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PREFACE 

This report is one of a series 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 investigators and their staffs in three 

agencies -- The State Department of Highways and Public Transportation 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. 

DISCLAIMER 

The contents of this report reflect the views of the authors who are 

responsible for the facts and the accuracy of the data presented herein. The 

contents do not necessarily reflect the official views or policies of the 

Federal Highway Administration. This report does not constitute a standard, 

specification or regulation. Reference to specific makes or models of computer 

equipment is made for identification only and does not imply endorsement by the 

sponsors of this report. 
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ABSTRACT 

The effects of using the full pavement cross-section and a quantity-discount 

on the cost of the construction materials in the Texas Flexible Pavement Design 

System (FPS) are evaluated in this study. Including the shoulders in the 

pavement cross-section and the discounted materials cost does change the selection 

of the optimal design strategy of new construction. However, the effects are 

insignificant in overlay construction. A fairly general pavement cross-section 

model and four quantity-discount cost models have been integrated into the 

FPS computer program for use by the State Department of Highways and Public 

Transportation. In addition, a master pavement cross-section model (MPCS) has 

been devised and coded to calculate the area of any complicated pavement cross

section. The MPCS model provides the information to determine the minimum data 

requirement to precisely describe an in-service pavement cross-section for use 

in the pavement feedback data system. 

Key Words: Computer program, cross section, flexible pavements, optimal design 

strategy, quantity discount, systems analysis. 
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SUM~1ARY 

Purpose 

The principal purpose of. this study is to develop a fairly general pavement 

cross-section model and several typical quantity-discount cost models, and 

integrate these models into the Texas Flexible Pavement Design System (FPS). Also 

included in this:report·isthedevelopment of a master pavement cross-section 

mode;l whieh- is capab-le of calculating cross~sectional areas for any cross-section. 

Pavement Cross-Section Model 

A fairly genera 1 pavement cross-sect.ion model has been developed. Input 

data for this model are: (1) widths of pavement, shoulders and road sides; 

(2) thicknesses of pavement layers, shoulder.layers, fill material, overlay 

material and upgrade material and (3) side slopes. The model calculates the 

volumes of each of the pavement~ shoulder, fill, overlay and upgrade materials 

layers per unit length along the pavement centerline direction. This model has 

36 versatile features. 

Quantity~Discount Cost Model 

Construction material discounts are often offered for the purchase of 

larger quantities. Four discount models of unit construc_tion material cost 

have been developed: constant cost, .log-log relation of cost to layer thick

ness, log-arithmetic, and linear. Usage of the quantity-discount model can be 

divided into two stages.. In the first stage, unit costs at maximum and 

minimum thickness are input to the.model. These data are used to calculate 

two parameters representing the relation between cost and layer thickness. 

Once these two parameters have been calculated, ·a specific thickness can be used 

in the second stage to calculate the discounted unit cost at that thickness. 
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Modified FPS Cost Model 

Cost models used in previous FPS programs have been extensively modified 

due to the inclusi_on of the full pavement cross-section model. Additions to 

calculations of the initial construction co~t are shoulder costs and fill 

material costs. Cos.ts of subbase extensions under shoulders are also included. 

Added to the overlay construction cost are costs of overlay extensions over the 

shoulders and the material costs of upgrading materials. Maintenance of the 

shoulder surface is included in the calculation of the routine maintenance cost. 

The rates of production of both overlay and upgrading materials are used to 

calculate the traffic delays during an overlay construction period during which 

excessive traffic delays result in higher user's cost. At the end of the analy~ 

sis cycle, the salvage value of the pavement is estimated based on the residual 

worth of the pavement, shoulder, fill, overlay and upgrading-materials. 

Findings 

Significant findings are: (1) the inclusion of shoulders, subbase 

extensions under shoulder and fill materials in the estimation of initial 

construction costs may alter the optimal design strategy that is "-selected; (2) the 

optimal-design strategy selected for. new construction may not be the same when 

costs are computed by the constant unit cost and by a quantity-discount unit 

material cost model; (3) neither overlay extensions over shoulders nor upgrading 

materia 1 s nor the use of the quanti ty-d.i scount of unit cost models have any 

noticeable effects on the final selection of an .optimal overlay design strategy 

and (4) the potential savings in construction cost from using the full-cross 

section and quantity-discount.models in selecting pavement designs for new 

construction warrants its implementation in FPS. 
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Master Pavement Cross-Section Model 

Separately from the FPS program, a master pavement cross-section model 

has been devised to calculate each specific area of any complicated pavement 

cross-section. Input data for this model are known slopes of lines, known 

coordinates of points, known thicknesses of layers and point numbers of bounded 

areas. This model is essentially a set of simultaneous linear algebraic 

equations. The model provides the minimum data requirement to precisely 

describe an in-service pavement cross-section for use in the pavement feedback 

data system. 

Conclusions 

The simple pavement cross-section model and the linear quantity-discount 

cost model, which have been integrated into the FPS computer program, are 

recommended for use by the State Department of Highways and Public Transportation. 

The master pavement cross-section model will assist the development of the pave

ment feedback data system in the description of the pavement cross-section, 

and should eventually be incorporated into FPS for determining the optimum 

strategy for reconstructed and widened pavements. 
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IMPLEMENTATION STATEMENT 

This report presents evidence to show that consideration of the quantity 

of materials in the full pavement cross-section and the decrease of construction 

material costs with increasing quantities will affect the selection and total 

cost of the optimal design strategy in the State Department of Highways and 

Public Transportation's Flexible Pavement Design System (FPS). A new version 

of the FPS computer program, FPS-13-TTI, has been developed in this study and 

is recommended for immediate implementation. -Changes in FPS-13-TTI as compared 

to FPS-11 are additions of a fairly general pavement cross-section model and four 

quantity-discount cost models. 

In addition, a master pavement cross-section model (MPCS) has been 

developed in this ~tudy to calculate the area of any complicated cross-section 

whenever it becomes necessary to know the precise material requirements of the 

optimal design strategy resulting from the FPS-13-TTI. The MPCS program is 

ready for immediate implementation too. The MPCS model can also be utilized to 

determine the minimum data storage requirement of in-service pavement cross

sections for use in the pavement feedback data system. 
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CHAPTER I 

INTRODUCTION 

The Texas Flexible Pavement Design System (FPS) (l) is a comprehensive 

decision and analysis framework for the design and management of pavement 

construction and rehabilitation~ The FPS provides from available materials 

the optimal design strategy of a pavement that can be maintained above a 

specific level of serviceability over a specified period of time, at the 

minimum overall cost. Cost variables considered in the FPS are: initial 

construction cost, routine maintenance cost, overlay construction cost, user's 

cost due to traffic delays during the overlay cons,truction period and salvage 

value. 

However, previous FPS versions did.not include a full pavement cross

section for the estimation of construction costs.· Shoulder costs were assumed 

proportional to pavement costs. In addition, the unit cost of construction 

materials was assumed independent of the material quantities used for con

struction. Specific objectives of this study are: (1) to develop a full 

pavement cross-section model and different quantity-discount cost models for 

use in FPS, (2) to integrate these models into the current FPS version (~), 

(3) using the new FPS version to solve typical design problems in order to 

evaluate the effects of the full pavement cross-section model.and quantity

discount cost models in the determination of optimal design strategies and 

(4) to devise a master pavement cross-section model which can be utilized to 

describe any pavement type. 
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CHAPTER II 

PAVEMENT CROSS-SECTION MODEL 

A fairly general pavement cross;..section model has been developed for FPS. The 

sketch in Fi.gure 1 represents a pavement cross-section composed of n pavement 

layers above the subgrade. level, two shoulder layers, and m overlays above the 

initial construction surface. ·Paveme11t and. shoulder-layers are numoered consecu-

ttvely from the top downward; thus, pavement layers 1 and n+l are respectively 

the pavement surface and foundation; shoulder layers 1 and 2 are respectively 

the s haul der surface and base. This cross-section mode 1 .is limited to at 

most two shoulder layers. Thickness of pavement layer i is represented by D;; 

thickness of shoulder surface and base are represented respectively by S1 and 

S2. A number, N, is defined as the number of top pavement layers equivalent 

to total shoulders in thickness, such that 

ln :Figure 1, N=2. The thickness of the fill material equals the thickness of 

the top N pavement layers, i.e., the sum of two shoulder layer thicknesses. 

The subgrade material is considered to be of-infinite thickness. Overlays 

are numbered consecutively from the initial construction surface upward. The 

thickness of ·the ith overlay (excluding level-up) and the ith level-up are 

represented, respectively, by Oi and Ui. 

The width of the riding surface is represented by W. The widths of the 

left and right shoulders are·represented respectively by x2 and x3 and the 

cross-section widths outside of the left and right shoulders are represented 

respectively by x1 and x4. The widths of w1 and w2 are defined as follows: 

w1 = w + x2 + x3 
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Figure 1. Pavement cross-section model 



Side slopes. are represented by. k1 and k2, where k1 = tane1 and k2 = tane2• In 

construction practice, and in the. input to'the FPS~l3-TTI.program these slopes 

are designated by the ratio of run to r·ise (e.g., 3 to 1 slope). 

The volumes of pavement and shoulder layers and. fill materials per unit 

distance down· the centerline are calculated by 

v . p1 = o.w 1 if 1 < i < N 

i D. 
= Di[\~2 + (kl + k2) ( L 0. - T>l 

j=l J 
if N < i < n 

vsl = s1cx2 + x3) 

N l N 
Vf = ( L O.)[(X + X4) + -2 (k1 + k2) L 0.] 

i=l 1 1 i=l 1 

in which 

Vpi =volume of pavement layer·i material, 

Vsi =volume of shoulder layer i material, 

Vf =volume of fill material. 

When this cross~section model is utilized in.FPS, W, x1, X2; X3, x4, k1, k2, 

s1, and N are input variables; while n, Di(i = 1, 2~ , n), and s2 are 

decision variables. Some adjustments are required in .using thes·e equations in 

FPS. For example,. when N>n, the input. va.lue of N is assigned. the value of n. 
N N 

Also, when s1 > L D., th.e i.nput va.lue of s1 is replaced by the value of L D .. 
i=l 1 i=l 1 

In this case, s2 = 0, i.e., there is. only one shoulder layer. 

For each overlay construction·the volumes of overlay and upgrading 

materials per unit distance along the centerline can be determined by 
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v . = w1(o .. + u.) 
01 . 1 1 

1 v . = -2tx1 + x4)(o .. + u.) 
~1 . 1 1 

in which 

V . = required overlay material volume for the construction of the ;th 
01 

overlay 

V . = required upgrading material .volume for the ith overlay 
lll 

V~i = overlay material volume for the ith overlay, excluding level-up 

V'. = upgrading material volume for the ith overlay, excluding level-up 
lll 

Versatile features of this cross-section model are illustrated in Figure 2. 

Any of the eight cross-section designs for the left side of the pavement as 

shown in Figure 2(a) can be combined with any of the eight right side cross

section designs as shown in Figure 2(b) to forma full cross-section. There Qre 

a total of 36 different combinations of ~he right-~nd left-side cross-sections 

rather than the 64 combinations because 28 out:of. the 64 possible combinations 

are essentially duplicates .. Some example combinations are illustrated in Figure 3. 
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CHAPTER III 

QUANTITY-DISCOUNT COST MODEL 

In construction, it is usually the case· that the unit cost of a material 

depends, on th.e quantity procured.. Often, discounts are offered for the purchase 

of larger quantities. A constant cost model and three quantity-discount models 

. are investigated in this study to examine how.quantity-discounts will affect the 

selection of an optimal design strategy by FPS. 

Figure 4 shows four unit cost models. (a) is the constant cost model with 

no discount. (b}, (c) and (d) are respectively the linear, log~normal and log-

log discount models. Given the unit mater.ial costs, c1 and c2, corresponding to 

material quantities Q2 and Q1 where c,- ::._ c2 and Q1 ..:: Q2, then the unit cost, C, 

at a specific quantity, Q, is calculated by the following equations: 

(a) No discount, 

c = c = c 1 2 

(c) Log-normal discount 

Q2-Q 
c 

c = c (_g_)Q2-Ql 
1 cl 

(d) Log-log discount, 

ln(c2!c1 ~ 

Q2 1 n(Q2/Ql) 
c = c1{-q) 

where c1, Q1, and Q F 0, and Q1 F. Q2. For use in FPS, these equations are 

rewritten as follows: 
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c 

ln C 

ln c1 

Q 
(a) constant cost, no discount 

I 
I --t------
1 
I 

Q 

(c) log-normal discount 

c 

ln C 

I 
I 

--~-----

1 
I 
I 

Ql Q Q2 

(b) linear discount 

I 
ln C t 1· ----T-----

1 
l 
I 

ln Q 

(d) log-log discount 

Figure 4. Unit cost versus quantity procured 
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(a) No discount, 

c = a1, where a1 ::; t(c1 + c2) 

(b) Linear discount 

C = a1 - a2Q, where 

a1= c1 + a2Q2, and 

(c) Log-normal discount 

C = a1/a2Q, where 

02 
a

1
= c1a2 , and 

1 
c Q2-Ql 

a2= (c2) 
1 

(d) Log-log discount 

-a2 
c = a1Q , where 

ln(C2Jc1) 

a2= ln(Q2/Ql) 

These equations are not valid if c1=o, c2=o, Q1=o, Q2=o, or Q=O. When Q1=Q2, 

these equations can be used by setting a2=o for linear and log-log discounts and 

a2=1 for a log-normal discount. When c1=c2, no adjustment is required to use 

these equations. The following example will illustrate the use of these models. 

Let Q1=4 units, Q2=10 units, c1=$5/unit, and c2=$6/unit, then 
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c = 5.50 

= 6.667 ~ 0.1667Q 

= 6~7755 (0.9701)Q 

= 7.9058Q-0.1990 

no discount, 

1 inear di_scount, 

l~g-normal discount, 

log-log discount 

This is shown in Figure 5. It is noted that the unit cost by the log-log model 

~ unit cost by log-normal model ::._ unit. cost by linear model. 
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Figure 5. Various unit costs by quantity discounts 
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CHAPTER IV 

ECONOMIC EVALUATION IN SYSTEMS ANALYSIS . . 

Cost models used in previous FPS versions are extensively modified to include 

the full pavement cross-section model. 

Initial Construction Cost 

The initial pavement construction cost per unit area of ridi.ng surface, CI' 

is the sum of: the cost of such materials in the pavement layers, shoulder 

layers and.fill materials; that is, 

where 

1 n 2 
CI = -W[ E V .C . + E V .C . + VfCf] 

. i=l pl pl i=l S1 S1 

c . p1 = unit material cost of pavement layer 

csi = unit material cost of shoulder layer 

cf = unit material cost of fill material. 

i ' 

i' 

Overlay Construction Cost 

The present worth of overlay construction cost per unit area of riding 

surface, Cv, includes the overlay and upgrading material costs; that is, 

where 

- 1 cv - w 
m V .c + V ~C 
E ( 01 0 111 11 ] 

·i:= 1 ( 1 +r) t i 

m · = number of overlays placed during an analysis period, 

C
0 

=unit cost of overlay material, 

C =unit cost of upgrade material, 
11 

r = annual interest rate, 

ti =time of the ith overlay after·initial construction, (t0 =0). 
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Routine Maintenance Cost 

The cost of annual routine mai_ntenance duri.ng each year after initial 

construction or after an overlay has been placed is assumed to increase at a 

uniform rate. The present worth of total routine maintenance cost per unit area 

of riding surface, CM' is calculated by 

where 

c = ~ { ~ 
M W i=l 

1 
t. 1 

(1 +r) 1
-

t.-t. 1 
1 1-

b 
j=l 

c1 =routine maintenance cost. during the first year after initial or 

overlay construction, 

c2 = annual incremental increase in routine maintenance cost. 

