 5143.9 3.0160.5 5.0155.6 10.0160.6 Ue0190.9 20.0206.7 !1 3 1 5 4161. 2 3.0187.1t 5e0191t.O 10.0202.0 15.0207.8 59 3 l 5 4 45.9 3.0 92.5 5.0109.1 to.oua.o Ue0160e4 13 3 1 5 4 55.6 5.0 91.9 10.0132.1 15.0183.0 !0.019?.0 75 3 1 5 4 95.5 s.0178e6 10.0276.5 15 .• 0267.0 zo.ozn.e. 78 3 1 5 5139.3 3.0181.3 s.0176.1t 10.0271.0 15.0278.!5 20 .. 0297.5 107 3 1 5 5 66.3 3.0117.5 s.o 99.6 10.0116.9 u.ons.~ 20.01~6.1 115 3 1 5 5 32.9 3.0 63.5 5.0 81.4 10.0109,.0 u.on1.5 ;20.,0156./t 116 3 1 5 5 40.5 3.0 75.3 5.0 91.6 10.0!G6.9 u.ot.tt2.5 20.0161.1 43 3 2 It 4108.7 5.0133.2 10.0165.0 UeOll •• l 20.0191.3 
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A.4 Output of 273 Example Problems 
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SOIL STAB SB PI STD. 
NO. CODE CODE CODE u T c ERROR 

100 1 1 1 5. 2 4.4 1.017 0.045 
5.2 4.2 1.000 0.849 

145 1 1 1 2.7 0.2 0.526 0.044 
166 1 1 1 5.3 0.3 0.448 0.039 
167 1 1 l 3.9 0.3 0.484 0.055 

11 1 1 2 5.2 0.3 0.386 0.166 
16 1 1 2 4.6 1.1 0.675 0.031 
39 1 1 2 7.4 0.5 0.383 0.023 
96 1 1 2 3.7 1.6 0.826 0.036 

130 1 1 2 9.7 1.1 0.476 0.042 
132 .1 1 2 6.5 1.3 0.651 0.065 
137 1 1 2 9.0 0.6 0.416 0.022 
140 1 1 2 6.3 0.4 0.433 0.034 
159 1 1 2 5.5 0.3 0.374 0.172 
162 1 1 2 5.3 0.3 0.426 0.045 
163 1 1 2 3.1 o.z 0.500 0.018 
169 1 1 2 5.5 0.3 0.422 0.065 
186 1 1 2 2.3 0.3 0.594 0.027 
195 1 1 2 4.1 0.6 0.613 0.025 
205 1 1 2 4.4 0.3 0.463 0.052 
220 1 1 2 8.3 1.6 0.547 0.155 
225 1 1 2 8.8 1.3 0.516 0.048 
229 1 1 2 10.1 2.7 0.656 0.077 
230 1 1 2 9.4 0.6 0.374 0.131 
237 1 1 2 8.1 1.4 0.572 0.053 
239 1 1 2 8.3 0.3 0.328 0.055 
244 1 1 2 6.5 1. 7 0.666 0.027 
2b3 1 1 2 5.2 0.3 0.444 0.037 

3 1 1 3 4.4 2.1 0.812 0.006 
. 12 1 1 3 5.6 1.5 0.670 0.024 
13 1 1 3 9.2 3.3 0.674 0.025 
14 1 1 3 9.1 1.6 o. 520 0.026 
24 1 1 3 14.4 1.9 0.597 0.027 
48 1 1 3 3.9 2.4 0.987 0.022 
11 1 1 3 4.2 o.8 0.6,56 0.075 
98 1 1 3 3.7 1.9 0.815 0.064 

119 1 1 3 4.0 0.6 0.629 0.027 
121 1 1 3 3.9 0.9 0.709 0.023 
122 1 1 3 6.9 0.6 0.505 0.037 
126 1 1 3 7.8 1.2 0.550 0.018 
133 1 1 3 11.0 0.6 0.393 0.059 
136 1 1 3 10.2 o.8 0.445 0.052 
138 1 1 3 11.1 0.8 0.425 0.043 
139 1 1 3 7.8 0.8 0.466 0.076 
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SOIL STAB SB PI s ro. 
NO. COUE CODE CODE u T c ERROR 

141 1 l 3 5.8 0.5 0.474 0 .. 059 
151 1 1 3 6.9 1.1 !).549 0.034 
152 1 1 3 7.8 2.4 0.737 0.022 
153 1 1 .3 1.2 0.1 0.322 0.144 
154 1 1 3 4.4 0.2 0.441 0.039 
156 1 1 3 10.1 0.3 0.350 0.034 
158 1 1 3 3.8 0.4 0.584 0.034 
161 1 1 3 5.7 0.2 0.398 0.048 
168 1 t 3 6.3 o.s 0 .. 460 o.o5a 
170 1 1 3 8.6 0.3 0.347 0.038 
180 1 l 3 5.1 1·3 o. 707 0.138 
ld5 l 1 3 6.5 0.2 0.361 0.032 
191 1 1 3 11.1 0.1 0.230 0.040 
197 1 1 3 9.3 0.4 0.384 0.041 
19R 1 1 3 11.8 0.5 0.344 0.033 
199 1 1 3 5.1 0.2 0.411 0.023 
?·JO 1 1 3 12.1 1.6 0.532 0.023 
z;H l 1 3 11.1 0.4 0.369 0.113 
202 1 1 3 10.2 0.3 0.331 0.030 
?06 1 1 3 10.6 0.6 0.401 0.024 
207 1 1 3 7.5 0.3 0.393 0.151 
?. 2 3 1 1 3 10.3 1.8 0.531 0.053 
2?4 . 1 1 3 9.0 1.0 0.473 0.059 
232 1 l 3 11.1 0.5 0.364 0.029 
2:~4 1 1 3 11.4 0.9 0.451 0.073 
235 1 1 3 10.4 2.4 0.681 0.028 
2J6 1 1 3 5.8 3.6 0.972 0.120 
218 1 1 3 5.6 0.3 0.434 0.038 
241 1 1 3 8.1 0.4 0.388 0.104 
242 1 1 3 7. 1 1.2 o. 540 0.056 
245 1 1 3 8.0 1.0 0.509 0.051 
2 51) 1 1 3 11.4 0.3 0.309 0.042 
251 1 1 3 14.2 0.4 0.298 0.045 
253 1 1 3 lj.3 0.5 0.352 0.012 
255 1 1 3 5.6 1.0 0.582 0.057 
257 1 1 3 6.0 1. 1 0.652 0.018 
258 1 1 3 c;.o 0.4 0.511 0.076 
2 '>9 1 1 3 4.6 0.1 0.370 0.066 
261 1 1 3 5.0 0.2 0.410 0.121 