User's Cost Due to Traffic Delays 

The total present worth of user 1 s cost per unit area of riding surface due 

to traffic delays during the construction.of an overlay c0 is calculated by 

- 1 
m Nvi {( 

coovoi CD V . 
CD L: + ll l-11 ) - w 

(l+r)ti PR0 PR i =1 ll 

[ POl(COl+C02+C03) + (l-POl)(C03+C04) + p02C05 

+ PNl(CNl+CN2+CN3) + (l-PNl)(CN3+CN4) + PN2CN5 1} 
where 

Nvi = number of arriving vehicles per hour from each direction 

during the construction of the ith overlay 

CD
0 

=compacted density of overlay material, 

CD =compacted density of upgrade material, 
ll 

PR
0 

=production rate of overlay material, 
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PR =production rate of upgrade material, 
11 

P01 = proportion of traffic stopped beca.use· of congestion i.n overlay direction, 

PNl = proportion of traffic ~topped because of congestion in non-overlay 

direction, 

P02 = proportion of traffic stopped due to overlay personnel and equipment 

in overlay direction, 

PN2 = proportion of traffic stopped due to overlay .personnel and equipment 

in non-overlay direction, 

c01 = excess costs of stopping from highway speeds in overlay direction, 

CNl = excess costs of stopping from highway speeds in non.;.overlay direction, 

C02 = excess costs of vehicle idling time while stopped in overlay direction 

CN2 = excess costs of vehicle idling time while stopped in non-overlay 

direction, 

C03 = excess costs for reduced speed in overlay direction 

CN3 = excess costs for reduced speed in non~overlay direction 

C04 = excess costs of changing speed in overlay direction 

cN4 = excess costs of changing speed in non-overlay direction 

c05 = excess costs due to delays from overlay personnel and equipment in 

overlay direction 

CN5 = excess costs due to delays from overlay personnel and equipment in 

non-overlay direction 

Salvage Value 

The present worth of total salvage value per unit area of riding surface, 

Sg' is calculated as follows: 
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where 

m • ( 
E [V.· .C P. + V •. c·p·] } . . i::::l 01 0 0 11l 11 11 

+--------------------
( 1 +r) T 

Ppi:::: salvage fraction of pavement layer i material, 

P . ::::salvage fraction of shoulder layer i material, 
Sl 

Pf ::::salvage fraction of fill material, 

P
0 

::::salvage fraction of overlay material, 

P ::::salvage fraction of subgrade material, 
11 

T :::: analysis period. 

Total Cost 

The total cost is the sum of initial construction cost, overlay construction 

cost, routine maintenance cost and user's cost due to traffic delays, from which 

the salvage value is deducted. 

Total cost :::: c1 + Cv + eM + c0 - sg 
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CHAPTER V 

EFFECTS OF FULL PAVEMENT CROSS-SECTION 
A.ND COST BY QUANTITY-DISCOUNTS 

The pavement cross-section model and quantity-discount cost models developed 

in this study have been integrated into the Texas Flexible Pavement Design System. 

The effects of using these models on the selection of optimal design strategies 

are illustrated herein. This study is aimed at demonstrating the adaptability 

and practicality of the new developed models. Full-scale analysis of the 

sensitivity of these models is left for future research. 

Eight example problems concerned wi-th new construction are compared. The 

input data of problem 1, the same problem as illustrated in reference (2), is 

shown in Table 1. The differences in the input data of the eight problems are 

listed in Table 2. The 11011 cross-section model in Problems 1, 2, 3, and 4 is, in 

effect, the provision not to consider the materials outside of the pavement edge. 

Cross-section model "1" which is used-in. Problems 5,.6, 7, and 8 considers the 

full cross-section. Quantity-discount cost models 1, 2, 3 and 4 are, respectively, 

the constant, 1 inear discount, log--normal discount and log..;. log discount cost 

models. When the full cross-section model is used, the maximum funds for initial 

construction should be i'ncreased to cover the cost of shoulder, subbase extension 

under shoulder and fill materials. In addition, the compacted density and 

production rate of upgrad.ing material are needed to estimate the traffic delays 

during overlay construction periods. When a quantity-discount model is used, 

the material cost at both the minimum and maximum levels is needed. Since the 

maximum and minimum thickness of materials A,~ a and E are the same~ the materials 

costs at each of the two levels is kept-constant. In this study, the costs of 

materials C and D at the two levels are assumed to be a certain percent increase 

and decrease from the constant cost. For material C, the unit cost per cubic 
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TABLE 1 

BASIC INPUT DATA OF A FLEXIBLE PAVE~1ENT DESIGN PROBLEt~ 

BASIC DESIGN CRITERIA 

*******·············· 
LENGTH OF THE ANALYSIS PERIOD (YEARS) 
MINIMUM TIME TO FIRST OVERLAY (YEARS) 
MINIMUM TIME BETWEEN OVERLAYS (YEARS) 
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 DESIGNS/PAGE) 
MAX FUNDS AVAILABLE PER sa.vo. FOR INITIAL DESIGN (DOLLARS} 

20.0 
6.0 
6.0 
3.0 
E 
7.0 

1 
a.oo 

MAXIMUM ALLOWED THICKNESS OF INITIAL CONSTRUCTION (INCHES) 
ACCUMULATED MAX DEPTH OF ALL OVERLAYS {INCHES) (EXCLUDING LEVEL-UP) 
PAVEMENT CROSS-SECTION MODEL USED 

.36.0 
6.0 
0 

QUANTITY-DISCOUNT COST MODEL USED 

TRAFFIC DATA 

************ 
ADT AT BEGINNING OF ANALYSIS PERIOD {VEHICLES/DAY) 
ADT AT END OF TWENTY YEARS (VEHICLES/DAY) 
ONE-DIRECTION 20.-YEAR ACCUMULATED NO. OF EQUIVALENT 18-KSA 
AVERAGE APPROACH SPEED TO THE OVERLAY ZONE(MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE (OVERLAY DIRECTION) (MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE (NON-OVERLAY DIRECTION) (MPH) 
PROPORTION OF AOT ARRIVING EACH HOUR OF CONSTRUCTION (PERCENT) 
PERCENT TRUCKS IN ADT 

ENVIRONMENT AND SUBGRAOE 

************************ 

DISTRICT TEMPERATURE CONSTANT 
SWELLING PROBABILITY 
POTENTIAL VERTICAL RISE (INCHES) 
SWELLING RATE CONSTANT 
SUBGRADE STIFFNESS COEFFICIENT 

1 

39330. 
64 752. 

6894000. 
so.o 
20.0 
so.o 
5.5 
a.o 

31.0 
o.as 
s.oo 
o.os 
0.26 
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TABLE 1. (CONTINUED) 

CONSTRUCTION AND MAINTENANCE DATA 

********************************• 
SERVICEABILITY INDEX OF THE INITIAL STRUCTURE 
SERVICEABILITY INDEX Pl AFTER AN OVERLAY 
MINIMUM OVERLAY THICKNESS {INCHES) 
OVERLAY CONSTRUCTION TIME (HOURS/DAY) 
ASPHALTIC CONCRETE COMPACTED DENSITY (TONS/C.Ye) 
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR) 
WIDTH OF EACH LANE (FEET) 
FIRST YEAR COST OF ROUTINE MAINTENANCE (DOLLARS/LANE-MILE) 
ANNUAL INCREMENTAL INCREASE IN MAINTENANCE COST (DOLLARS/LANE-MILE) 

DETOUR DESIGN FOR OVERLAYS 

************************** 
TRAFFIC MODEL USED DURING OVERLAYING 
TOTAL NUMBER OF LANES OF THE FACILITY 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (OVERLAY DIRECTION) 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (NON-OVERLAY DIRECTION) 
DISTANCE TRAFFIC IS SLOWED (OVERLAY DIRECTION) (MILES) 
DISTANCE TRAFFIC IS SLOWED {NON-OVERLAY DIRECTION) (MILES) 
DETOUR DISTANCE A~OUND THE OVERLAY ZONE (MILES) 

PAVING MATERIALS INFORMATION 

**************************** 
MATERIALS 

LAYER CODE NAME 
1 A L T • WT. ACP 
2 8 ACP 
3 c BLACK BASE 
4 0 CRUSHED STONE 
5 E LIME TREATED SUB 

OTHEP MATERIALS INFORMATION 

*************************** 
COST AT 

MIN • MAX. 

COST COST 
21.42 21.42 
15.48 15.48 
13.93 13.93 
4.40 4.40 
2.40 2.40 

COST AT 
MATERIALS 8 IN. THICK 1 IN. THICK 

OVERLAY MATERIAL 21.42 21.42 

STR. 
COEFF. 

0.96 
0.96 
0.96 
0.60 
Oe40 

SALVAGE 
PCT. 

30.00 

MIN. 
DEPTH 

1.00 
t. 50 
2.50 

10.00 
6.00 

MAX. 
DEPTH 

1. 00 
t. 50 

10.00 
18.00 
6. 00 

4.0 
3.9 
o.s 
7.0 
le26 

75.0 
12.0 

1 oo.oo 
to.oo 

3 
6 
1 
3 
1.00 
o.o 
o.o 

SALVAGE 
PCT. 

30.00 
30.00 
40.00 
75.00 
90.00 



TABLE 2 

DIFFERENCES ON INPUT INFORMATION OF EIGHT EXAMPLE FLEXIBLE PAVEMENT DESIGN PROBLEMS 

PROBLEM NUMBER 
INPUT 

1 2 3 4 5 6 7 8 

Cross-section model used 0 0 0 0 1 1 1 1 

Quantity-discount model used 1 2 3 4 1 2 3 4 

Max funds for initial design ($/S.Y.) 8.00 8.00 8.00 8.00 12.00 12.00 12.00 12.00 

Upgrade material compacted density 
(tons/C.Y.) I - - - - 1. 20 1.20 1. 20 1.20 

Upgrade material production rate 
(tons/hour) I - - - - 100. 100. 100. 100. 

Min. cost of material C ($/C.Y.) 13.93 11.14 11 . 14 11 .14 13.93 11 .14 11 .14 11 .14 

Max. cost of material C ($/C.Y.) 13.93 16.72 16.72 16.72 13.93 16.72 16.72 : 16.72 

N 
Min. cost of material D ($/C.Y.) 4.40 3.96 3.96 3.96 4.40 3.96 3.96 3.96 

0 Max. cost of material D·($/C.Y.) 4.40 4.84 4.84 4.84 4.40 4.84 4.84 4.84 

Co~t of shoulder surface material at 
8 II th i c k ( $I c . y . ) I - - - - 15.48 13.93 13.93 13.93 

Cost of shoulder surface material at 
111 thick ($/C .. Y.) I - - - - 15.48 17.03 17.03 17.03 

Salvage percent of shoulder surface 
I material (%) - - - - 30.00 30.00 30.00 30.00 

Cost of shoulder base material at 
8" thick ($/C.Y.) I - - - - 13.93 12.54 12.54 12.54 

Cost of shoulder base material at 
1" thick ($/C. Y.) I - - - - 13.93 15.32 15.32 15.32 

Salvage percent of shoulder base 
I material (%) - - - - 40.00 40.00 40.00 40.00 



TABLE 2 (CONTINUED) 

INPUT I PROBLEM NUMBER 
1 2 3 4 5 6 7 8 

Cost of fill material at 8" thick 
($/C.Y.) I - - -· - 2.40 2.16 2.16 2.16 

Cost of fill material at 111 thick 
($/C.Y.) I - - - - 2.40 2.64 2.64 2.64 

Salvage percent of fill material 
(%) I - - - - 90.00 90.00 90.00 90.00 

Cost of overlay material at 8" thick 
($/C.Y.) I 21.42 19.28 19.28 19.28 21.42 19.28 19.28 19.28 

Cost of overlay material at 1" thick 
($/C.Y.) I 21 .42 23.56 23.56 23.56 21.42 23.56 23.56 23.56 

Cost of upgrade material at 811 thick 
N ($/C.Y.) I - - - - 4.40 3.96 3.96 3.96 __. 

Cost of upgrade material at 111 thick 
($/C.Y.) I - - - - 4.40 4.84 4.84 4.84 

Salvage percent of upgrade material 
(%) I - - - - 75.00 75.00 75.00 75.00 

Cross-section width outside of left 
shoulder (ft.) - - - - 6.00 6.00 6.00 6.00 

Width of left shoulder (ft.) - - - - 10.00 10.00 10.00 10.00 
Width of right shoulder (ft.) - - - - 10.00 10.00 10.00 10.00 
Cross-section width outside of 

right shoulder (ft.) I - - - - 6.00 6.00 6.00 6.00 

Cross-section slope outside of left 
shoulder I - - - - 8.00 8.00 8.00 8.00 

_Cross-section slope outside of 
right shoulder 

I 
- - - - 8.00 8.00 8.00 8.00 

Thickness of shoulder surface (in.) - - - - 2.00 2.00 2.00 2.00 

Number of top pavement layers equiva-
lent-·to'·total. shoulder in thickness I - - - - 3 3 3 3 



yard is $13.93 k (1.0 ± 20%) = ($11.14, $16.7Z); for material D, the material 

unit cost is $4.40 x (1.0 ± lO%) ~ ($3.96, $4-.84) ~ It is also assumed that the 

constant costs a.nd salvage percents of shoulders, fi 11 , overlay and upgrading 

material are the same as the constant co~ts and salvage percents of materials B, 

C, E, A and D, respectively. Costs of the shoulder surface, shoulder base, fill, 

overlay and .upgrading materials at the minimum and maximum,levels are estimated 

by a 10 percent decrease and increase over the constant costs. 

Optimal design strategies (program output) of- the eight example problems 

are shown in Table 3. When the companion problems 1 and 5, 2 and 6, 3 and 7, and 

4 and 8 are compared, it is obvious that the full pavement cross-section (model "1") 

has significant effects on the selection of the optimal design strategy. It is 

apparent from these results;thatthe pavement,- shoulder.and fill materials should 

all be included in the economic evaluation of new flexible pavement construction. 

When the "0" cross-section model is used (problems -1, 2, 3 and 4) the use 

of the quantity-discount models does not change the optimal design strategy. 

However, when the full cross-section model (model "1 11
) is used, the optimal design 

strategy is changed from a five layer design (no discount in problem 5) to a four 

layer design (linear, log-normal and log-log discounts, respectively, in 

problems 6, 7 and 8). The thicknesses of pavement layers 3 (material C) and 4 

(material D) are changed from 5~50 and 12.50 inches (no discount) to 8.50 and 

·10.00 inches (linear and l0g-normal discount) and 4.50 and 17.50 inches (log-log 

discount}. A six inch thickness of material E .is used in problem 5 to construct 

the pavement. layer 5, but material E is not us_ed in problems 6, 7 and 8. The 

·thickness of the shoulder surface layer is. a. constant (input val~e), while the 

thickness of the shoulder base layer is determined by the following rules: the 

total ·thickness of the shoulder equals to the total thickness of .the top three 
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TABLE 3 

OPTIMAL DESIGN STRATEGY OF EIGHT EXAMPLE FLEXIBLE PAVEMENT DESIGN PROBLEMS 

OUTPUT PROBLEM NUMBER 

l 2 3 4 5 6 
Material arrangement ABC DE ABC DE ABC DE ABC DE ABC DE .ABCD 
Initial construction cost 5. 21 5.33 5~29 5.16 10.19 9.99 
Overlay construction cost 0.42 0.46 0.46 0.45 0.67 0.68 
User cost 0.12 0.12 0.12 0.12 0.24 0.26 

Routine maintenance cost 0.22 0.22 0.22 0.22 0.35 0.35 

Salvage value -0.76 -0.77 -0.77 -0.75 ... , . 58 -1.40 

Total cost ($/sq.yd.) 5.22 5.36 5.33 5.20 9.86 9.88 

Number of layers 5 5 5 5 5 4 

Layer depth (inches) 
Pavement layer 1 1. 00 1. 00 1. 00 1. 00 1.00 1. 00 

Pavement layer 2 1. 50 1.50 1. 50 1. 50 1. 50 1. 50 

Pavement layer 3 4.50 4.50 4.50 4.50 5.50 8.50 

Pavement layer 4 15.00 15.00 15.00 15.00 12.50 10.00 

Pavement layer 5 6.00 6.00 6.00 6.00 6.00 -
Shoulder layer 1 - - - - 2.00 2.00 

Shoulder layer 2 - - - - 6.00 9.00 

No. of performance periods 2 2 2 2 2 2 

Performance time (year) 
Performance time 1 9.4 9.4 . 9.4 9.4 9.4 9.6 

Performance time 2 20.1 20.1 20.1 20.1 20.3 20.8 
-- - --- -----------

7 8 

ABCD ABCD 
9.96 9. 51 
0.68 1. 20 
0.26 0. 23 
0.35 0.35 

-1.39 -1.54 

9.86 9.74 

4 4 

1. 00 1. 00 

1. 50 1. 50 

8.50 4.50 

10.00 17.50 

- -
2.00 2.00 

9.00 5.00 

2 2 

9.6 9.0 

20.8 20.9 
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OUTPUT 

Overlay policy (inches) 
(including level-up) 
Overlay layer 1 

Total number of feasible 
designs considered 

L 
1 

I 1. 3 

I 79 

TABLE 3 (CONTINUED) 

PROBLEM NU~~BER 

2 3 -4 5 6 7 8 

1 . 3 1 . 3 1 . 3 1 . 3 1 . 3 1 . 3 2.3 

79 79 79 49 61 63 62 



(another input value) pavement layers.· In Ta.bl e 3, the thickness of the shoulder 

base is changed from 6 i_nc.hes (no di:sc.ount)·to 9 inches (linear and l_og-normal 

di.sc.ount} and 5 i.nches (log-log discount). It is thus concluded that quantity

discount is needed i>n the cost analysis'of construction materials. The linear 

discount is suggested for use if a low discount rate is offered; and the log-log 

discount is recommended when higher d·iscount rates prevail. 