4 1 1 4 4.1 0.9 0.707 0.018 
17 l 1 4 4.5 0.3 0.791 0.005 
18 1 1 4 17.8 4.7 0.653 0.029 
19 1 1 4 8.6 3.2 0.755 0.035 
23 1 l 4 2.8 0.5 0.721 0.019 

61 



SOIL STAB SB PI STD. 
NO. CODE CODE cooe u T c ERROR 

25 1 1 4 5.0 0.9 0.613 0.032 
26 1 1 4 11.1 2.3 0.605 0.039 
'•0 1 1 4 8.3 2.2 0.690 0.071 
50 1 1 4 3.8 1.3 0.749 0.033 
74 1 1 4 7.6 0.1 0.353 0.057 
79 - 1 1 4 3.5 0.1 0.485 0.141 
80 1 1 4 11.6 4.2 0.783 0.034 
81 1 1 4 9.2 5.6 0.940 0.054 
86 1 1 .· 4 8.1 4.3 0.910 0.010 
94 1 1 4 14.5 3.2 0.773 0.070 
97 1 1 4 7.4 8.9 1.436 0.071 

7.4 4.8 1.000 1.562 
134 1 l 4 13.7 0.1 0.;289 0.033 
155 1 1 4 13.3 0.3 0.316 0.048 
171 1 l 4 9.2 0.3 0.403 0.031 
172 1 1 4 8.7 0.4 0.413 0.049 
173 1 1 4 5.2 0.3 0.447 0.035 
174 1 1 4 9.6 0.6 0.450 0.027 
177 1 1 4 13.4 0.3 0.416 0.068 
178 1 1 4 7.6 0.4 0.399 0.049 
181 1 1 4 14.2 2.0 0.564 0.105 
182 1 1 4 12.6 0.4 0.501 0.031 
184 1 1 4 15.9 0.2 0.346 0.038 
208 1 1 4 15.7 0.3 0.418 0.054 
240 1 1 4 11.8 0.3 0.321 0.053 
249 1 1 4 17.8 0.1 0.230 0.061 
254 1 1 4 19.8 4.1 0.859 0.173 
256 1 1 4 19.1 0.6 0.366 0.031 
260 1 1 4 5.4 0.6 0.509 0.055 
262 1 1 4 17.2 0.8 0.42'5 0.066 

8 1 1 5 s.a 0.7 0.786 0.013 
20 1 1 5 6.6 7.5 1.350 0.083 

6.6 4.4 1.000 1.782 
21 1 1 5 12.1 0.5 0.627 0.019 
46 1 1 5 149.2 61.0 2.639 0.114 

149.2 18.2 1.000 24.878 
52 l 1 5 7.8 0.6 0.749 0.037 
58 1 1 5 5.5 0.5 0.518 0.018 
63 1 1 5 9.4 1.1 0.907 0.018 
65 1 1 5 5.0 o.8 0.966 0.027 
66 1 1 5 9.2 1.0 0.766 0.034 
72 1 1 5 14.1 1.1 0.774 0.015 
83 1 1 5 23.9 1.8 0.735 0.048 

118 1 1 5 18.6 0.7 0.588 0.026 
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SOIL STAR SB PI sro. 
NO. CODE CODE CODE u T c FRROR 

120 1 1 5 28. 1 61.0 5.215 0.553 
28.1 6.4 1.000 25. 388 

123 l 1 5 14.3 0.5 0.606 0.037 
125 1 1 5 24.0 1.0 1') .. 503 0.034 
157 1 l 5 21.0 0.4 0.398 0.095 
160 1 1 5 16.3 0.5 0.489 0.049 
179 1 1 5 12 .a o.a 0.674 0.235 
183 1 1 5 6.3 0.2 0.632 0.064 
188 1 1 5 9.7 0.2 o. 550 0.038 
214 1 1 5 13.5 0.4 0.485 0.034 
215 l 1 5 11.2 0.2 0.517 0.009 
218 1 1 5 17.4 0.2 0.401 0.049 
246 1 1 5 14.3 0.1 0.315 0.078 
266 1 1 5 11.2 o.a 0.652 0.072 
270 1 1 5 5.7 0.4 0.694 0.083 

54 1 2 3 7.6 o.a 0.704 0.024 
124 1 2 3 4.4 0.1 0.357 0.050 
127 1 2 3 6.2 0.4 0.441 0.068 
131 1 2 3 13.8 0.7 0.337 0.031 
203 1 2 3 12.1 0.7 0.439 0.048 
204 1 2 3 11.1 0.3 0.400 0.053 
233 1 2 3 7.1 0.9 0.542 0.059 
243 1 2 3 9.1 0.1 0.294 0.101 
248 1 2 3 6.0 0.1 0.362 0.064 

1 1 2 4 11.9 0.9 0.768 0.033 
28 1 2 4 17.9 1.5 0.689 0.047 
42 1 2 4 2.8 0.9 0.786 0.068 
47 1 2 4 12.1 0.7 0.623 0.034 
53 1 2 4 24.2 0.9 o. 556 0.050 
62 1 2 4 15.0 0.8 0.526 0~071 
67 1 2 4 19.0 1.1 0.578 0.015 
76 1 2 4 13.5 1.0 0.555 0.062 
99 1 2 4 18.1 1.4 0.567 0.027 

189 1 2 4 18.9 0.1 0.358 0.023 
19.3 1 2 4 5.9 0.1 0.471 0.104 
273 1 2 4 22.6 0.3 o. 339 0.046 