The effects of the new models are relatively insignificant on pavement service 

life and overlay construction~ For instance, as shown in Table 3, the. service 

lives for the initial construction in the eight problems are very close, ranging 

from 9.0 to 9.6 years. The same l.J.inch overl~y, except problem 8 usinR 2.3 

inches overlay; is applied to the pavement at 9.0 to 9.6 years after initial 

construction. The service lives of the overlay construction of the eight problems 

are also very close, ranging from 10.7 to 11.9 years. The total lives range from 

20.1 to 20.9 years. 

In addition to the eight new construction problems, eight example ACP overlay 

construction problems are analyzed herein. The input data for problem lA, the 

same ACP overlay problem as illustrated in reference(~), is shown in Table 4. 

The differences of the input· data of the eight problems are summarized in Table 5. 

When the full cross~ section (rn0del "1") is .used,, the maximum funds allowed for 

the first overlay should be increased to cover the cost of overlay materials over 

shoulders and roadside upgrading materials.. The constant unit costs and the unit 

costs at 1 and 8 inches of thickness.of the overlay and upgrading materials used 

in problems lA to 8A have the same values as used in problems l to 8. 

Optimal design strategies of the eight.ACP overlay design problems are shown 

in Table 6. Neither the full pavement cross-section nor the quantity-discount 

models affect the selection of the optimal overlay design strategy. One of the 
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TABLE 4 

BASIC INPUT DATA OF AN ACP OVERLAY D-ESIGN PROBLEM 

BASIC DESIGN CRITERIA 

·················•*** 
LENGTH OF THE ANALYSIS PERIOD (YEARS} 
MINIMUM TIME BETWEEN OVERLAYS (YEARS) 
MINIMUM SERVICEABILITY INDEX P2 
DESIGN CONFIDENCE LEVEL 
INTEREST RATE OR TIME VALUE OF MONEY (PERCENT) 

PROGRAM CONT~OLS AND CONSTRAINTS 

******************************** 
NUMBER OF SUMMARY OUTPUT PAGES DESIRED { 8 DESIGNS/PAGE) 
MAX FUNDS AVAILABLE PER SO.YD. FOR FIRST OVERLAY (DOLLARS) 
ACCUMULATED MAX DEPTH OF ALL OVERLAY~ {INCHES) {EXCLUDING LEVEL-UP) 
PAVEMENT CROSS-SECTION MODEL USED 
QUANTITY-DISCOUNT COST MODEL USED 

TRAFFIC DATA 

************ 

2o.o 
6.0 
3.0 
D 
7.0 

1 
s.oo 

10.0 
0 
1 

AOT AT BEGINNING OF ANALYSIS PERIOD {VEHICLES/DAY) 52000. 
ADT AT END OF TWENTY YEARS (VEHICLES/DAY) 104000. 
ONE-OI~ECTION 20.-YEAR ACCUMULATED NO. OF EQUIVALENT 18-KSA 8272800. 
AVERAGE APPROACH SPEED TO THE OVERLAY ZONE(MPHl 50.0 
AVERAGE SPEED THROUGH OVERLAY ZONE (OVERLAY DIRECTION) (MPH) 20e0 
AVERAGE SPEED THROUGH OVERLAY ZONE (NON-OVERLAY DIRECTION) {MPH) 50.0 
PROPORTION OF ADT ARRIVING EACH HOUR OF CONSTRUCTION (PERCENT) 5e5 
PERCENT TRUCKS IN AOT a.o 

ENVIRONMENT AND SUBGRADE 

************************ 
DISTRICT TEMPERATURE CONSTANT 
SWELLING PROBABILITY 
POTENTIAL VERT(CAL RISE (INCHES) 
S~ELLING RATE CONSTANT 

31 .o 
o.as 
2.30 
o.oa 
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TABLE 4 (CONTINUED) 

CONSTRUCTION AND MAINTENANCE DATA 

********************************* 
SERVICEABILITY INDEX Pl AFTER AN OVERLAY 
MINIMUM OVERLAY THICKNESS (INCHES) 
OVERLAY CONSTRUCTION TIME (HOURS/DAY) 
ASPHALTIC CONCRETE COMPACTED DENSITY (TONS/C.Y.) 
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR) 
WIDTH OF EACH LANE (FEET) 
FIRST YEAR COST OF ROUTINE MAINTENANCE {DOLLARS/LANE-MILE) 
ANNUAL INCREMENTAL INCREASE IN MAINTENANCE COST (DOLLARS/LANE-MILE) 

DETOUR DESIGN FOR OVERLAYS 

************************** 
TRAFFIC MODEL USED DURING OVERLAYING 
TOTAL NUMBER OF LANES OF THE FACILITY 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (OVERLAY DIRECTION) 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (NON-OVERLAY DIRECTION} 
DISTANCE TRAFFIC IS SLOWED (OVERLAY DIRECTION) (MILES) 
DISTANCE TRAFFIC IS SLOWED (NON-OVERLAY DIRECTION) (MILES) 
DETOUR DISTANCE AROUND THE OVERLAY ZONE (MILES) 

EXISTING PAVEMENT AND PROPOSED ACP 

********************************** 
THE AVERAGE SCI OF THE EXISTING PAVEMENT 
THE STANDARD DEVIATION OF SCI 
THE COMPOSITE THICKNESS OF THE EXISTING PAVEMENT (INCHES) 
IN-PLACE VALUE OF EXISTING PAVEMENT (DOLLARS/C.y.) 
SALVAGE VALUE OF EXISTING PAVT. AT END OF ANALYSIS PERIOD (PERCENT) 
LEVEL-UP REQUIRED FOR THE FIRST OVERLAY (INCHES) 

OTHER MATERIALS INFORMATION 

*************************** 
COST AT COST AT 

MATERIALS 8 IN. THICK 1 IN. THICK 
OVERLAY MATERIAL 15.48 15.48 

SALVAGE 
PCT. 

10.00 

3.9 
o.s 
7.0 
2.00 

120.0 
12.0 

too.oo 
10.00 

3 
6 

1 
3 
t.oo 
o.o 
o.o 

o.too 
0.035 

28.0 
5.21 

66.0 
t.oo 



TABLE 5 

DIFFERENCES ON INPUT INFORMATION OF EIGHT EXAMPLE ACP OVERLAY DESIGN PROBLEMS 
--·· : 

INPUT I PROBLH·1 NUMBER 

lA 2A 3A 4A 5A 6A 7A 8A 

Cross-section model used 0 0 0 0 1 1 1 1 

Quantity-discount model used 1 2 3 4 1 2 3 4 

Max. funds for first overlay ($/C.Y.)I 5.00 5.00 5.00 5.00 6.50 6.50 6.50 6.50 

Up{rade material compacted density 
tons/C.Y.) I - - - - 1 0 50 1. 50 1.50 1. 50 

Upgrade material production rate 
(tons/hour) I - - - - 100. 100 .. 100. 100. 

Cost of overlay material at 811 

N thick ($/C.Y.) co 115.48 13.93 13.93 13.93 15.48 13.93 13.93 13.93 

Cost of overlay material at 111 

thick ($/C.Y.) 115.48 17.03 17.03 17.03 15.48 17.03 17.03 17 0 03 

Cost of upgrade material at 8" 
thick ($/C.Y.) I - - - - 4.40 3.96 3.96 3.96 

Cost of upgrade material at 1" 
thick ($/C.Y.) I - - - - 4.40 4.84 4.84 4.84 

Salvage percent of upgrade 
material (%) I - - - - 75.00 75.00 75.00 75.00 

Cross-section width outside 
of left shoulder (ft.) - - - - 6.00 6.00 6.00 6.00 

Width of left shoulder (ft.) - - - - 10.00 10.00 10.00 10.00 

Width of right shoulder (ft.) - - - - 10.00 10.00 10.00 10.00 

Cross-section width outside of 
right shoulder (ft.) I - - - - 6.00 6.00 6.00 6.00 



N 
1..0 

TABLE 6 

OPTIMAL DESIGN STRATEGY OF EIGHT EXAMPLE ACP OVERLAY DESIGN PROBLEMS 

OUTPUT PROBLEM NUt4BER 

lA 2A 3A 4A 5A 6A 

Initial overlay 
Construction cost 3.22 2.95 2.94 2.92 5.17 4.73 
User cost 2.38 2.38 2.38 2.38 4.42 4.42 

Future overlay(s) 
Construction cost 0.00 0.00 0.00 0.00 0.00 0.00 
User cost 0.00 0.00 0.00 0.00 0.00 0.00 

Routine maintenance cost 0.28 0.28 0.28 0.28 0.43 0.43 
Salvage value -0.76 -0.76 -0.76 -0.76 -0.83 -0.82 

Total cost ($/sq.yd.) 5.13 4.85 4.85 4.83 9.20 8.77 

No. of performance periods 1 1 1 1 1 1 

Performance time (year) 
Performance time 1 22.9 22.9 22.9 22.9 22.9 22.9 

1st level-up (inches) 1. 00 1.00 1. 00 1 .00 1.00 1. 00 

Future level-up(s)(inches) 0.50 0.50 0.50 0.50 0.50 0.50 

Overlay policy (inches) 
(including level-up) 

Overlay layer 1 7.50 7.50 7.50 7.50 7.50 7.50 

Total number of feasible 
schemes considered 4 4 4 4 4 4 

- ~ -- - ---- ------- - - ------

7A 8A 

4.72 4.68 
4.42 4.42 

0.00 0.00 
0.00 0.00 
0.43 0.43 

-0.82 -0.82 

8.76 8.72 

1 1 

22.9 22.9 

1 .00 1.00 
0.50 0.50 

7.50 7.50 

4 4 



probable reasons for this is that·.there are only four feasible overlay schemes 

considered in the example problems.· The overlay construction costs are 

relatively low in comparison with.the new construction costs. 
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CHAPTER VI 

MASTER PAVEMENT CROSS-SECTION MODEL 

It is generally understood that although the FPS program considers the overall 

problem more completely than any analysis package in use today it utilizes some 

over~simplifications in order to do this (l). Thus, the best design strategies 

resulting from the program analysis must be carefully examined for structural and 

cost feasibility in order to determine the final selection of an optimal design 

strategy. The pavement cross-section model included in the present version of FPS 

is illustrated in Figure 1 and is a fairly good approximation of the in-service 

pavements in Texas. The approximation is needed in a large scale system (like FPS) 

in order to economize the cumbersome numerical computations. However, there is a 

need for a general cross-section model which is capable of describing any pav·ement 

cross-section. As a consequence, a master pavement cross-section model is 

developed herein and programmed separately from FPS, which allows the volumes 

of various construction materials used for any complicated cross-section design 

to be calculated precisely. This master model provides information on the minimum 

data requirements for cross-section information to be stored in the pavement 

feedback data system (_l, _1_) in order to sufficiently describe a full pavement 

cross section. ·This model meets the requirement of many state highway departments 

to accurately represent their cross-section geometry (!). 

A pavement cross-section as shown in Figure 6 is used to illustrate the 

algorithm. Usually the master pavement cross-section model requires three sets 

of equations: slope equations, coordinate equations and thickness equations. 

Slope Equations 

The slope of the 1 ine connecting points i. and j in Figure 6 is represented 

by sij' such that sij = (Y.-Y.)/(X.-X.). 
J 1 J 1 

Nine equations of this type can be 
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Figure 6. An example pavement cross-section 
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written for the nine slopes shown in Figure 6. 

Coordinate Equations 

Some coordinates are obvious~ such as v1 = x7 = 0~ Also, given, the horizontal 

length L;, from the point i to theY-axis, then X; = Li. In Figure 6, x2 = L2, 

x5 = L5 and x8 = L8. 

Thickness Equations 

Layer thickness, Dij' represents the vertical distance between points i and j, 

where Yj >Vi' such that Yj - v1 = Dij" AppTied to the model in Figure 6, 

y 7 - y 5 = 0 57 and y 5 - y 2 = y 2-5 · 

The three sets of equations for the cross-section shown in Figure 6 can be 

better represented in matrix terms as shown in Figure 7. An efficient matrix 

inversion routine is required to solve the simultaneous linear algebraic equations 

for the coordinates of each poi-nt, espec-ially when the number of points is large. 

It must be noted that 2M simultaneous equations are needed for an M-point cross

section. Necessary and sufficient conditions must be examined very carefully in 

applying this algorithm. Redundant equations will result in a singular matrix 

which cannot be inverted. In addition, a vertical line cannot be described by 

the slope equation since the slope of a vertical line-is infinite (either positive or 

negative). An infinite number also results in a singular matrix. Instead of the 

slope equation, the ~oordinate or thickness equation can be used by setting equal 

the x-coordinates of points above and below each other .. 

Once the coordinates of each point in the cross-section are known, the area 

of each specific layer or material can be. determined by the double meridian distance 

method (Appendix A)~ The area of the surface layer bounded by points 4,5,6,8 

and 7 (denoted by A45687) as shown.:in Figure 6 is. 
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Figure 7. Matrix representing an example pavement cross-section 
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The area of the second layer bounded by points 1, 2, 3, 6, 5 and 4 is 

The master pavement cross-section model (MPCS) has been coded for high-speed 

data processing. Inputs are slopes, known coordinates, layer thicknesses and 

boundary points. The MPCS program calculates the coordinates of each point and 

areas of each layer (or material). Four rather complicated pavement cross

sections as shown in Figure 8 have been solved,by the MPCS program to confirm 

the applicability of this model. The findings are satisfactory. 

35 



w 
Q') 

-----

(b) problem 2 

(a) problem 1 

(c) problem 3 (d) problem 4 

Figure 8. Four example pavement cross-sections 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The full pavement cross-section and the quantity-discount of unit material 

costs do affect the selection of the optimal design strategies of new construction. 

However, negligible effects are noted in the selection of the optimal overlay 

scheme. 

The full pavement cross-section model (Fi9ure 1) has been integrated into 

the Texas Flexible Pavement Design System (FPS-13-TTI) in this study. The same 

model can be modified for use in the rigid pavement design system, RPS-3 (§_), 

and the linear-elasticity-based flexible pavement design system, FPS-BISTRO (.§_). 