2 1 2 5 11.5 1.2 0.849 0.037 
9 1 2 5 17.0 0.6 0.605 0.057 

27 1 2 5 19.2 0.4 0.344 0.131 
30 1 2 5 13.8 0.7 0.573 0.041 
31 1 2 5 18. 1 0.9 0.649 0.034 
44 1 2 5 6.5 0.6 0.798 0.022 
91 1 2 5 7.8 3.2 0.758 0.068 

143 1 2 5 19. 1 0.1 0. 351 0.066 
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SOIL STAB SB PI STD. 
NO. CODE CODE CODE u T c fRROR 

190 1 2 5 27.3 0.4 0.431 0.043 
247 1 2 5 4.4 0.3 0.713 0.071 

7 1 3 3 4.8 0.9 0.757 0.027 
33 1 3 . 3 7.1 0.2 0.556 0.067 
57 1 3 3 11.0 1.2 0.813 0.032 

213 1 3 3 9.3 o.l 0.466 0.198 
228 1 3 3 11.7 0.7 0.395 0.088 

32 1 3 4 10.7 1.0 0.780 0.013 
34 l 3 4 7.5 0.4 0.615 0.051 
37 1 3 4 17.6 0.9 0.579 0.031 
55 1 3 4 9.0 0.5 0.721 0.047 

135 1 3 4 11.9 0.1 0.401 0.055 
144 1 3 4 10.3 0.2 0.518 0.138 

5 1 3 5 19.2 0.5 0.498 0.023 
6 1 3 5 4.9 0.2 0.633 0.030 

10 1 3 5 7.9 2.2 1.169 0.098 
7.9 1.5 1.000 3.227 

35 1 3 5 23.2 0.8 0.666 0.058 
36 1 3 5 21.1 1.4 0.734 0.037 
38 1 3 5 4.9 2.5 0.853 0.037 
56 1 .3 5 7.2 0.4 0.664 0.053 
60 1 3 5 25.7 1.0 0.589 0.049 
64 1 3 5 31.4 1.3 0.583 0.011 
68 1 3 5 24.9 1.3 0.618 0.022 
69 1 3 5 22.2 0.7 0.609 0.069 
71 1 3 5 23.7 0.9 0.618 0.036 
87 1 3 5 52.6 2.9 0.665 0.045 
95 1 3 5 12.2 o.8 0.746 0.023 

101 1 3 5 43.3 1.8 0.599 0.060 
104 1 3 5 37.8 0.3 0.386 0.172 
105 1 3 5 47.3 2.0 0.677 0.039 
106 1 3 5 58.9 3.4 0.748 0.045 
164 l 3 5 38.9 0.1 0.318 0.040 
212 1 3 5 20.0 0.2 0.450 0.068 
216 1 3 5 22.3 0.1 0.383 0.054 
265 1 3 5 27.4 0.6 0.556 0.119 
192 1 4 1 13.5 0.1 0.594 0.134 
231 1 4 1 52.6 0.2 0.345 0.059 

22 l 4 3 7.7 0.4 0.653 0.048 
15 1 4 4 11.2 0.5 0.685 0.026 
qz 1 4 4 59.5 1.3 o.soo 0.082 

109 1 4 4 16.3 0.2 0.533 0.046 
111 1 4 4 22.0 0.2 o. 503 0.083 
142 1 4 4 16.7 0.2 0.505 0.042 
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SOIL STAH SB PI STD. 
N.J. CODE CODE CODE u T c ERROR 

194 1 4 4 22.3 0.1 0.383 0.044 
211 1 4 4 189.5 1.3 o. 306 0.094 
226 1 4 4 21.8 0.5 0.539 0.067 
264 1 4 4 20.5 0.2 0.423 0.039 

29 1 4 5 8.2 0.8 0.857 0.062 
84 1 4 5 28.0 0.8 0.582 0.052 
85 1 4 5 1q.o 2.0 0.894 0.061 
88 1 '• 5 12.7 4.8 0.789 0.064 
B9 1 4 5 56.6 3.4 0.766 0.022 
90 1 4 5 46.0 1.2 0.545 0.018 
93 1 4 5 49.0 1.0 0.511 0.048 

102 1 4 5 74.9 o.a 0.392 0.036 
103 1 4 5 43.0 2.2 0.745 0.060 
108 1 4 5 37.0 0.6 0.521 0.070 
110 1 4 5 55.4 0.3 0.355 0.036 
112 1 4 5 39.6 0.1 o. 318 0.034 
117 1 4 5 59.7 0.3 0.365 0.013 
128 1 4 5 18.8 0.2 0.540 0.049 
129 1 4 5 25.5 0.1 0.426 0.074 
147 1 4 5 36.5 0.3 0.449 0.024 
148 1 4 ') 12.3 0.1 o. 524 0.086 
149 1 4 5 23.4 0.1 0.414 0.030 
150 1 4 5 25.9 0.5 0.454 o.oe5 
165 1 4 5 33.3 0.2 0.414 0.051 
175 1 4 5 19.9 o.t 0.445 0.057 
176 1 4 5 8.8 0.1 0.509 0.192 
187 1 4 5 35.2 0.1 0.369 0.051 
196 1 4 5 21.6 0.1 0.395 0.029 
209 1 4 5 51.4 0.7 0.507 .0.042 
210 1 4 5 31.3 0.5 0.534 o.058 
217 1 4 5 42.8 0.2 0.388 0.030 
219 1 4 5 36.3 0.6 0.541 0.058 
221 1 4 5 28.7 0.1 0.380 0.015 
222 1 4 5 15.5 0.2 0.565 0.120 
221 1 4 5 43.4 o.8 0.559 0.067 
267 1 4 5 24.5 0.2 0.456 0.095 
268 1 4 5 14.8 0.1 0.455 0.090 
269 1 4 5 49.8 1.0 0.494 0.049 
271 1 4 5 26.2 2.6 1.044 0.255 

26.2 2.3 1.000 20.696 
212 1 4 5 16.6 0.1 0.438 0.077 
252 1 5 5 15.7 1.2 0.703 0.036 

45 2 2 5 32.9 6.8 1.074 0.044 
32.9 6.0 t.ooo 3.473 
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SOIL STAB SB PI STD. 
NO. CODE CODE CODE u T c fRROR 

10 3 1 2 46.0 6.4 0.622 0.041 
146 3 1 3 138.5 1.7 0.156 0.032 

49 3 1 4 75.6 o.8 0.274 0.077 
61 3 1 4 16.8 0.4 0.522 0.034 
82 3 l 4 16.2 3.8 0.912 0.033 

113 3 1 4 133.2 6.0 0.409 0.011 
114 3 1 4 113.5 7.1 0.405 0.040 

41 3 1 . 5 143.9 61.0 1.204 0.042 
143.9 49.3 t.ooo 7.151 

51 3 1 5 161.2 0.3 0.064 0.002 
59 3 1 5 45.9 0.5 0.363 0.004 
73 3 1 5 55.6 6,7 0.949 0.047 
75 3 1 5 95.5 o.8 0.353 0.085 
78 3 1 5 139.3 4.7 0.480 0.076 

107 3 1 5 66.3 0.2 0.161 0.085 
115 3 1 5 32.9. 1.3 0.560 0.015 
116 3 1 5 40.5 1.2 0.479 0.051 

43 3 2 4 108.7 6.6 0.408 0.025 

. i~ 
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APPENDIX B 

OUTPUT OF TWO EXAMPLE FOR FPS-BISTRO 
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B.l Output of Problem No. 1 
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TEXAS HIGHWAY DEPARTMENT 
FPS • tllniO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

PROB DISTe COUNTY CONT. SECT. HIGHWAY DATE IPE PAGE 
1 2 3210 12 SH360 03/01172 152 1 ................................................................................ 

COMMENTS ABOUT THIS PROBLEM 

................................................................................ 
BASIC DESIGN CRITERIA 

~···················· 
LENGTH OF THE ANALYSIS PERIOD CYEARSt 
MINIMUM TIME TO FIRST OVERLAY (YEARSI 
MINIMUM TIME BETWEEN OVERLAYS CYEARSt 
MINiMUM SERVICEABILITY INDEX P2 
DESIGN CONFIDENCE LEVEL 
INTEREST RATE OR TIME VALUE OF MONEY (PERCENT) 

PROGRAM CONTROLS AND CONSTRAINTS 
•••••••••••••••••••••••••••••••• 

NUMBER OF SUMMARY OUTPUT PAGES DESIRED ( 8 OESI GNS/PAGE) 
READ IN DATA OF TWENTY-FIVE BASIC DESIGNS. 
ACCURACY LEVEL FOR ANALYSIS OF LINEAR ELASTICITY 
MAX FUNDS AVAILABLE PER SQ. YD. FOR INITIAl DESIGN (DOllARS) 

20.0 
3.0 
3.0 
3.0 
0 
6.0 

3 

MAXIMUM ALLOWED THICKNESS OF INITIAL CONSTRUCTION CINCHES) 
ACCUMULATED MAX DEPTH OF All OVERLAYS CINCHES) (EXCLUDING LEVEL-UPt 

EXELLANT 
4.00 

16.0 
s.o 

TIUFF IC DATA 
•••••••••••• 

ADT AT BEGINNING OF ANALYSIS PERIOD (VEHICLES/DAY) 
AOT AT END OF TWENTY YEARS (VEHICLES/DAY) 
ONE-DIRECTI0\1 20.-YEAR ACCUMULATED NO. OF EQUIVALENT 18-KSA 
AVERAGE APPROACH SPEED TO THE OVERLAY ZONECMPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE (OVERLAY DIRECTION) CMPHI 
AVERAGE SPEED :THROUGH OVERLAY ZONE (NON-OVERLAY DIRECTION) CMPH) 
PROPORTION OF ADT ARRIVING EACH HOUR OF CONSTRUCTION CPERCENTI 
PERCENT TRUCKS IN ADT 

ENVIRONMENT AND SUBGRADE 
•••••••••••••••••••••••• 

DISTRICT TEMPERATURE CONSTANT 
SWELLING PROBABILI TV . 
POTENTIAL VERTICAL RISE CINCHESJ 
SWELLING RATE CONSTANT 
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10000. 
20000. 

5000000. 
60.0 
30.0 
60.0 
5.5 
s.o 

22.0 
0.90 
4.00 
o.to 



TEXAS HIGHWAY DEPARTMENT 
F P S - B'tSTRO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

PROB 
1 

01 ST. 
2 

COUNTY CONT. SECT. 
3210 12 

HIGHWAY 
SH360 

INPUT DATA CONTINUED 

CONSTRUCTION AND MAINTENANCE DATA 
••••••••••••••••••••••••••••••••• 

SERVICEABILITY INDEX OF THE INITIAL STRUCTURE 
SERVICEABILITY INDEX P1 AFTER AN OVERLAY 
MINIMUM OVERLAY THICKNESS CINCHES) 
OVERLAY CONSTRUCTION TIME (HOURS/DAY) 
ASPHALTIC CONCPETE COMPACTED DENSITY CTONS/C.Y.) 
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR) 
WIDTH OF EACH LANE (FEET) 

DATE 
03/01/72 

FIRST YEAR COST OF ROUTINE MAINTENANCE CDOLLARS/LANE-MILEt 

IPE 
152 

ANNUAL INCREME.NTAL INCREASE IN MAINTENANCE COST (OOLLARS/LANE-MI LE J 

DETOUR DESIGN FOR OVERLAYS 
•••••••••••••••••••••••••• 

PAGE 
2 

4.2 
4.2 
2.0 

10.0 
1. 80 

7'5.0 
12.0 
50.00 
20.00 

TRAFFIC MODEL USED DURING OVERLAYING 3 
TOTAL NUMBER OF LANES OF THE FACILITY 4 
NUMBER OF OPEN LANES IN RESTRICTED ZONE COVERLAY DIRECTION) l 
NUMBER OF OPEN LANES IN RESTRICTED ZONE CNON-OVERLAY DIRECTIONJ 2 
DISTANCE TRAFFIC IS SLOWED (OVERLAY DIRECTION) (MILES) 0.50 
DISTANCE TRAFFIC IS SLOWED CNON-Dvi::RLAY DIRECTION) (MILESt o.sn 
DETOUR DISTANCE AROUND THE OVERLAY ZONE CHILES) 0.0 