The model uses less input data than the cross~section model utilized in the 

systems analysis model for pavements, SAMP6 (!), and is suggested for use in 

SAMP6 as an alternative. 

The quantity-discount models developed in this study have also been integrated 

into the FPS-13-TTI and are recommended for use in RPS-3, FPS-BISTRO and SAMP6. 

The constant costmodel is used when no quantity discount is applicable. The 

linear, log-normal and log-log cost models are used, respectively, for low, inter

mediate and high discount rates. 

The master pavement cross-section model, developed in this study, and 

programmed separately from FPS-13-TTI, is recommended to calculate accurately the 

quantities of each construction material required in the optimal designs resulting 

from analyses using the pavement design systems such as FPS-13-TTI, FPS-BISTRO, 

RPS-3 and SAMP6. This accurate material requirement can be used to estimate the 

construction cost more precisely than the simplified estimations used in the large

scale optimization systems. In addition, parameters used in the master pavement 

cross-section model identify the minimum cross-section data requirement for the 

pavement data feedback system (l, i) to describe a full pavement cross-section. 
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APPENDIX A 

DQUBLEMERIDIAN DISTANCE METHOD 

The double mertdian distance method calculates the area of any geometric 

shape, given the coordinates of each point on a two-dimensional plane. Consecutive 

numbers are assigned to n points on the plane in a counter-clockwise order. The 

area, A, is calculated by the following equation: 

n-1 
A=~ [X1(Y2-Yn) + t!2 Xi(Yi+l-Yi-1) + Xn(Y1-Yn-1)1 

where (Xi,Yi) are coordinates of point i, i=l, 2, ... , n. 
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DOCUMENTATION OF FLEXIBLE PAVEMENT.DE~I:GN SYSTEM, FPS-13-TTI 
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INTRODUCTION 

The FPS-13-TTI computer program is one of a series of Flexible Pavement 

Design Systems (FPS} developed under Research Study 1-8""!69-·123, 11A Systems Analysis 

of Pavement Design and Research Implementation". This study is being conducted 

jointly in three agencies - The State Department of Highways and Public Trans

portation at Austin, The Texas Transportation Institute at College Station, and 

the Center for Highway Research at Austin, as a part of the cooperative research 

program with the Department of Transportation, Federal Highway Adminiitration. 

The FPS is a decision and analysi.s framework for.the design and management 

of pavement construction and rehabi-1 itation. This system is based on the 

following general premise: it is the aim of the design engineer to provide from 

available materials a pavement that ca.n be maintained above a specified level of 

serviceability.over ·a specified peri-od of time and ·at the minimum·overall cost. 

The original FPS was developed under Research. Study 2-8-62-32, 11 Extension 

of AASHO Road Test Results 11
, conducted by Texas Transportation Institute during 

1962-68. Since then, different refinements and modifications have been added 

to the initial version to incorporate the results of later research and to meet 

the needs of the FPS users. FPS-1 and .FPS-2 were the original and first 

revision, respectively, of the FPS computer program, each of which utilized pave

ment deflection equations for predicting pavement performance. Following these, 

a.numbering convention was adopted. to be used for later revisions of FPS. The 

pavementdeflection method series of programs were to use odd numbers for later 

revisions (3, 5, 7, ... ). The programs basically similar but using the AASHO 

based equation for predicting pavement performance were to use even numbers 

(4, 6, 8, ... ). Each program as it evolved would use a further suffix while in 

the development, debugging, evaluation, and testing stages (FPS-5-TTI, 
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FPS-6-CFHR, and FPS-11-THD as examples) until .approved for publication by the 

coope.rating·agencies,.at which time the· suffix would be dropped. 

The FPS-13-TTI is a major updattng offPS-11. Changes in FPS-13-TTI as 

compared to FPS-11 are addi. tions of a· full pavement cross;;.section model and four 

quantity-discount cost models. This documentat.ion.is a supplement to the FPS-11 

documentation. A complete FPS~l3 ~ocumentation will not be published until new 

additions in FPS-13-TTI are approved for use by the State Department of Highways 

and Public Transportation. 
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Title: 

Language: 

Machine: 

Programmer: 

Availability: 

Date: 

Source Deck: 

Storage: 

Timing: 

Printout: 

PROGRAM IDENTIFICATION 

Fl extb 1 e Pavement System .. (fp$ .... 13-TTI) 

FORTRAN IV and IHM 36'0 A.ssembly Language 

IBt4 360/65 

Danny Y .. Lu 

Department of Pavement Design, Texas Transportation Institute 

Texas A&M University, College Station, Texas 77843 

Phone (713) 845-3735 

April 1975 

about 2,500 cards 

228 k bytes 

(1) Compilation time- 1.77 minutes (FORTRAN G compiler) 

(2) E~ecution time - highly dependent on the input data 

and the constraints set by the user. It will normally 

take 0.15 to 0~40 minutes per new construction design 

problem, and 0.05 to 0.15 minutes per ACP overlay 

design problem. 

(1) Program list- about 2,500 lines 

(2) Program output - highly dependent on the number of 

summary output pages desired (Ns) and the number of 

design types (Nd) ~ It will norma 1 ly. print Ns+Nd+3 

pages for each new construction design problem and 

Ns+3 pages for each ACP overlay design problem. 

Documentati.on: Lu, D.Y .. , Lytton, R~L. and Mi.chalak, C.H~, "Optimal 

Flexible Pavement Cross~Section Design Using Quantity-

Discount Cost Mode1 11
, Research Report 123-28, Texas 

Transportation Institute, 1975. 
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PROGRAM DESCRIPTION 

The FPS-13-TTI computer program is composed of a MAIN program and twenty-one 

subroutines. Addi.tions, as compa.red to FPS-ll, are subroutines INCOST, OLCOST, 

SVCOST, .COSTM.D and UNITCT. 

Subroutines INPUT, OVLAY2, OVRLAY and SOLVE2 of FPS-11 have been extensively 

revised for use in FPS-13-TTI. M.inor modifications have been added to MAIN, 

HEADING, OUTPUT, PWRM, SUMMARY and USER. Subroutines .CALC, CHECK, CHECK2, STORE, 

SUMMARY, TIME and CORE have no changes at all. A new COMMON statement, named 

FPSTTI, is used in the MAIN program and ten subroutines: INPUT, OUTPUT, OVRLAY, 

PWRM, SOLVE2, SUMMARY, USER, INCOSt, OLCOST, and SVCOST. 

A cross-reference table, as shown in the following page, is designed to aid 

the programmer or analyst to alter one portion of the program without causing 

unknown or disastrous effects on other portions of the program. Each called 

subroutine is listed down the left side of the tabl·e with a cross sign, X, under 

the column for the routine from which it was called. 

Usage of the new subroutines and variables passed as arguments of these 

subroutines and the common statement, FPSTTI, are documented herein. 

Subroutine INCOST (CT, SVG) 

Subroutine INCOST calculates initial. construction cost and salvage value 

of the initial construction at. the end of the analysis period, in which 

CT = initial construction cost. in dollars per square yard, and 

SVG = salvage value of the initial construction in dollars per square 

yard at end of analysis period~ 

Subroutine OLCOST (DEXT, !TIME, OCCT) 

Subroutine OLCOST calculates the present worth of overlay construction cost. 

This cost represents one specific overlay construction only~ not the total 
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CROSS-REFERENCE OF MAIN PROGRAM AND SUBROUTINES 

Called Ca 11 i~ng Program Name 

Program 
N (..!J 1- N >- N >- 1- 1- 1- 0 1-

~ ~ z: 1- :::::> >- c::c LJ.J LJ.J a::: >- (/') (/') (/') ::E u 
Name z u u u 0 :::::> c.. c::c ....J :E > a::: c::c :E LJ.J a::: 0 0 0 1- 1- LJ.J 

~ ....J LJ.J LJ.J c::c c.. 1- ....J a::: a::: ....J 0 :::E :E :E LJ.J u u u (/') ~ a::: c::c c::c :I: :I: LJ.J z: :::::> > > 3 0 1- :::::> :::::> ~ (/') z ....J > 0 z 0 
:E u u u :I: ~ 0 0 0 c.. (/') (/') (/') (/') 1- :::::> ~ 0 (/') u :::::> u 

CALC - - - - - - - - - - X - - - - - - - - - - -
CHECK - - - - - - X - - - - - - - - - - - - - - -

-- -- ---- - ---- ---------------

CHECK 2 - - - - - - - X - - - - - - - - - - - - - -
HEADNG - - - - - X X - - - - - X X - - - - - - - -
INPUT X - - - - - - - - - - - - - - - - - - - - -
OUTPUT X - - - - - - - - - - - - - - - - - - - - -
OVLAY 2 X - - - - - - - - - - - - - - - - - - - - -
OVRLAY - - - - - - X - - - - - - - - - - - - - - -
PWRM - - - - - - - X X - - - - - - - - - - - - -
SOLVE 2 X - - - - - - - - - - - - - - - - - - - - -
STORE - - - - - - - X - - - - - - - - - - - - - -
SUMARY X - - - - - - - - - - - - - - - - - - - - -
SUMMY X - - - - - - - - - - - - - - - - - - - - -
TIME - - - - - - - X X - - - - - - - - - - - - -
USER - - - - - - - X X - - - - - - - - - - - - -

INCOST - - - - - - - - - - X - - - - - - - - - - -
OLCOST - - - - - - - X X ~- - - - -· - - - - - - - -
SVCOST - - - - - - - X X - - - - - - - - - - - - -
COSTMD - - - - - X - - - - - - - - - - - - - - - -
UNITCT - - - - - - - - - - - - - - - - X X X - - -

CORE - - - - - X - - - - -· - - - - - - - - - - -
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number of overlay constructions during an analysis period. Arguments of the 

subroutine are 

DEXT = overlay thickness (in yards) excluding level up, 

ITIME = time, rounded to the nearest integer year, from initial construction 

(new construction mode) or the first overlay construction (ACP overlay 

mode) to the present overlay construction, and 

OCCT = present worth of overlay construction cost in dollars per square yard. 

Subroutine SVCOST (I, DEXT, SOCCT) 

Subroutine SVCOST calculates salvage value of total overlays constructed 

during an analysis period, in which 

I = number of performance periods over an analysis period. 

DEXT =an array of overlay thicknesses (in yards), excluding level up, for 

each overlay constructed during the analysis period, and 

SVCOST = salvage value of overall overlay construction cost in dollars per 

square yard at end of analysis period. 

·Subroutine COSTMD (MDQD, Cl, C2, Ql, Q2, Al, A2) 

Given material costs at minimum and maximum layer thicknesses, subroutine 

COSTMD determines the parameters of the quantity-discount cost model for use in 

subroutine UNITCT, in which 

MDQD = quantity-discount cost model number used, 

Cl = material cost in dollars per cubic yard in place at a specified upper 

thickness of a pavement layer as described below. 

C2 = material cost in dollars per cubic yard in place at a specified lower 

thickness of a pavement layer as described below. 

Ql = specified lower thickness of a pavement layer in inches for which unit 

cost C2 applies. For materials other than those in pavement layers this 

number will be assumed to be 1 inch or (1/36) yards thick. 
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Q2 = specified upper thickness of a pavement layer in inches for which unit cost 

Cl applies. For materi.als other than those in pavement layers, this 

number will be assumed to be 8 inches or (8/36) yards thick. 

Al =first parameter of quantity-discount cost model, and 

A2 =second parameter of quantity-discount cost model. 

Subroutine UNITCT (MDQD, Al, A2, Q, C) 

Subroutine UNITCT calculates unit material cost at a specific quantity, in which 

MDQD = quantity-discount cost model number used, 

Al = first parameter of quantity-discount cost model determined in subroutine 

COSTMD, 

A2 = second parameter of quantity-discount cost model determined in sub

routine COSTMD, 

Q = a specific layer thickness (in yards) used to determine the unit cost, 

and 

C = unit material cost in dollars per cubic yard at a given thickness, Q. 

COMMON/FPSTTI/ 

Variables included in common statement FPSTTI are defined as follows: 

MDCS = pavement cross-section model number used, 

MDQD = quantity-discount cost model number used, 

NSHDR = number of top pavement layers equivalent in thickness to the total 

shoulder thickness, 

UGCD = upgrade material compacted density in tons per cubic yard, 

UGPR = upgrade material production rate in tons per hour. 

esc = an array of in-place costs in dollars per cubic yard of the following 

materials if 1 inch thick of that material is designed: (1) shoulder 

surface material, (2) shoulder base material (3) fill material, (4) over

lay material, and (5) upgrade material. 
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--- ------------------

CSCl = an array of in-place co~ts in dollars per cubic yard of the following 

materials if 8 inche~ thitk.of that material is designed: (1) shoulder 

surface material, (2) shoulder base·material, (3). fill material, 

(_4) overlay materia 1, and '(5} upgrade materia 1 . · 

CSS =an array of slavage percents of the following materials: (1) shoulder 

surface material, (2) shoulder.base material~ (3) fill material, 

(4) overlay material, and (5) upgrade material, 

ACOSTl = an array of the first parameters of the quantity-discount cost model 

for each of the paving materials~ calculated in subroutine COSTMD, 

ACOST2 =an array of the second parameters. of the quanttty~discount cost model 

for each of the paving materials, calculated in subroutine COSTMD, 

BCOSTl =an array of the first parameters of. the quantity-discount cost model 

for each of the paving materials., selected from -arvay. ACOSTl in MAIN 

program for use by subroutine UNITCT, 

BCOST2 = an array of the second parameters of the quantity-discount cost model 

for each of the paving materials selected from array ACOST2 in MAIN 

program for use by subroutine UNITCT, 

CCOSTl = an array of the first parameters of the quantity-di~count cost model 

for shoulder surface (element 1) shoulder base .(element 2) fill 

material (element 3.), overlay material (element 4) and upgrade material 

(element 5), calculated in subroutine COSTMD for use by subroutine 

UNITCT. 

CCOST2 = an array of the second. parameters of the quantity~discount cost model 

for shoulder surface (element l), shoulder base. (element 2), fi 11 

material (element 3), overlay.material (element 4) and upgrade 

material (element 5), calculated in subroutine COSTMD for use by 

subroutine UNITCT, 
B-9 



ADl = thickness of shoulder surface layer in yards, 

AW =an array of pavement cross~sectian·dimensions: (1) cross-section 

width outisde of left shoulder i.n feet, (2) width of left shoulder in 

feet, (3) width of right sho~lder in feet, (4) cross~section width 

outside of right shoulder in feet, '(5) .side slope outside of left' 

shoulder, and (6) side slope outside of right shoulder. 
-

S12 = sum of cross-section slopes outside of left and right shoulders, 

X14 = sum of cross-section widths in yards outside of left and right 

shoulders, 

X23 = sum of left and right shoulder widths in yards, 

AL = width of total traffic .lanes in yards, 

SL = width of total traffic lanes and shoulders in yards, 

XL = total cross-section width in yards,. including width of traffic lanes, 

shoulder lanes ·and places outside of shoulders considered in the 

problem, and 

Z2Z =an array of salvage values for each of a max,imum of 1,000 feasible 

initial designs, determ.ined in subroutine SOLVE2 for use by 

subroutine OVRLAY. 

DATAl =·an array of.the minimum in-place costs of paving materials in dollars 

per cubic yard 

DATA2 =an .array of the maximum.in-place costs of paving materials in dollars 

per cubic yard. 

In COMMON/FPSTTI/, variable~ CSC, CSCl, CSS, CCOSTl, CCOST2, and AWare 

dimensioned as follows: 

esc (5) 
CSCl ( 5) 
css (5) 
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I ' 

Dimensions of the following variables should be checked when planning changes to 

the FPS program to prevent potential illegal subscript values and storing numbers 

outside their assigned arrays: 

ACOSTl (NM+l) · 
ACOST2 (NM+l) 
BCOSTl (LAYER) 
BCOST2 (LAYER) 

Dimensions are defined as follows: 

DATAl (NM+l) 
DATA2 (NM+l) 
Z2Z (NUMBER) 

NM = maximum number of paving materials, excluding subgrade, 

LAYER = maximum number of layers in a design, excluding subgrade, 

NUMBER= maximum number of·feasible initial designs. 