MATERIALS INFORMATION 
••••••••••••••••••••• 

MATERIALS COST MIN. MAX. SALVAGE, 
LAYER CODE NAME PER CY DEPTH DEPTH PCT • 

1 A ASPHALTIC CONCRETE 13.00 1.00 a.oo 25.;00 
2 B . BLACK BASE 11.00 4.00 20.00 70.00 

MATERIALS ELASTIC POISSON TEXAS TR lAX IAL TEST 
LAVER CODE NAME MODULUS RATIO u T c 

1 A ASPHALTIC CONCRETE 240000. 0.50 200.0 40.0 0.800 
2 B BLACK BASE 150000. 0.50 120e0 30.0 0.80(1 

SUB GRADE 24000. o. 50 16.0 4.1) 0.600 
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TEXAS HIGHWAY DEPARTMENT 
FPS - BISTRO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

PROB DIST. COUNTY CONT. SECT • HIGHWAY DATE IPE PAGE 
1 2 3210 12 SH360 03/01/72 152 3 

25 BASIC DESIGNS CALCULATED BY LINEAR ElASTIC PROGRAM BISTRO 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NO OCll 0(2) SCI DEPTH LAYER SIGMAl SIGMA3 !:PSLNl EPSLN3 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

1 1.0 4.0 o. 32 3 
1.0 1 -0.721E 02 -0.781E 02 o. 239E-04 -O.l37E-04 
leO 2 -0.728E 02 -0.778E 02 0. 317E-04 -0.179E-04 
s.o 2 o.854E 02 -o. 252E 02 0.417E-03 -0.689E-03 
5.0 3 -0.747E 01 -0.253E 02 0.417E-03 -0.701E-03 

2 2.0 4.0 0.268 
2.0 1 -O.l70E 02 -0.663E 02 O.l06E-03 -o. 203E-03 
2.0 2 -0.354E 02 -0.665E 02 o.1o6E-03 -0.206E-03 
6.0 2 0.705E 02 -0.198E 02 o. 342E-03 -0.56(\E-03 
6.0 3 -0.529E 01 -0.200E 02 o.342E-03 -(\.575E-03 

3 4.0 4.0 0.186 
4.0 1 o.223e 02 -0.420E 02 o.146E-03 -0.256E-03 
4.0 2 -0.164E 01 -0.422E 02 o. 146E-o3 -0.260E-03 
a.o 2 0.488E 02 -0.130E 02 o. 234E-03 -0.383E-03 
8.0 3 -0.306E 01 -O.l32E 02 0.234E-03 -0.399E-03 

4 8.0 4.0 0.104 
a.o 1 o.244E 02 -0.173E 02 0.965E-04 -O.l64E-03 
a.o 2 0.894E 01 -0.176E 02 0.965E-04 -O.l68E-03 

12.0 2 0.272E 02 -0.684E 01 o.121e-o3 -0.214E-03 
12.0 3 -0.136E 01 -0.699E 01 o.127E-03 -l'.224E-03 

5 16.0 4.0 0.061 
16.0 l 0.139E 02 -0.530E 01 0.432E-D4 -0.765E-04 
16.0 2 0.676E 01 -0.543E 01 Oo432E-04 -0.787E-04 
zo.o 2 0.121E 02 -0.288 E 01 o.540E-04 -0.962E-04 
20.(1 3 -0.470E 00 -0.294E 01 O. 540E-04 -0.100E-03 

6 1.0 a.o 0.172 
1.0 1 -0.663E 02 -0.793E 02 0.314E-04 -0.502E-04 
1.0 2 -0.708E 02 -0.795E 02 0.343E-04 -0.531E-04 
9.0 2 0.456E 02 -O.ll9E 02 Oe218E-03 -0.357E-03 
9 •. 0 3 -0.268E 01 -O.l21E 02 0.218E-03·-o.371E-03 

7 2.0 a.o 0.155 
2.0 1 -0.241E 02 -o.n2e 02 O.l02E-03 -O.l93E-03 
2.0 2 -0.417E 02 -o. 713E 02 O.l02E-03 -0.195E-03 

10.0 2 0. 394E 02 -O.lOlE 02 0.187E-03 -0.307E-03 
10.0 3 -0.215E 01 -o. i03E 02 "•187E-03 -0.321E-03 

8 4.0 a.o 0.125 
4.0 1 O.B90E 01 -0.472E 02 0.127E-D3 -0.223E-03 
4.0 2 -O.l20E 02 -0.474E 02 0.127E-03 -0.227E-03 

12.0 2 0.298E 02 -0.747E 01 o.t40E-03 "':'<'.233E-Cn 
12.0 3 -0.148E 01 -0.764E 01 0.140E-03 -0.245E-03 

9 R.O s.o 0.084 
a.o 1 O.l42E 02 -0.207E 02 O. 814E-04 -O.l36E-03 
s.o 2 o.t31E 01 -0.210E 02 'l.814E-04 -0.142E-03 

16.0 2 0.187E 02 -0.455E 01 0.852E-04 -0.147E-03 
16.0 3 -O.B16E 00 -0.465E 01 0.852E-04 -O.l54E-03 

***************************************•••···································· 
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TEXAS HIGHWAY DEPARTMENT 
FPS - BISTRO 

FlEXIBLE PAVEMENT DESIGN USING LINEAR ELASTIC lTV 

PROB DIST. COUNTY CONT. SECT. HIGHWAY DATE IPE PAGE 1 2 3210 12 SH360 03/01/72 152 4 

25 BASIC DESIGNS CALCULATED BY LINEAR ELASTIC PROGRAM BISTRO 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• NO 0(1) 0( 2, SCI DEPTH LAYER SIGMA1 S IGMA3 EPSLN1 EPSLN3 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 10 16.0 8.0 0.057 