In FPS-13-TTI, NM = 10, LAYER = 6 and NUMBER = 1000. 
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INPUT GUIDE 

The FPS-13-TTT computer program can s.olve one or more problems in one run. 

Input data is one or more sets of data cards,·one set for each problem. Each 

data card is numbered in sequence. from 1 through 13; this number is the card 

type identifier. A problem is described by a set of cards consisting of one 

card of each type with the exception of card type 2 which could be coded up to 

seven times and card type 10 of.which there can be a maximum of ten, one for each 

paving material considered in the problem. 

Program users have the option.of.running an. ACP overlay or a new construction 

problem. Also, there are two alternatives .to describe the pavement cross-section: 

one using a full pavement cross-section model which includes traffic lanes and 

shoulders; the other us1-Qg a cross-section model with traffic lanes only. Data 

card types required for each of these alternatives are listed below. 

New const. w/o full cross-section- Card types 1-8, 10-11, 13 

New const. w/ full cross~section ~ Card types 1-8, 10-13 

ACP overlay w/o full cross-section- -Card types 1-9, 11, 13 

ACP overlay w/ full construction - Card types 1-9, 11-13. 

Additional data card types, as compared to FPS~ll, are information of shoulder 

surface, shoulder base., fill, overlay and upgrade materials (card type 11), as 

well as dimensions of the full pavement cross-section (card type 12). An "End 

of Problem" card (Card type 13) is placed at end of each problem set to terminate 

the data input of each problem. 

The description of overlay materi.al which was coded in card types 9 and 10 

in FPS-11 has been. replaced by a new card type 11 in FPS-13-TTI. Program users 

can utilize different overlay materials other than the pavement surface material 

used in the initial construction. In addition, the constant material cost used 
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in card type 10 of FPS-ll has been replaced by two costs at,minimum and maximum 

thickness levels for use i.n the qu?Inttty-discount model.. If the quantity-discount 

cost model is not used, the constant material cost should be coded in the columns 

for the minimum cost level. In this case, the columns for the maximum cost level 

can be left blank or given any numerical value. 

The FPS~l3-TT1 makes .use of a subroutine "CORE 11
, which is written in IBM 360 

Assembly Language. Subroutine ucORE" allows the use of FORTRAN formatted I/0 

statements (READ and WRITE) in conjunction with core buffers. Subroutine "CORE" 

is used to read under format control from an area in core wh.ich contains character 

codes (A4 format) of a card image. Subroutine,"CORE" can thus be used to convert 

A to For I format. Followingthe CALL 11 CORE" statement in subroutine "INPUT" 

is a standard FORTRAN READ statement which specifies the format to be used and 

the variables to receive the data. 

The first two columns on all input cards have the card type code number. 

The card(s) of any card type used in a problem which are identical to the card(s) 

of the same card type used in the immediately preceding problem can be deleted 

to minimize coding effort and program execution time. 

Input variable number, description, format in FORTRAN, and column number(s) 

applied to each specific data card are summarized in the input guide tables to 

be presented in subsequent pages. -.An. asterisk .sign,. *, before a variable number 

indicates that this variable is a new. input to fPS-13-TTI. The use of each 

variable-in different problem types is also presented. in the input guide tables. 

Eight problem types can be.solved by FPS-13-TTI .. They ar~: 
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Problem Design Full Quantity-
Type Option . Cross-Secti.o~ Discount 

1 New Canst~ No No 

2 New Canst. No Yes 

3 New Canst. Yes No 

4 New Canst. Yes Yes 

5 Overlay No No 

6 Overlay No Yes 

7 Overlay Yes No 

8 Overlay Yes Yes 

A cross sign~ x, in the input guide table under a specific: j)roblem.type column, 

means the input variable is required for that; problem type; wh,ile a dash sign, -

indicates otherwise. 
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OJ 
I __. 

(J"I 

Variable 
Number 

I . 0 

I . I 

1.2 

1.3 

I. 4 

I .5 

1.6 

I. 7 

I .8 

\fari'able 
Number 

2.0 

, 2. I 

CARD TYPE I: PROJECT IDENTIFICATION 

Variable 

"01" 

Problem number 

District number 

County name 

Control number 

Section number 

Highway name 

Date the problem was coded 

IPE number 

CARD TY-PE 2 : 

Variable 

"02" 

Project Comments 

Format Co I umns 

12 1-2 

A3 3-5 

A2 6-7 

3A4, A2 8-21 

A4 22-25 

A2 26-27 

2A4, A2 28-37 

2A4 38-45 

A4 46-49 

PROJECT COMMENTS 

Format 

12 

19A4, A2 

Columns 

1-2 

3-80 

Problem Type 
I 2 3 4 5 6 7 8 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

Problem Type 
2 3 4 5 6 7 8 

X X X X X X X X 

X X X X X X X X 

-



o:J 
I __. 

m 

Variable 
Number 

3.0 

3. I 

3.2 

3.3 

3.4 

- 3.5 

3.6 

CARD TYPE 3: BASIC DESIGN CRITERIA 

Variable 

"03" 

Length of analysis period (years) 

Minimum t~me to first overlay (years) 

Minimum time between overlays (years) 

Minimum serviceabi I ity index 

Rei iabi lity level (A=50%, 8~80%, C=95%) 
D=99%, E=99.9%, F=99.99%, G=99.999%l 

Interest rate <%) 

Format 

12 

F5.2 

F5.2 

F5.2 

F5.2 

:·AI 

F5.2 

Co I umns 

1-2 

3-7 

8-12 

13-17 

18-22 

23 

24-28 

Problem Type 
2 3 4 5 6 7 8 

X X X X X X X X 

X X X X X X X X 

X X X X -

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 



co 
I __, 

""-! 

Variable 
Number 

4.0 

4. I 

4.2 

4.3 

4.4 

4.5 

*4.6 

*4.7 

CARD TYPE 4: PROGRAM CONTROLS AND CONSTRAINTS 

Variable 

"04" 

Problem Type (l=new pavt. const., 
2=ACP overlay) 

Number of summary output pages 
8 designs/page, 3 pages max.) 

Maximum funds for initial construction 
($/sq. yd) 

Maximum total thickness of initial 
construction (in.) 

Maximum total thickness of alI 
overlays (in.) 

Cross-section model used (O=w/o shoulder 
l=with shoulder) 

Cost model used (l=no discount, 2= 
linear discount, 3=1og-normal discount, 
4=1og-log discount) 

Format Co I umns 

12 1-2 

12 3-1\ 

12 5-6 

F5.2 7-11 

F5.2 12-16 

F5.2 17-21 

12 22-23 

12 24-25 

Problem Type 
2 3 4 5 6 7 8 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

xxxx----

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 



OJ 
I 

00 

Var·i ab I e 
Number 

5.0 

5. I 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

CARD TYPE 5: TRAFFIC DATA 

Variable 

"05" 

Initial average daily traffic (veh./day) 

Average daily traffic at end of 20 years 
(veh./day) 

One-direction cumulative 18 KSA in 20 
years 

Average approach speed to the overlay 
area (mph) 

Average speed through overlay area in 
overlay direction (mph) 

Average speed through overlay area in 
non-overlay direction (mph) 

Percent of ADT through overlay area 
during each hour 

Percent of trucks in ADT 

Format 

12 

FI0.2 

F10.2 

FI0.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

Problem Type 
Co I umns I 2 3 4 5 6 7 8 

1-2 X X X X X X X X 

3-12 X X X X X X X X 

13-22 X X X X X X X X 

23-32 X X X X X X X X 

33-37 X X X X X X X X 

38-42 X X X X X X X X 

43-47 X X X X X X X X 

48-52 X X X X X X X X 

53-57 X X X X X X X X 



-....... 

CARD TYPE 6: ENVIRONMENT AND SUBGRADE 

Variable Problem Type 
Number Variable Format Co I umns I 2 3 4 5 6 7 8 

6.0 "06" 12 1-2 X X X X X X X X 

6. I District temperature constant F5.2 3-7 X X X X X X X X 

6.2 Probab i I i ty of swe I I Jng F5.2 8-12 X X X X X X X X 

6.3 Potential vertical rise due to swel I ing F5.2 :13-17 X X X X X X X X c I ay (in. ) 

6.4 Swe I I i ng rate F5.2 18-22 X X X X X X X X 
co 
I ....... 

1..0 6.5 Subgrade stiffness coefficient F5.2 23-27 X X X X - - - -



OJ 
I 

N 
0 };/.' 

Variable 
Number 

7.0 

7. I 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

*7. I 0 

*7. II 

~ 

CARD TYPE 7: CONSTRUCTION AND MAINTENANCE DATA 

Variable 

"07" 

lnit1al serviceabi I ity index 

Serviceabi I ity index after an overlay 

MiniMum overlay thickn~ss (inches) 

Overlay construction time (hours/day) 

Asphalt concrete compacted density 
Ctons/eu. yd.) 

Asphalt concrete production rate 
(tons/hour) 

W1dth of each lane (feet) 

Annual maintenance cost for the first 
year after construction or an overlay 
($/lane-mile) 

Annual incremental increase fn mainten
ance cost ($/lane-mile) 

Upgrade material compacted density 
(tons/cu. yd.) 

Upgrade material production rate (tons/ 
hour) 

Format Columns 

12 1-2 

F5.2 3-7 

F5.2 8-12 

F5.2 13-17 

F5.2 18-22 

F5.2 23-27 

F5.2 28-32 

'F5.2 33-37 

F6.2 38-43 

F6.2 44-49 

F5.2 50-54 

F5.2 55-59 

Problem Type 
2 3 4 5 6 7 8 

X X X X X X X X 

X X X X - -

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

X X X X X X X X 

- - X X - - X X 

- - X X - - X X 



CARD TYPE 8: DETOUR DESIGN FOR OVERLAYS 

Variable Problem Type 
Number Variable Format· Co I umns I 2 3 4 5 6 7 8 

8.0 "08" 12 1-2 X X X X X X X X 

8. I Detour model used during overlay period 12 3-4 X X X X X X X X 

8.2 Number of lanes 12 5-6 X X X X X X X X 

8.3 Number of lanes open in overlay 
12 7-8 X X X X X X X X direction 

c:o 8.4 
Number of lanes open in non-overlay 12 9-10 X X X X X X X X I direction N __, 

8.5 
Distance traffic is slowed in overlay 

F5.2 11-15 X X X X X X X X direction (miles) 

8.6 Distance traffic is slowed in non-
F5.2 16-20 X X X X X X X X overlay direction (miles) 

8.7 Detour distance around the overlay zone F5.2 21-25 X X X X X X X X (m i I es) 



CARD TYPE 9: EXISTING PAVEMENT AND PROPOSED ACP 

Variable Problem Type 
Number Variable Format Columns I 2 3 4 5 6 7 8 

9.0 11 09" 12 1-2 - - - - X X X X 

9. I SCI of the existing pavement F5.3 3-7 - - - - X X X X 

9.2 Standard deviation of SCI F5.3 8-12 - - - - X X X X 

9.3 Composite thickness of existing F5.2 13-17 - - - - X X X X 
pavement (in.) 

9.4 In-place value of existing F5.2 29-33 - - - - X X X X 
pavement ( $ I cu. yd. ) 

9.5 Salvage percent of existing F6.2 34-39 - - - - X X X X 
pavement <%) 

OJ 
9.6 Level-up required for the F5.2 40-44 - - - - X X X X 

I first overlay (in.) 
N 
N 



CARD TYPE 10: PAVING MATERIAL INFORMATION 

Variable Problem Type 
Number Variable Format Co I umns I 2 3 4 5 6 7 8 

10.0 "10" 12 1-2 X X X X 

l 0. I Layer designation number 11 4 X X X X 

10.2 Letter code of material A1 8 X X X X -

10.3 Name of material 6A3 12-29 X X X X -

10.4 Stiffness coefficient F8.2 36-43 X X X X -

10.5 Minimum allowed thickness (in.) F8.2 44-51 X X X X -

o::J 10.6 
I 

Maximum allowed thickness (in.) F8.2 52-59 X X X X -
N 
w 10.7 Salvage percent <%) F8.2 60-67 X X X X 

*10.8 Minimum in-place cost ($/cu.yd.) F6.2 68-73 X X X X -

*10.9 Maxi mum in-pI ace cost ( $/cu. yd.) F6. 2 74-79 - X - X -

I 0. fO Check II 80 X X X X -



OJ 
I 

N 
..j::::. 

; 

Variable 
Number 

*I I. 0 

*I I . I 

*II .2 

*11.3 

*I I. 4 

*II. 5 

*11.6 

*II. 7 

*I I. 8 

*II. 9 

*11.10 

*11.11 

*II. 12 

*II. 13 

*II. 14 

*II. 15 

CARD TYPE I I: OTHER MATERIAL INFORMATION 

Variable 

" I I " 

Cost of Shoulder surface material at 8 in. 
thick ($/cu. yd) 

Cost of shoulder surface material at 
thick ( $/cu. yd) 

in. 

Sa I vage percent of shou I der surface materia I 
(%) 

Cost of shoulder base material at 8 in. 
thick ($/cu. yd.) 

Cost of shoulder base materai I at 
thick ($/cu. yd.) 

in. 

Salvage percent of shoulder base material <%) 
Cost of fi I I material at 8 in. thick ($/cu. yd) 

Cost of fi I I material at i~. thick ($/cu. yd.) 

Salvage percent of fi I I material <%> 
Cost of overlay material at 8 in. thick ($/cu. yd.) 

Cost of overlay material at I in. thick ($/cu. yd.) 

s~rvage percent of overlaV:material <%> 
Cost of upgrade material at 8 in. thick ($/cu. yd.) 

Cost of upgrade material at I in. thick ($/cu. yd.) 

Salvage percent of upgrade material <%~ 

Problem Type 
Fbrmat Columns · I 2 3 4~5 6 7 8 

12 1-2 X X X X X X X X 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

F5.2 

6-10 

11-15 

16-20 

21-25 

26-30 

31-35 

36-40 

41-45 

46-50 

51-55 

56-60 

61-65 

66-70 

71-75 

76-80 

X X 

- X -

X X -

X X 

X 

X X - -

X X - - - -

X -

X X - -

X X X X X X X X 

- X - X - X - X 

X X X X X X X X 

X X - - X X 

- X - - - X 

X X - - X X 



~ 

O:J 
I 

N 
U"1 

Variable 
Number 

*12.0 

* 12. I 

*12.2 

*12.3 

*12.4 

*12.5 

*12.6 

*12.7 

*12.8 

Variable 
Number 

*13.0 

CARD TYPE 12: CROSS-SECTION DATA 

Variable Format 

"12" 12 

Cross-section width outside of left F6.2 shoulder (ft.) 

Width of left shoulder (ft.) F6.2 

Width of right shoulder (ft.) F6.2 

Cross-section width outside of right F6.2 
shoulder (ft.) 

Cross-section slope outside of left F6.2 
shoulder 

Cross-section slope outside of right F6.2 
shou I der 

Thickness of shoulder surface (in.) F6.2 

Number of top pavement layers equivalent 12 to total shoulder in thickness 

CARD TYPE 13: END OF PROBLEM 

Variable Format 

" I 3~w 12 

Co I umns 

1-2 

6-11 

12-17 

18-23 

24-29 

30-35 

36-41 

42-47 

48-49 

Co I umns 

1-2 

Problem Type 
I 2 3 4 5 6 7 8 

- - X X - - X X 

- - X X - - X X 

- - X X - - X X 

- - X X - - X X 

- - X X - - X X 

--XX----

- - X X -

- - X X -

- - X X -

Problem Type 
2 3 4 5 6 7 8 

X X X X X X X X 



OUTPUT FORMAT 

The output of the FPS-13-TTI computer program can be divided into three 

portions. In the first portion, the first two pages (or three if the full pave

ment cross-section is used) are the listing of the input parameters as shown 

on pp. B-27 to B-29 and B-34 to B-36. Of these input data, paving material 

information is used only for the new construction design option. The ACP 

overlay design option requires input of existing pavement and proposed ACP 

overlay materials data. The second portion of the output is shown on pp. B-30 

to B-32 and is the resulting optimal design strategy for each design type, i.e., 

each different combination of paving materials. If the ACP overlay design 

option is utilized, this portion is deleted. In the third portion of the 

output, shown on p. 33 and p. 37, up to twenty-four feasible design strategies 

are tabulated on a summary table in the order of increasing total cost. The 

total number of feasible designs considered is printed at the end of the 

program output. 