16.0 1 Oo912E 01 -0.672E 01 0.359E-04 -0.631E-04 
16.0 2 0.330E 01 -0.690E 01 0.359E-04 -0.661E-04 
24.0 2 0.933E 01 -O.Zl9E 01 0.408E-04 -o. 744E-o4 
24.0 3 -0.337E 00 -0.222E 01 Oo408E-04 -o. 771E-04 

11 1.0 12.0 0.119 
1.0 1 -0.591E 02 -0.795E 02 0.431E-04 -0.843E-04 
1.0 2 -0.667E 02 ~c. 795E oz 0.431E-04 -0.849E-04 

13.0 2 0.278E 02 -0.695E 01 Oo130E-03 -0.217E-03 
13.0 3 -0.136E 01 -o. 111e 01 0.130E-03 -0.229E-03 12 2.0 12.0 0.115 
2.0 1 -0.214E 02 -0.720E 02 Ooll1E-03 -0.206E-03 
2.0 2 -0.403E 02 -0.721E 02 0.111E-t'3 -0.206E-03 

14.0 2 0.249E 02 -0.614E 01 Ooll6E-03 -0.195E-03 
14.0 3 -O.ll5E 01 -0.628E 01 Ool16E•03 -0.205E-03 13 4.0 12.0 0.101 
4.0 1 0.687E 01 -0.486E 02 0.127E-03 -0.220E-03 
4.0 2 -0.139E 02 -0.487E 02 Oe127E-03 -0.222E-03 

16.0 2 Ool01E 02 -0.488E 01 0.919E-~4 -O.l57E-03 
16.0 3 -o. B66E 00 •0.499E 01 0.919E~4 -O.l66E-03 14 s.o 12.0 0.074 
a.o 1 o.1oae 02 -o. 221e 02 0.779E-04 -~.128E-03 a.o 2 -O.ll7E 01 -o. 224E 02 · 0.779E-04 -0.132E-Ol 

20.0 2 0.136E 02 -0.325E 01 0.608E-04 -0.108E-03 
20.0 3 -0.543E 00 -0.332E 01 0.608E-04 -0.113E-03 15 16.0 12.0 0.055 
16.0 1 0.696E 01 -0.761E 01 0~333E-04 -0.578E-04 
16.0 2 0.162E Ol -0.779E 01 O. 333E-o4 -0.608E-04 
28.0 2 O. 737E 01 -0.172E 01 0.318E-O't -0.590E-04 
28.0 3 -0.259E 00 -O.l74E- 01 O. 318E-04 -0.608E-04 16 1.0 16.0 0.099 

1. 0 1 -0.534E 02 -0.796E 02 0.570E-04 ~0.107E-03 
1.0 2 -0.632E 02 -o. 796E 02 Oe570E-04 -0.107-E-03 

17.0 2 0.188E 02 -0.458E 01 0.859E-04 -O.l48E-03 
17.0 3 -0.822E 00 -o.468E 01 0.859E-04 -0.156E-03 17 2.0 16.0 c.o9e 

2.(1 1 -0.185E 02 -0.723E 02 . O.l19E-03 -0.217E-03 
2.0 2 -0.387E 02 -o. 723E 02 Oell9E-03 -0.218E-03 

18.0 2 O.l72E 02 -0.414E 01 o.7aoe-04 -O.l35E-03 
18.0 3 -0.715E 00 -G.424E 01 o.1aoe-04 -0.142E-03 18 4.0 16.0 0.090 
4.0 1 0.700E 01 -0.491E 02 0.128E-03 -o. 22 2e-o3 
4.0 2 -O.l40E 02 -0.492E 02 0.128E-03 -0.22 3E-03 

20.0 2 0.144E 02 -0.343E 01 0.646E-04 -O.ll4E-03 20.0 3 -0.566E 00 -o.351E 01 0.646E-04 -0.119E-03 
****************************************************************************** 
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PROB 
1 

DIST. 
2 

TEXAS HIGHWAY DEPARTMENT 
FPS - BISTRO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

COUNTY CONT. SECT. HIGHWAY DATE 
3210 12 SH360 03/01/72 

SUMMARY OF THE BEST DESIGN STRATEGIES 
IN ORDER OF INCREASING TOTAL COST 

IPE 
152 

PAGE 
7 

1 2 3 4 5 6 7 8 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
MATERIAL ARRANGEMENT A8 AB AB AB AB AB AS AB 
INIT. CONST. COST 3.90 3.97 3.93 4.00 3.92 3.87 3.94 3.90 
OVERLAY CONST. COST 1.65 1.68 1.63 1.68 1.91 2.15 1.87 2.13 
USER COST 0.09 0.09 0.09 0.09 0.11 0.12 0.11 0.12 
ROUTINf MAINT. COST 0.15 Oo15 0.15 Oe15 0.15 n.l4 0.15 0.14 
SALVAGE VALUE -0.67 -0.76 -0.65 -0.74 -0.82 -1.02 -0.80 -1.00 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TOTAL COST ~.13 5.14 5.15 5e19 5.26 5.26 5.27 5.29 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NUMBER OF LAYERS 2 2 2 2 2 2 2 2 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
LAYER DEPTH ( INCHESt 

DC1J 1.oo 5.5o 7.50 6.oo 4.5o 1.oo 5.oo 1.5o 
OC21 4.50 6.50 4.00 6.00 7.50 11.50 7.00 11.00 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NO.OF PERF. PER I ODS 4 4 4 4 4 5 4 5 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
PERF. TIMf CYEARSt 

TCU 3.9 3.7 4.1 3.9 3 •. 5 3.6 3.6 3.5 
T(2) 8.6 8.1 9.0 8.4 7.6 7.0 7.8 7.1 
T(.3) 14.5 13.7 15.0 14.1 13.6 11.2 13.3 11.4 
T(4) 21.2 20.2 21.8 20.8 20.5 16.4 20o4 16.8 
T( 5, 22.5 23.1 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
OVERLAY POLICYCINCHt 
(INCLUDING LEVEL-UPt 