Presented on the following pages is the program output from example 

problems 6 (nine pages) and 6A (four pages) as will be described in the next 

section, "Example Problems 11
• Problem 6 illustrates the new construction design 

option, while problem 6A utilizes the ACP overlay design option. FPS-13-TTI 

output formats of any problem type are basically similar to those presented 

either in problem 6 or in problem 6A. 
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PROB 
6 

OIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. 
01 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

IPE 
238 

PAGE 
1 

******************************************************************************** 
COMMENTS ABOUT THIS PROBLEM 

******************************************************************************** 
BASIC DESIGN CRITERIA 

********************* 
LENGTH OF THE ANALYSIS PERIOD (YEARS) 
MINIMUM TIME TO FIRST OVERLAY (YEARS) 
MINIMUM TIME BETWEEN OVERLAYS (YEARS) 
MINIMUM SERVICEABILITY INDEX P2 
DESIGN CONFIDENCE LEVEL 
INTEREST RATE OR TINE VALUE OF MONEY (PERCENT) 

PROGRAM CONTROLS AND CONSTRAINTS 

******************************** 
NUMBER OF SUMMARY OUTPUT PAGES DESIRED ( 8 DESIGNS/PAGE) 
MAX FUNDS AVAILABLE PER SQ.YD. FOR INITIAL DESIGN (DOLLARS) 

20.0 
6.0 
6.0 
3.0 
E 
7.0 

MAXIMUM ALLOWED THICKNESS OF INITIAL CONSTRUCTION (INCHES) 
ACCUMULATED MAX DEPTH OF ALL OVERLAYS (INCHES) (EXCLUDING L~VEL-UP) 
PAVEMENT CROSS-SECTION MODEL USED 

1 
12.00 
36.0 
6.0 
1 

QUANT I TY-D ISCOUNT COST MODEL USED 

TRAFFIC DATA 

**'********** 
ADT AT BEGINNING OF ANALYSIS PERIOD (VEHICLES/DAY) 
AOT AT END OF TWENTY YEARS (VEHICLES/DAY) 
ONE-DIRECT ION 20 .-YEAR .ACCUMULATED NO. OF EQUIVALENT 1 8-KSA 
AVERAGE APPROACH SPEED TO THE OVERLAY ZONE(MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE (OVERLAY DIRECTION) (MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE (NON-OVERLAY DIRECTION) (MPH) 
PROPORTION OF AOT ARRIVING EACH HOUR OF CONSTRUCTION (PERCENT) 
PERCENT TRUCKS IN ADT 

ENVIRONMENT AND SUBGRADE 

************************ 

DISTRICT TEMPERATURE CONSTANT 
SWELLING PROBABILITY 
POTENTIAL VERTICAL RISE CINCHES) 
SWELLING RATE CONSTANT 
SUBGRAOE STIFFNESS COEFFICIENt 

B-27 

2 

39330. 
64752. 

6894000. 
so.o 
20.0 
50.0 
5.5 
a.o 

31.0 
0.85 
s.oo 
o.oa 
0.26 



PROB 
6 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. 
01 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

INPUT DATA CONTINUED 

CONSTRUCTION AND MAINTENANCE DATA 

********************************* 
SERVICEABILITY INDEX OF THE INITIAL STRUCTURE 
SERVICEABILITY INDEX Pl AFTER AN OVERLAY 
MINIMUM OVERLAY THICKNESS (INCHES) 
OVERLAY CONSTRUCTION TIME (HOURS/DAY) 
ASPHALTIC CONCRETE COMPACTED DENSITY (TONS/C.Y.) 
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR} 
WIDTH OF EACH LANE (FEET) 
FIRST YEAR COST OF ROUTINE MAINTENANCE (DOLLARS/LANE-MILE) 

.IPE 
238 

ANNUAL INCREMENTAL INCREASE IN MAINTENANCE COST (DOLLARS/LANE-MILE) 
UPGRADE MATERIAL COMPACTED DENSITY (TONS/CeYe) 
UPGRADE MATERIAL PRODUCTION RATE (TONS/HOUR) 

DETOUR DESIGN FOR OVERLAYS 

************************** 
TRAFFIC MODEL USED DURING OVERLAYING 
TOTAL NUMBER OF LANES OF THE FACILITY 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (OVERLAY DIRECTION} 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (NON-OVERLAY DIRECTION) 
DISTANCE TRAFFIC IS SLOWED (O~ERLAY DIRECTION) (MILES) 
DISTANCE TRAFFIC IS SLOWED (NON-OVERLAY DIRECTION) (MILES) 
DETOUR DISTANCE AROUND THE OVERLAY ZONE (MILES) 

PAVING MATERIALS INFORMATION 

**************************** 

PAGE 
2 

4.0 
3.9 
o.a 
7.0 
1.26 

75.0 
12·0 

1 oo.oo 
10.00 

1.20 
1 oo. 00 

3 
6 
1 
3 
1.oo 
o.o 
o.o 

MATERIALS MINe MAX. STR. MIN. MAX. SALVAGE 
LAYER CODE NAME 

1 A LT. WTe ACP 
2 B ACP 
3 c BLACK BASE 
4 0 CRUSHED STONE 
5 E LIME TREATED SUBG 

OTHER MATERIALS INFORMATION 

*************************** 
COST AT 

MATERIALS 8 IN. THICK 
SHOULDER SURFACE 1.3. 93 
SHOULDER BASE 12.54 
FILL MATERIAL 2.16 
OVERLAY MATERIAL 19.28 
UPGRADE MATERIAL 3.96 

COST COST COEFF. DEPTH DEPTH PCT. 
21.42 21.42 0.96 1.00 1. 00 30.00 
15.48 15.48 0.96 1 .so t. 50 30.00 
tt.t4 16.72 0.96 2.50 10.00 40.00 
3.96 4.84 0.60 to.oo ta.oo 75.00 
2·40 2.40 0.40 6.00 6.00 90.00 

COST AT SALVAGE 
1 IN. THICK PCT. 

17.03 30.00 
15.32 40.00 
2.64 90.00 

23.56 30.00 
4.84 75.00 
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PROS 
6 

DIST. 
14 

CROSS SECTION DATA 

****************** 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

FLEXIBLE PAVEMENT DESIGN 

CONT. SECT. HIGHWAY DATE 
3136 01 LP 1 MOPAC 02/17/75 

INPUT DATA CONTINUED 

IPE 
238 

PAGE 
3 

CROSS SECTION WIDTH OUTSIDE OF LEFT SHOULDER (FEET) 6e00 
WIDTH OF LEFT SHOULDER (FEET) 10.00 
WIDTH OF RIGHT SHOULDER {FEET) 10.00 
CROSS SECTION WIDTH OUTSIDE OF RIGHT SHOULDER (FEET) 6.00 
CROSS SECTION SLOPE OUTSIDE OF LEFT SHOULDER 8e00 
CROSS SECTION SLOPE OUTSIDE OF RIGHT SHOULDER 8.00 
THICKNESS OF SHOULDER SURFACE (IN.) 2.00 
NO. OF TOP PAVEMENT LAYERS EQUIVALENT TO TOTAL SHOULDER IN THICKNESS .3 
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PROB 
6 

0 IST • 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONTe 
3136 

SECT. HIGHWAY DATE 
01 LP 1 MOPAC 02/17/75 

FOR THE 1 LAYER DESIGN WITH THE FOLLOWING MATERIALS--

IPE 
238 

PAGE 
4 

MATERIALS MIN. MAX. STR. MIN. MAX. SALVAGE 
LAYER CODE NAME COST COST COEFF. DEPTH DEPTH PCT. 

1 A LT. WT. ACP 21.42 21.42 0.96 t.oo t. 00 30.00 
SUBGRAOE 0.26 

THE CONSTRUCTION RESTRICTIONS Allli: too aJJICJING TO OBTAIN A STRUCTUR£ 
THAT WI\...L MEET THE MINIMUM TIME TG THE P'lflST OVERLAY RESTRICTION. 

PROS 
6 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. HIGHWAY DATE 
01 LP 1 MOPAC 02/17/75 

FOR THE 2 LAYER DESIGN WITH THE FOLLOWING MATERIALS--

IPE 
238 

PAGE 
5 

MATERIALS MIN. MAX. STR. MIN. MAX. SALVAGE 
LAYER CODE NAME COST COST COEFF. DEPTH DEPTH 

1 A L Te WT • ACP 21.42 21.42 0.96 t.oo 1. 00 
2 8 ACP 15.48 15.48 0.96 t.so t. 50 

SUBGRADE 0.26 

THE CONSTRUCTION RESTRICTIONS ARE TOO BINDING TO OBTAIN A STRUCTURE 
THAT •ILL MEET THE MINIMUM TIME TO THE FIRST OVERLAY RESTRICTION. 

PROB 
6 

OIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGH.AY DEPARTMENT 
FPS-13-TT I 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT • 
01 

THE FOLLOWING 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

MATERIALS--

IPE 
238 

PCT. 
30.00 
30.00 

PAGE 
6 

FOR THE 3 LAYER DESIGN WITH 
MATERIALS MIN. NAXe STR. MINe MAX. SALVAGE 

LAYER CODE NAME COST COST COEFF. DEPTH DEPTH 
1 A LT. WT. ACP 21.42 21.42 0.96 1 .o·o 1. 00 
2 8 ACP 15.48 15.48 0.96 t.so 1· 50 
3 C BLACK BASE tt.t4 16.72 0.96 2.50 to.oo 

SUBGRADE 0.26 

THE CONSTRUCTION RESTRICTIONS ARE TOO BINDING TO OBTAIN A STRUCTURE 
THAT ~ILL MEET THE MINIMUM TIME TO THE FIRST OVERLAY RESTRICTION. 
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PCT. 
30.00 
30.00 
40.00 



PROB 
6 

FOR THE 

OIST. 
14 

4 LAYER 

COUNTY 
TRAVIS 

DESIGN WITH 
MATERIALS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. SECT. HIGHWAY DATE 
3136 01 LP 1 MOPAC 02/17/75 

THE FOLLOWING MATERIALS--
MIN. MAX. STR. MIN. MAX. 

IPE 
238 

PAGE 
7 

SALVAGE 
LAYER CODE NAME COST COST COEFF. DEPTH DEPTH PCT. 

1 A LT. WTe ACP 21.42 21.42 0.96 t.oo t. 00 30.00 
2 8 ACP 15.48 15.48 0.96 le50 t. 50 30.00 
3 c BLACK BASE 11.14 16.72 Oe96 2.50 to.oo 40.00 
4 0 CRUSHED STONE 3.96 4.84 0.60 to.oo 18.00 75.00 

SUBGRADE 0.26 

4 THE OPTIMAL DESIGN FOR THE MATERIALS UNDER CONSIDERATION--' 
FOR INITIAL CONSTRUCTION THE DEPTHS SHOULD BE 

LT. WTe ACP leOO INCHES 
ACP 1.50 INCHES 
BLACK BASE 8e50 INCHES 
CRUSHED STONE 10.00 INCHES 

THE LIFE OF THE INITIAL STRUCTURE = 9.58 YEARS 
THE OVERLAY SCHEDULE IS 

le30 {INCH(ES) (INCLUDING 0.5 INCH LEVEL-UP) AFTER 9.58 YEARS. 

TOTAL LIFE = 20e76YEARS 

SERVICEABILITY LOSS DUE TO SWELLING CLAY IN EACH PERFORMANCE PERIOD IS 
(1) 0.762 
( 2 .) 0. 391 

THE TOTAL COSTS PER sa. YD. FOR THESE CONSIDERATIONS ARE 
INITIAL CONSTRUCTION COST 9.989 
TOTAL ROUTINE MAINTENANCE COST Oe349 
TOTAL OVERLAY CONSTRUCTION COST 
TOTAL USER COST DURING 

OVERLAY CONSTRUCTION 
SALVAGE VALUE 
TOTAL OVERALL COST 

Oe682 

0.261 
-1.397 

9.885 

NUMBER OF FEASIBLE DESIGNS EXAMINED FOR THIS SET-- 35 

,<, 

AT THE OPTIMAL SOLUTION.THE FOLLOWING 
BOUNDARY RESTRICTIONS ARE ACTIVE--

l. THE MINIMUM DEPTH OF LAYER 1 
2. THE MAXIMUM DEPTH OF LAYER 1 
3. THE MINIMUM DEPTH OF LAYER 2 
4. THE MAXIMUM DEPTH OF LAYER 2 
s. THE MINIMUM DEPTH OF LAYER 4 
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TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

HIGHWAY DATE PROB 
6 

DIST. 
14 

COUNTY 
TRAVIS 

CONT. 
3136 

SECT. 
01 LP 1 MOPAC 02/17/75 

FOR THE 5 LAYER DESIGN WITH THE FOLLOWING MATERIAL 5--
MATERIALS MINe MAX. STR. MIN. MAX. 

LAYER CODE NAME COST COST COEFF. DEPTH DEPTH 
1 A LT. WT. ACP 21.42 21.42 Oe96 t.oo 1· 00 
2 8 ACP 15.48 15.48 0.96 1 .so 1.50 
3 c BLACK BASE 11.14 16.72 0.96 2.50 to.oo 
4 0 CRUSHED STONE 3.96 4.84 0.60 to.oo 18.00 
5 E LIME TREATED SUBG 2.40 2.40 0.40 6.00 6.00 

SUBGRAOE 0.26 

5 THE OPTIMAL DESIGN FOR THE MATERIALS UNDER CONSIDERATION-
FOR INITIAL CONSTRUCTION THE DEPTHS SHOULD BE 

LT. WT. ACP 1.00 INCHES 
ACP t.SO INCHES 
BLACK BASE 
CRUSHED STONE 

4.50 INCHES 
15.00 INCHES 

LIME TREATED SUBG 6e00 INCHES 
THE LIFE OF THE INITIAL STRUCTURE = 9.39 YEARS 
THE OVERLAY SCHEDULE IS 

IPE 
238 

PAGE 
8 

SALVAGE 
PCT. 

30.00 
30.00 
40.00 
75.00 
90.00 

1.30 (INCH(ES) (INCLUDING o.s INCH LEVEL-UP) AFTER 9.39 YEARS. 

TOTAL LIFE= 20.11YEARS 

SERVICEABILITY LOSS DUE TO SWELLING CLAY IN EACH PERFORMANCE PERIOD IS 
(1) 0.752 
(2) 0.387 

THE TOTAL COSTS PER sa. YO. FOR THESE CONSIDERATIONS ARE 
INITIAL CONSTRUCTION COST 10.378 
TOTAL ROUTINE MAINTENANCE COST 
TOTAL OVERLAY CONSTRUCTION COST 
TOTAL USER COST DURING 

OVERLAY CONSTRUCTION 
SALVAGE VALUE 
TOTAL OVERALL COST 

o. 347 
o.730 

0.217 
-1.657 
10.015 

NUMBER OF FEASIBLE DESIGNS EXAMINED FOR THIS SET -- 26 

AT THE OPTIMAL SOLUTION. THE FOLLOWING 
BOUNDARY RESTRICTIONS ARE ACTIVE--

1 • THE MINIMUM DEPTH OF LAYER 1 
2. THE MAXIMUM DEPTH OF LAYER 1 
3. THE MINIMUM DEPTH OF LAYER 2 
4. THE MAXIMUM DEPTH OF LAYER 2 
s. THE MINIMUM DEPTH OF LAYER 5 
6. THE MAXIMUM DEPTH OF LAYER 5 
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PROA 
6 

DIST. 
14 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

FLEXIBLE PAVFMENT DESIGN 

COUNTY CONT. SECT. HIGHWAY DATE 
TRAVIS 3136 01 LP 1 MODAC 02/17/75 

SUMMARY OF THE REST DESIGN STR~TEGIES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 5 6 

IPE 
238 

7 

PAGE 
9 

a 
******************************************************************************** 
MATFRIAL ARRANGEMENT ABCD AOCD ABCDE ABCOE ABCD ABCD ABCD ABCD 
INIT. CONST. COST 9.99 9.74 10.38 10.37 9.78 9.83 10.25 9.19 
OVERLAY CONST. COST 0.68 1.26 0.73 0.73 1.26 1.26 0.68 1.88 
USER COST o.26 0.23 0.22 Oe24 0. 23 0.23 0.35 0.34 
ROUTINE MA I NT • COST 0.35 0.35 0.35 Oe35 0.35 0.35 o.3s 0.35 
SALVAGE VALUE -1.40 -1.57 -1 .66 - 1. 61 -1.50 -1.54 -1.4 7 -1.58 

******************************************************************************** 
TOTAL COST 9.88 to.co 10.02 10.07 10.12 10.12 1 o. 16 10.17 

******************************************************************************** 
NUMBER OF L~YERS 4 4 5 5 4 4 4 4 

******************************************************************************** 
LA YEP O~PTH {INCHES) 

0 ( 1) t.oo 1.oo 1.oo t.oo 1.oo t.oo 1 .o 0 1.oo 
0(2) t.so 1.50 t.so 1. 50 1. 50 f.so 1. 50 1 • 50 
0(3) 8.50 4.50 4.50 s.so 6. 50 5.50 7.50 3.50 
D'( 4) 10.00 17.50 t5.oo 12.50 12.50 15.00 12.50 18.00 
0(5) 6.00 6.00 
s ( 1 ) 2.00 2.00 2.00 2.00 2.00 2e00 2.00 2.00 
S(2) 9.00 s.oo s.oo 6.00 7.co 6.00 8.00 4.00 

******************************************************************************** 
NO.OF PFRF.PERIOOS 2 2 2 2 2 2 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T( 1 ) 

T(2) 
9.6 

20.8 
9.0 

20.9 
9.4 

20.1 
9.4 

20.3 
8.9 

20.3 
9.1 

21.0 
9.9 

22.0 
7.9 

20.2 

******************************************************************************** 
OVERLAY PDLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 1.3 2.3 1.3 1.3 2.3 2.3 1.3 3.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(1) 0.76 C.73 0.75 0.76 0.72 0.73 0.78 0.67 
SCC2) 0.39 0.42 0.39 0.39 0.42 0.42 0.40 0.47 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 61 
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PROB 
6A 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT • 
1 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

IPE 
238 

PAGE 
1 

******************************************************************************** 
COMMENTS ABOUT THIS PROBLEM 

******************************************************************************** 
BASIC DESIGN CRITERIA 

********************* 
LENGTH OF THE ANALYSIS PERIOD (YEARS) 
MIN I MUM TIME BETWEEN OVERLAYS (YEARS) 
MINIMUM SERVICEABILITY INDEX P2 
DESIGN CONFIDENCE LEVEL 
INTEREST RATE OR TIME VALUE OF MONEY (PERCENT) 

PROGRAM CONTPOLS AND CONSTRAINTS 

******************************** 
NUMBER OF SUMMARY OUTPUT PAGES DESIRED ( 8 DESIGNS/PAGE) 

20·0 
6.0 
3.0 
D 

7.0 

MAX FUNDS AVAILABLE PER SQ.YD. FOR FIRST OVERLAY (DOLLA~S) 
ACCUMULATED MAX DEPTH OF ALL OVERLAYS (INCHES) (EXCLUDING LEVEL-UP) 
PAVEMENT CROSS-SECTION MODEL USED 

1 
6.SO 

to.o 
1 

QUANTITY-DISCOUNT COST MODEL USED 

TRAFFIC DATA 

************ 
AOT AT BEGINNING OF ANALYSIS PERIOD (VEHICLES/DAY) 
ADT AT END OF TWENTY YEARS (VEHICLES/DAY) 
ONE-DIRECTION 20.-YEAR ACCUMULATED NO. OF EQUIVALENT 18-KSA 
AV£RAGE APPROACH SPEED TO THE OVERLAY ZONE(MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE {OVERLAY DIRECTION) (MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE (NON-OVERLAY DIRECTION) (MPH) 
PROPORTION OF ADT ARRIVING EACH HOUR OF CONSTRUCTION (PERCENT) 
PERCENT TRUCKS IN ADT 

ENVIRONMENT AND SUBGRADE 

************************ 
DISTRICT TEMPERATURE CONSTANT 
SWELLING PROBABILITY 
POTENTIAL VERTICAL RISE (INCHES) 
SWELLING RATE CONSTANT 

B-34 

2 

52000. 
104000. 

8272800. 
so.o 
20.0 
so.o 

5.5 
a.o 

31.0 
o.a5 
2.30 
o.oa 



TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

PROB 
6A 

D 1ST • 
14 

COUNTY 
TRAVIS 

CONT. 
3136 

SECT. 
1 

HIGHWAY 
LP 1 MOPAC 

INPUT DATA CONTINUED 

CONSTRUCTION AND MAINTENANCE DATA 

********************************* 
SERVICEABILITY INDEX Pl AFTER AN OVERLAY 
MINIMUM OVERLAY THICKNESS (INCHES) 
OVERLAY CONSTRUCTION TIME (HOURS/DAY) 
ASPHALTIC CONCRETE COMPACTED DENSITY (TONS/CeYe) 
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR) 
WIDTH OF EACH LANE (FEET) 

DATE 
02/17/75 

FIRST YEAR COST OF ROUTINE MAINTENANCE (DOLLARS/LANE-MILE) 

IPE 
238 

ANNUAL INCREMENTAL INCREASE IN MAINTENANCE COST {DOLLARS/LANE-MILE) 
UPGRADE MATERIAL COMPACTED DENSITY (TONS/CeYe) 
UPGRADE MATERIAL PRODUCTION RATE (TONS/HOUR) 

DETOUR DESIGN FOR OVERLAYS 

************************** 
TRAFFIC MODEL USED DURING OVERLAYING 
TOTAL NUMBER OF LANES OF THE FACILITY 
NUMBER OF OPEN LANES IN RESTRICTED ZONE {OVERLAY DIRECTION) 
NUMBER OF OPEN LANES IN RESTRICTED ZONE (NON-OVERLAY DIRECTION) 
DISTANCE TRAFFIC IS SLOWED (OVERLAY DIRECTION) (MILES} 
DISTANCE TRAFFIC IS SLOWED (NON-OVERLAY DIRECTION) (MILES) 
DETOUR DISTANCE AROUND THE OVERLAY ZONE (MILES) 

EXISTING PAVEMENT AND PROPOSED ACP 

********************************** 
THE AVERAGE SCI OF THE EXISTING PAVEMENT 
THE STANDARD DEVIATION OF SCI 
THE COMPOSITE THICKNESS OF THE EXISTING PAVEMENT (INCHES) 
IN-PLACE VALUE OF EXISTING PAVEMENT (OOLLARS/CeYe) 
SALVAGE VALUE OF EXISTING PAVT. AT END OF ANALYSIS PERIOD (PERCENT) 
LEVEL-UP REQUIRED FOR THE FIRST OVERLAY (INCHES) 

OTHER MATERIALS INFORMATION 

*************************** 
COST AT COST AT 

MATERIALS 8 IN. THICK t IN. THICK 
OVERLAY MATERIAL 13.93 17.03 
UPGRADE MATERIAL 3.96 4.84 

B-35 

SALVAGE 
PCT. 

10.00 
75.00 

PAGE 
2 

3.9 
o.s 
7.0 
2.00 

120.0 
12.0 

100.00 
10.00 
1.50 

100.00 

3 

6 
1 
3 
t.oo 
o.o 
o.o 

OelOO 
0.035 

28.0 
5.21 

66.0 
t.oo 



PROB 
6A 

DIST. 
14 

COUNTY 
TRAVIS 

CROSS SECTION DATA 

****************** 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT. 
1 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

INPUT DATA CONTINUED 

CROSS SECTION WIDTH OUTSIDE OF LEFT SHOULDER (FEET) 
WIDTH OF LEFT SHOULDER (FEET) 
WIDTH OF RIGHT SHOULDER (FEET) 
CROSS SECTION WIDTH OUTSIDE OF RIGHT SHOULDER (FEET) 

B-36 
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PAGE 
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6.00 
to.oo 
to.oo 
6.00 



PROB 
6A 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT • 
1 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

AVERAGE SCI = 0.100 CONFIDENCE LEVEL = D 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 

**************************************************** 
INITIAL GVERLAY 

CONSTRUCT ICN COST 4.73 3.68 3.10 3.10 
USER COST 4.42 3.24 2.65 2.65 

FUTURE OVFRLAY(S) 
CONSTRUCT I CN COST c.o 0.34 1 .26 0.70 
USER COST c.o 11.43 22.27 26.24 

ROUTINE MAINT. COST 0.43 0.36 0.35 0.32 
SALVAGE VALUE -0.82 -0.80 -0.82 -o. 79 

**************************************************** 
**************************************************** 
TOTAL COST 8.77 18.26 28.81 32.23 

**************************************************** 
**************************************************** 
NU.OF PERF.PERlOOS 1 2 2 3 

**********~***************************************** 
PERF. TIME {YFARS) 

T ( 1 ) 

T(2) 
T(3) 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16. 1 
23.2 

**************************************************** 
1ST LEVEL-UP(INCHES) leO 1.0 1.0 1.C 
FUTURE LEVEL-UP(S) 0.5 0.5 0.5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUOI~G LEVEL-UP) 

0 ( 1 ) 

0(2) 
0(3) 

7.5 5.5 
1 • 0 

4.5 
3.0 

4.5 
1. 0 
1.0 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
sc ( 1) 

SCC2) 
SC(3) 

0.55 0.41 
0. 1 6 

0. 32 
0.22 

0.32 
0.16 
0.08 

**************************************************** 

IPE 
238 

THF TCTAL NUM~ER OF FEASIHLE OVERLAY SCHEMFS CONSIOERED WAS 
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EXAMPLE PROBLEMS 

In order to illustrate the use of FPS...;l3-TTI,. sixteen example problems were 

coded herein for one computer run. The sixteen problems cover all combinations 

of two design options (IPTYPE = l or 2.}, two cross~section options (MDCS = 0 or 1) 

and four .quantity-discount cost options (MDQD = 1, 2, 3 or 4). They are: 

Problem IPTYPE MDCS MDQD Problem IPTYPE 

1 1 0 1 1A 2 

2 1 0 2 2A 2 

3 1 0 3 3A 2 

4 1 0 4 4A 2 

5 1 1 1 5A 2 

6 1 1 2 6A 2 

7 1 1 3 7A 2 

8 1 1 4 8A 2 

IPTYPE, MDCS and MDQD are defined as follows: 

IPTYPE = 1 for new construction design option, 

2 for ACP overlay design option; 

MDCS = 0 for pavement cross section without shoulders, 

1 for full pavement cross section; and 

MOQD = 1 for constant cost model, 

2 for linear discount cost model, 

3 for log-normal discount cost model, 

4 for log-log discount cost model. 
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MDCS MDQD 

0 1 

0 2 

0 3 

0 4 

1 1 

1 2 

1 3 

1 4 



INPUT DATA 

PROBLEM NO. 1-8 and 1A-8A 
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co 
I 

-t:=::o 
0 

CARD 

NUMBER 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

27 
28 
29 
30 
31 
32 

EXAMPLE INPUT DATA FOR FPS-13-TTI 

COLUMN NUMBER 

1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
•••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 

01 1 14 TRAVIS 313601LP 1 MOPAC02/ 1.7/75 238 
02 
03 20 6 6 3.0 E 7.0 
04 1 1 a.oo 36.0 6.0 0 1 
05 39330. 64752. 6894000. 50 20 50 5.5 8 
06 31 o.as s.o o.oa 0.26 
07 4.0 3.9 o.a 7 1.26 75 12 100.00 to.oo 
08 3 6 1 3 t.o o. o. 
10 1 A LT. WTe ACP 0.96 t.oo 1. 00 30 21.42 1 
10 2 B ACP 0.96 1.50 1.50 30 15.48 1 
10 3 c BLACK BASE 0.96 2.50 to.oo 40 13.93 1 
10 4 0 CRUSHED STONE o.6o 10.00 18.00 75 4e40 1 
10 5 E LIME TREATED SUB 0.40 6.00 6.00 90 2.40 0 
11 21.42 30. 
13 
01 2 14 TRAVIS 313601LP 1 MOPAC02/17/75 238 
04 1 1 s.oo 36.0 6.0 0 2 
10 1 A LT. WT. ACP 0.96 1·00 t.oo 30 21.42 21. 421 
10 2 B ACP 0.96 t.so 1.50 30 15.48 15.481 
10 3 .c BLACK BASE 0.96 2.50 to.oo 40 11.14 16.721 
10 4 0 CRUSHED STONE Oe60 to.oo 18.00 75 3.96 4. 841 
10 5 E LIME TREATED SUBG 0.40 6.00 6.00 90 2e40 2.400 
11 19.2823.5630. 
13 
01 3 14 TRAVIS 313601LP 1 MOPAC02/17/75 238 
04 1 1 a.oo 36.0 6.0 0 .3 

13 
01 4 14 TRAVIS 31360tLP 1 MOPAC02/17/75 238 
04 1 1 a.oo 36.0 6.0 0 4 

13 
01 5 14 TRAVIS 313601LP 1 MOPAC02/17/75 238 
04 1 112.00 36.0 6.0 1 1 

l 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
•••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o 



EXAMPLE INPUT DATA FOR FPS-13-T"TI (CONTINUED) 

COLUMN NUMBER 

CARD 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
NUMBER •••• s •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 

33 07 4.0 3.9 o.a 7 le26 75 12 1oo.oo to.oo 1.20 too. 
34 10 1 A LT. WT. ACP 0.96 t.co 1.oo 30 21.42 1 
35 10 2 8 ACP 0.96 1.50 t.so 30 15.48 1 
36 10 3 c BLACK BASE Oe96 2.50 1o.oo 40 13.93 1 
37 10 4 0 CRUSHED STONE 0.60 to.oo ta.oo 75 4.40 1 
38 10 5 E LIME TREATED SUB 0.40 6.00 6.00 90 2.40 0 
39 11 15.48 30. 13.93 40. 2.40 90. 21.42 30. 4e40 75. 
40 12 6. to. to. 6. a. a. 2. 3 
41 13 
42 01 5 14 TRAVIS 313601LP 1 MOPAC02/17/75 238 
43 04 1 112.00 36.0 6.0 1 2 
44 10 1 A LT. wr. ACP 0.96 t.oo 1.oo 30 21.42 2 1. 421 
45 10 2 B ACP 0.96 1. 50 1.so 30 15.48 1 5. 481 

O::J 46 10 3 c BLACK BASE 0.96 2.50 10.00 40 11.14 16.721 
I 

47 10 ~ 4 0 CRUSHED STONE Oe60 10.00 18.00 75 3.96 4. 841 __, 
48 10 5 E LIME TREATED SUBG 0.40 6.00 6.00 90 2e40 2.400 
49 11 .13.9317.0330. 12.5415.3240. 2.16 2.64 90. 19.2823.5630. 3.96 4.84 75. 
50 13 
51 01 7 14 TRAVIS 313601LP 1 MOPAC02/ 17/75 238 
52 04 1 112.00 36.0 6.0 1 3 
53 13 
54 01 8 14 TRAVIS 313601LP 1 MOPAC02/17/75 238 
55 04 1 112.00 36.0 6.0 1 4 
56 13 
57 01 1A14TRAVIS 3136 1LP 1 MOPAC02/17/75 238 
58 02 
59 03 20 6 3.0 0 7.0 
60 04 2 1 s.oo • to.o 0 1 
61 05 52000. 104000. 8272800. 50 20 50 5.5 8 

62 06 31 o.85 2.3 o.oa • 
63 07 • 3.9 0.5 7 2.00120 12 100.00 to.oo 
64 08 3 6 1 3 t.o o.o o.o 

1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
•••• 5 •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o 



CARD 
NUMBER 

65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 

c:o 78 
I 79 +::> 

N 80 
81 
82 
83 
84 
85 
86 
87 
88 
89 

90 
91 
92 
93 

EXAMPLE INPUT DATA FOR FPS-13-TTI (CONTINUED) 

COLUMN NUMBER 

1 1 2 2 3 3 4 4 5 5 6 6 7 7 a 
•••• s •••• o •••• s •••• o •••• 5 •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 

090.1000.03528.0 
11 
13 
01 
04 
11 
13 
01 
04 
13 
01 
04 
13 

2A14TRAVIS 
2 1 s.oo 

3Al4TRAVIS 
2 1 s.oo 

4A14TRAVIS 
2 t s.oo 

• 

• 

• 

01 5A14TRAVIS 
04 2 1 6.50 • 
01 • 3.9 o.s 
11 
12 
13 

6. 10. 