0(1) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
0(2) 2.5 2.5 2·5 2.5 3.5 2.5 2.5 2.5 
OC'H 2.5 2.5 2.5 2.5 2.5 2.5 3o5 2.5 
0(4) 2.5 2.5 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
SWELLING CLAY LOSS 

(SERVICEABILITY t 
SCI U 
SCC21 
SCC3t 
SCC41 
SCC51 

0.39 
').30 
').23 
0.14 

0.38 
0.29 
0.23 
0.15 

0.41 
0.31 
0.22 
0.13 

0.39 
0.30 
0.23 
0.14 

0.36 
0.28 
0.25 
0.15 

0.36 
0.24 
0.20 
1).16 
0.11 

0.37 
n.29 
o. 23 
0.16 

o. 36 
0.25 
0.21 
0.16 
0.10 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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PROS 
1 

DfST. 
2 

TEXAS HIGHWAY DEPARTMENT 
FPS - BISTRO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

COUNTY CONT. SECT. HIGHWAY DATE 
3210 12 SH360 03/01/72 

SUMMARY OF THE BEST DESIGN STRATEGIES 
IN ORDER OF INCREASING TOTAL COST 

9 10 11 12 
•••••••••••••••••••••••••••••••••••••••••••••••••••• MATERIAL ARRANGEMENT AB AB AB AB 
INIT. CONST. COST 3.99 3.93 3.89 3.96 
OVERLAY CONST. COST 1.97 2.10 2.02 2.08 
USER COST 0.11 0.12 0.11 0.12 
ROUTINE MAINT. COST 0.15 0.14 0.15 0.14 
SALVAGE VALUE -0.92 -0.98 -0.84 -0.96 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
TOTAL COST 5.29 5.31 13.33 5.34 
•••••••••••••••••••••••••••••••••••••••••••••••••••• NUMBER OF LAYERS 2 2 2 2 
•••••••••••••••••••••••••••••••••••••••••••••••••••• LAYER DEPTH (INCHES) 

DC1) 3.00 2.00 4.00 2.50 
DC2J 9.5o 10.50 e.oo 1o.oo 

•••••••••••••••••••••••••••••••••••••••••••••••••••• NO.OF PERF.PERIODS 4 5 4 5 
•••••••••••••••••••••••••••••••••••••••••••••••••••• PERF. TIME (YEARS) 

Tf 1) 3.6 3.'3 3.5 3.5 
Tf2) 8.0 7.2 7.4 7.3 
Tf3J 13.6 11.7 13.3 12.0 
T(4) 20.2 17.3 20.1 17.8 
T(5) 23.8 24.5 

•••••••••••••••••••••••••••••••••••••••••••••••••••• ·OVERLAY POLICY( INCH) 
(INCLUDING LEVEL-UP) 

0(1) 3.5 2.5 2.5 2.5 
0(2) 2.5 2.5 3.5 2.5 
0(3) 2.;5 2.5 2.5 2.5 
0(4) 2.5 2.5 

•••••••••••••••••••••••••••••••••••••••••••••••••••• SWELl lNG ClAY LOSS 
( SER VICEAB IL lTY) 

SC(l) 0.36 0.36 0.35 0.36 
scc21 o.3o o.26 o.ze o.z1 
SCC3J 0.23 0.22 0.25 0.22 
SCC4J 0.15 0.16 0.16 0.16 
scc5t ~.10 o.1o 

•••••••••••••••••••••••••••••••••••••••••••••••••••• 

THE TOTAL NUMBER OF FEASlBLE DESIGNS CONSIDERED WAS 
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B.2 Output of Problem No. 2 
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PROS 
2 

DIST. 
2 

TEXAS HIGHWAY DEPARTMENT 
F PS - :6ISTRO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

COUNTY 
ABC 

CONTe SECT • 
3210 12 

HIGHWAY 
SH360 

DATE 
03/01172 

IPE 
152 

PAGE 
1 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
COMMENTS ABOUT THIS PROBLEM 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
AASIC DESIGN CR.ITERIA 
••••••••••••••••••••• 

lENGTH OF THE ANALYStS PERIOD CYFARS) 
MINIMUM TIME TO FIRST OVERLAY CYEARSt 
~INIMUM TIME BETWEEN OVERLAYS CYEARSJ 
MINIMUM SEPVICEABILJTY INDEX P2 
DE~IGN CONFIDENCE LEVEL 
INTEREST RATE OR TIME VALUE OF MONEY CPERCENTI 

PROGRAM CONTPOLS AND CONSTRAINTS 
•••••••••••••••••••••••••••••••• 

NUMBFR OF SUMMARY OUTPUT PAGES DESIRED ( 8 DESIGNS/PAGEt 
MAX FUNDS AVAILABLE PER so.vo. FOR INITIAL DESIGN (DOLLARS) 

zo.o 
3.0 
3.0 
3.0 
n 
6.0 

MAXIMUM ALLOWEC THICKNESS OF INITIAL CONSTRUCTION (INCHESt 
ACCU~ULATED ~AX DEPTH OF ALL OVERLAYS CINCHES) (EXCLUDING LEVfL-UPt 

3 
4.00 

22.0 
· a.o 

TI'.I.AH IC DATA 
•••••••••••• 

ADT AT BEGINNI~G OF ANALYSIS PERIOD (VEHICLES/DAY) 
ADT AT END OF TWENTY YEARS CVEHICLES/DAYt 
nNE-DIRECTION 20.-YEAR ACCUMULATED NO. OF EQUIVALENT 18-KSA 
AVFRAGF APPROACH SPFED TO THE OVERLAY ZONE(MPH) 
AVERAG~ SPfED THROUGH OVERLAY ZONE (OVERLAY DIRECTION) (MPHt 
AVERAGE SPEED THROUGH OVERLAY ZONE (NON-OVERLAY DIRECTION) CMPHt 
PROPORTION OF ADT ARRIVING EACH HOUR OF CONSTRUCTION (PERCENT) 
PFPI.FNT T0 UCKS IN AOT 

ENVIRO~MENT AND SUBGRADE 
•••••••••••••••••••••••• 

DISTPICT TEMPERATURE CONSTANT 
SWELLING P~OBABILITY 
PflTFNTIAL VERTICAL RISE (INCHESI 
SWELLING RATF CONSTANT 
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10000. 
20000. 

5000000. 
60.0 
30.0 
60.0 
s. 5 
8. 0 

22 .. 0 
0.90 
4.00 
0.10 



TEXAS HIGHWAY DEPARTMENT 
FPS - BISTRO 

FLEXIBLE PAVEMENT DESIGN USING LINEAR ELASTICITY 

PROB 
2 

OIST. 
2 

COUNTY 
ABC 

CONT • SECT • 
3210 12 

HIGHWAY 
SH360 

INPUT DATA CONTINUED 

CONSTRUCTION A~O MAINTENANCE DATA 
••••••••••••••••••••••••••••••••• 

SFRVICEABILlTY INDEX OF THE INITIAL STRUCTURE 
SERVICFABILITY INDEX P1 AFTER AN OVERLAY 
MlNIMUM OVfRLAY tHICKNESS CINCHES) 
OVERLAY CONSTRUCTION TIME (HOURS/DAYI 
ASPHALTIC CONCRETE COMPACTED DENSITY CTONS/C.Y.I 
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOURI 
wiDTH OF EACH LANE (FEET) 

DATE 
03/01/72 

FIPST YEAR COST OF ROUTINE MAINTENANCE CDOlLARS/LANE-MILEt 

I PE 
152 

ANNUAL INCREMENTAL INCREASE IN MAINTENANCE COST lDOLlARS/LANE-MILEt 

DETOUR DESIGN FOR OVERLAYS 
•••••••••••••••••••••••••• 

PAGE 
2 

4.2 
4.2 
z.o 

10.0 
1. 80 

745.0 
u.o 
50.00 
20.00 

TRAFFIC MODEL USEO DURING OVE~LAYING 3 
TOTAL NU~BEP OF LANES OF THE FACILITY 4 
NUMBfR OF OPEN LANES IN RESTRICTED ZONE (OVERLAY OtRECTIONI 1 
NUM BEP ·oF OPC:N LANES IN REST~ I CTED ZONE (NON-OVERLAY DIRECT ION I 2 
01 STANCE TRAFFIC IS SLOWED (OVERLAY OIRECTIONt HHLES I o. 50 
OISTANCF TPAFFIC IS SLOWED CNON-DVERLAY DIREi:HONI CHILESI 0.50 
OET11UR DISTANCE AROUND THE OVERLAY ZONF (MILES) OeO 

MATERIAL~ INFORMATION 
••••••••••••••••••••• 

MATfR I AL S COST MIN. MAX. SALVAGE, 
LAY!;R C'lDf NAME PER CY DEPTH DEPTH PCT. 

1 A ASPHALTIC CONCRETE 13.00 1.oo a.oo 2'ie00 
z· B C~USHED LIME STONE 4.00 4.00 zo.oo 70.00 

MATERIALS ELASTIC POISSON TEXAS TR lAX lAL TEST 
LAYER CODE NAME MODULUS RATIO u T c 

1 A ASPHALTIC CONCRETE 240000. 0.50 zoo.o 40.0 o.aoo 
2 R C~USHED LI~E STONE 150000. 0.50 110.0 15.0 0.400 

SUBGPAOE 24000. o. 50 16.0 4.0 0.600 
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PROA 
2 

OIST. 
2 

TEXAS HIGHWAY DEPARTMENT 
FPS - BISTRO 

FLEXIBLE P~VEMENT DESIGN USING LINEAR ELASTICITY 

COUNTY CONT. SECT. HIGHWAY DATE 
ABC 3210 12 SH360 03/01/72 

SUMMARY OF THE BEST DESIGN STRATEGIES 
IN OROFR OF INCREASING TOTAl COST 

9 10 11 12 13 14 

IPE 
152 

15 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
MATERIAL ARRANGEMENT AB AB AB AB AB AB AB 
INIT. CONST. COST 3.~7 3e60 3.79 3.61 3.81 3.62 4.00 
OVERLAY CONST. COST 1.31 1.26 1.06 1.26 1e06 1e26 le04 
USER cosT ~.o7 o.o1 o.o6 o.o7 o.o6 o.o7 o.o6 
•ouTINE MAINT. cast a.18 0.11 o.1a o.11 0.18 0.11 o.1a 
SALVAGE VALUF. -0.69 -0.65 -0.61 -0.62 -0.59 -Oe60 -0.58 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TOTAL COST 4.44 4e46 4e48 4e50 4e51 4.54 4e69 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NUMBER OF lAYERS 2 2 2 2 2 2 2 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
lAYER DEPTH (INCHESI 

D(U 4.50 s.so 6.50 6e00 7.00 6e50 e.oo 
0(21 17.50 14.50 13.00 13.00 11.50 11.50 10.00 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NOeOF PERF.PERIODS 3 3 . 3 3 3 3 3 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
PERF. TIME CVEARSI 

TCll s.a 5.9 6.2 -s.CJ 6.2 5.9 6.5 
TC21 12.6 12.3 12.9 12.3 13.0 12.4 13.6 
T(31 20e3 20.2 20e5 20e3 20e6 20.3 2le4 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
OVERLAY POLl CYC INCH I 
(INCLUDING LEVEL-UPI 

nu1 3.5 2.s 2.5 2.5 2.s 2.o; 2.s 
0(2t z.s 3.5 2.5 3.5 2.5 3.5 2.5 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
SWElliNG CLAY LOSS 

C SERVICEABIL lTV I 
$CC11 0.53 0.54 0.55 0.54 Oe56 Oe54 Oe58 
SC(2l 0.33 0.32 Oe32 Oe32 Oe32 0.32 Oe32 
SCC31 0.18 ·0.19 Oe18 0.19 Oel8 Oe19 Oel7 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

THE TOTAL NUMBER OF FEASIBLE CESIGNS CONSIDERED WAS 

85 

PAGE 
8 