01 6A14TRAVIS 
04 2 1 6.50 
11 
13 
01 7A14TRAVIS 
04 2 1 6.50 
13 

• 

• 

01 8A14TRAVIS 
04 2 1 6.50 • 
13 

1 1 

5.21 66 t.o 

3136 lLP 1 MOPAC02/17/75 238 
to.o o 2 

3136 lLP 1 MOPAC02/17/75 238 
10.0 0 3 

3136 lLP 1 MOPAC02/17/75 238 
10.0 0 4 

3136 lLP 1 MOPAC02/17/75 238 
10.0 1 1 

15.48 to. 

13.9317.0310. 

7 2.00120 12 too.oo to.oot.so 100. 
15.48 to. 

to. 6. 

3136 lLP 1 MOPAC02/l7/75 238 
10.0 1 2 

3136 lLP 1 MOPAC02/17/75 238 
to.o 1 3 

3136 lLP 1 MOPAC02/17/75 238 
10.0 1 4 

2 2 3 3 4 4 

1 3 • 931 7. 0 31 0. 

5 5 6 

4.40 75. 

3.96 4.84 75. 

6 7 7 8 
•••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 

I 



OUTPUT DATA 

SUMMARY TABLES OF EIGHT EXAMPLE 
FLEXIBLE PAVEMENT DESIGN PROBLEMS 
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PROS 
1 

OIST. 
14 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

FLEXIBLE PAVEMENT DESIGN 

COUNTY CONT. SECT. HIGHWAY DATE 
TRAVIS 3136 01 LP 1 MOPAC 02/17/75 

SUMMARY OF THE BEST DESIGN STRATJ;:GIES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 5 6 

IPE 
238 

7 

PAGE 
8 

8 

******************************************************************************** 
MATERIAL ARR~NGEMENT ABCDE ABCDE ABCDE ABCD ABCD ABCDE ABCD ABCOE 
INIT• CONST • COST 5.21 5.30 5.13 5.12 5. 20 4.52 4.79 4e83 
OVERLAY CONST. COST o.42 0.42 0.74 0.74 o. 74 0.80 1.14 1 .14 
USER COST 0.12 0.13 o.t3 o.t3 0.13 0.72 o.t9 0.19 
ROUTINE MAl NT • COST o.22 Oe22 0.22 o.22 0.22 0.20 o.22 0.22 
SALVAGE VALUE -0.76 -0.74 -0.83 -0.77 -o. 75 -0.70 -0.79 -0.81 

***********************************************************************'******** 
TOTAL COST 5.22 5.33 5.40 5.44 5.54 5.54 5.56 5.57 

******************************************************************************** 
NUMBER OF LAYERS 5 5 5 4 4 5 4 5 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0(1) 
0(2) 
D{3) 
0(4) 
0(5) 

t.oo 
t.5o 
4.50 

15.00 
6.00 

t.oo 
t.so 
s.so 

12.50 
6.00 

t.oo 
t.so 
3~50 

17.50 
6.00 

t. 00 
t.so 
4.50 

17.50 

t. 00 
1. 50 
s.so 

15.00 

t.oo 
t.so 
3.50 

12.50 
6.00 

t.oo 
t.5o 
3.50 

18.00 

t.oo 
t.5o 
3.50 

15.00 
6.00 

******************************************************************************** 
NO.OF PERF.PERIODS 2 2 2 2 2 3 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T( 1) 

T(2) 
T(3) 

9.4 
20.3 

9.1 
21.0 

9.0 
20.9 

9.1 
21.0 

6.9 
13.2 
20.1 

7.9 
20.2 

8.t 
20.6 

******************************************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) t.3 t.3 2.3 2. 3 2.3 1.3 3.3 3.3 
0(2) 1.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 
SC{2) 
SC(3) 

Oe75 
0.39 

Oe76 o.73 
0.39 o. 42 

0.73 0.73 
0.42 0.42 

0.61 
0.32 
0.21 

0.67 0.68 
0.47 0.47 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 79 
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PROB DIST. 
2 14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. SECT • HIGHWAY 
3136 01 LP 1 MOPAC 

DATE 
02/17/75 

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

1 2 3 4 5 6 

0.46 o.79 0.79 Oe46 0.43 
o.12 0.13 0.13 0.13 0.24 

IPE PAGE 
238 8 

7 8 

ROUTINE MAINT. COST 
SALVAGE VALUE 

0.22 
-0.77 

0.22 0.22 
-0.82 -0.76 

Oe22 
-0.77 

Oe22 
-0.74 

0.22 Oe22 0.22 
-0.70 -0.77 -0.76 

******************************************************************************** 
TOTAL COST 5e36 5.47 5.48 5e49 5.55 5.58 5.59 5e62 

******************************************************************************** 
NUMBER OF LAYERS 5 5 4 5 4 4 4 4 

******************************************~************************************* 
LAYER DEPTH (INCHES) 

0(1) 

0{2) 
0(3) 

0(4) 

t.oo 
t.so 
4.50 

15.00 

t.oo 
t.so. 
3.50 

17.50 

t.oo 
t.so 
4.50 

17.50 

t.oo 
t. 50 
s. 50 

12.50 
0(5) 6.00 6.00 6.00 

1. 00 
t.so 
s.so 

17 .so 

t.oo 
1. 50 
a.so 

10.00 

t.oo 
t.so 
3.50 

18.00 

t.oo 
t.so 
5.50 

t5.oo 

******************************************************************************** 
NO.OF PERFePERIOOS 2 2 2 2 2 2 2 2 

******************************************************************************** 
PERF. TIME {YEARS) 

T(l) 9.4 9el 9.0 9.4 10.1 9.6 7.9 9.1 
T(2) 20.1 21.0 20.9 20.3 22.9 20.8 20.2 21.0 

******************************************************************************** 
OVERLAY POLlCY(INCH) 
{INCLUDING LEVEL-UP) 

0(1) 1.3 2.3 2.3 1.3 1.3 1·3 3.3 2.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY, 
SC(ll 
SC(2) 

0.75 
0.39 

0.73 
0·42 

0.73 
Oe42 

0.76 
0.39 

0. 79 
o.4t 

0.76 
0.39 

0.67 
0.47 

0.73 
0.42 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 79 
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PROB 
.3 

D 1ST • 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. 
01 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

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

1 2 4 5 6 

IPE 
238 

7 

PAGE 
8 

8 

******************************************************************************** 
MATERIAL ARRANGEMENT ABCOE ABCDE ABCD ABCOE ABCD ABCO ABCD ABCD 
INITe CONST. COST 

,OVERLAY CONST. COST 
USER COST 
ROUTINE MAINT. COST 

5.29 
0.46 
0.12 
0.22 

5.39 5e06 
0.46 0.79 
o.13 0.13 
0·22 Oe22 

5.13 5.36 5.44 5el9 4.76 
o.79 0.43 0.43 0.79 1.18 
0.13 0.24 o.t5 0.13 0 e19 
0.22 o.22 0.22 0.22 0.22 

SALVAGE VALUE -0.77 -0.76 -0.76 -0.81 -0.74 -0.69 -0.75 -0.77 

******************************************************************************** 
TOTAL COST 5.33 5.44 5.45 5e45 5.51 5.54 5e58 5e58 

******************************************************************************** 
NUMBER OF LAYERS 5 5 4 5 4 4 4 4 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0(1) 
0(2} 
0(3) 
0(4) 
0(5) 

t.oo 
1.so 
4.50 

15.00 
6.00 

t.oo 
1.50 
s.so 

12.50 
6.00 

t.oo 
t.so 
4.50 

17.50 

t.oo 
1. 50 
3.50 

17.50 
6.00 

t.oo 
1. 50 
s.so 

17.50 

t.oo 
1.50 
a.5o 

10.00 

t.oo 
1.50 
5.50 

15.0 0 

t.oo 
t.so 
3.50 

18.00 

******************************************************************************** 
NO.OF PERFePERIOOS 2 2 2 2 2 2 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T(l) 
T(2) 

9.4 
20 .t 

9.4 
20.3 

9.0 
20.9 

9.1 
21.0 

10.1 
22.9 

9.6 
20.8 

9.1 
21.0 

7.9 
20.2 

***************************~**************************************************** 
OVERLAY POLICY{INCH) 
(INCLUDING LEVEL-UP) 

0(1) 1.3 1.3 2.3 2.3 1.3 1.3 2.3 3.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 0.75 0.76 0.73 0.73 0.79 0.76 0.73 Oe67 
SC(2) 0.39 0.39 Oe42 0.42 Oe41 0.39 0.42 0.47 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS 'CONSIDERED WAS 79 
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PROB 
4 

OIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. 
01 

HIGHWAY 
LP 1 MOPAC 

DATE 
02/17/75 

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

1 2 3 4 5 6 

IPE 
238 

7 

PAGE 
8 

8 

******************************************************************************** 
MATERIAL ARRANGEMENT ABCDE ABCOE ABCD ABCOE ABCD ABCO ABCD ABCD 
INIT. CONST. COST 
OVERLAY CONST. COST 
USER COST 
ROUTINE MAINT. COST 

5.16 
0.45 
0.12 
0·22 

5.22 
0.45 
0.13 
Oe22 

4.94 5.06 
0.76 0.76 
0.13 0.13 
0.22 o.22 

5. 21 5.02 5.28 5.34 
0.42 0.76 0.42 0.42 
0.24 0.13 0.23 0.15 
0. 22 0.22 0.22 0.22 

SALVAGE VALUE -0.75 -0.74 -0.74 -0.80 -0.72 -0.73 -0.71 -0.68 

******************************************************************************** 
TOTAL COST 5.20 5.29 5.31 5.36 5.37 5e40 5.44 5e45 

******************************************************************************** 
NUMBER OF LAYERS 5 5 4 5 4 4 4 4 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0(1) 

D(2) 
0(3) 
0(4) 
D(5) 

t.oo 
t.so 
4.50 

15.00 
6.00 

t.oo 
1.50 
5.50 

12.50 
6.00 

t.oo 
t.so 
4.50 

17.50 

t.oo 
1.50 
3.50 

17.50 
6.00 

t.oo 
1. 50 
s.so 

17 .so 

1. 00 
1.so 
5.50 

15.00 

t.oo 
t.so 
6.50 

15.00 

t.oo 
1.5o 
a.5o 

1o.oo 

******************************************************************************** 
NO.OF PERF.PERIODS 2 2 2 2 2 2 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T(l) 
T(2) 

9.4 
20 .t 

9.4 
20.3 

9.0 
20.9 

9.1 
21.0 

10.1 
22.9 

9.1 
21.0 

10.1 
22.7 

9.6 
20.8 

******************************************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) t.3 t.3 2.3 2.3 1·3 2.3 1.3 1.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC( 1) 
SC(2) 

o.7s 
0.39 

0.76 
0.39 

o.73 
0.42 0.42 

o.79 0.73 Oe79 0.76 
0.41 0.42 0.40 0.39 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 79 
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PROB 
5 

OIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY OEPA~TMENT 

FPS-13-TT I~.~. 
FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. 
01 

HIGHWAY 
LP 1 MOPAC 

DATE 
02/17/75 

SUMMARY OF THE BEST OESI GN STRATEGIES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 5 6 

IPE 
238 

7 

PAGE 
9 

8 

******************************************************************************** 
MATERIAL ARRANGEMENT ABCDE ABCDE A8CD ABCD ABCD ABCDE ABCD ABCOE 
INIT. CONST. COST 
OVERLAY CONST. COST 
USER COST 
ROUTINE MAINT. COST 

10.19 
0.67 
0.24 
0.35 

10.32 
0.67 
0.22 
0·35 

9.79 9.91 
1.1s 1.1a 
0.23 0.23 
0.35 0.35 

10.04 8.76 10.37 9.36 
1.1a t.28 0.63 1.82 
0.23 1.28 0.26 0.34 
0.35 0.32 0.35 0.35 

SALVAGE VALUE -1.58 -1.66 -1.48 -1.56 -1.64 -1.47 -1.41 -1.57 

******************************************************************************** 
TOTAL COST 9.86 9.9.0 10.·06 10.11 10.16 10.17 10.19 10.29 

******************************************************************************** 
NUMBER OF LAYERS 5 5 4 4 4 5 4 5 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0(1) 1.00 1.00 1.00 •• 00 1.00 t.oo t.oo t.oo 
0(2) 1.50 t.so t.so 1· 50 1. 50 t.so t.so 1 .so 
0(3) s.so 4.50 6.50 5.50 4.50 3.50 8.50 s.so 
0(4) 12.50 15.00 12.50 t5.oo 17.50 12.50 to.oo 10.00 
0(5} 6.00 6.00 6.00 6.00 
S(1) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
5(2) 6.00 s.oo '7.00 6.00 s.oo 4.00 9.00 6.00 

******************************************************************************** 
NO.OF PERF.PERIODS 2 2 2 2 2 3 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T(l} 

T(2) 
T{3) 

9.4 
20.3 

9.4 
20 •• 20.3 

9.1 
21.0 

9.0 
20.9 

6.9 
13.2 
20.1 

9.6 
20.8 

8 .t 
20.8 

******************************************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 1.3 1.3 2.3 2.3 2.3 1.3 1.3 3.3 
0(2) 1.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 

SC(2) 
SC(3) 

0.76 
0.39 

0.75 
0.39 

0.72 
0.42 

0.73 
0.42 

o. 73 
0.42 

0.61 
0.32 
0.21 

0.76 
0.39 

0.68 
0.47 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 49 
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PROB 
6 

DIST. 
14 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

SECT • HIGHWAY DATE COUNTY 
TRAVIS 

CONT. 
.31.36 01 LP 1 MOPAC 02/1.7/75 

SUMMARY OF THE 
IN ORDER OF 

1 2 

BEST DESIGN STRATEGIES 
INCREASING TOTAL COST 

3 4 5 6 

IPE PAGE 
238 9 

7 8 

******************************************************************************** 
MATERIAL ARRANGEMENT ABCO ABCO ABCDE ABCOE ABCD ABCD ABCD ABCO 
INITe CONST. COST 
OVERLAY CONST. COST 
USER COST 
ROUTINE MAINT. COST 

9.99 
0.68 
0.26 
0.35 

9 •. 74 
.1.26 
Oe23 
0.35 

10.38 10.37 
0.73 0.73 
0.22 Oe24 
0.35 0.35 

9.78 9.83 10.25 9.19 
1.26 1.26 0.68 1.88 
0.23 0.23 0.35 0.34 
Oe35 o.3s 0.35 0.35 

SALVAGE VALUE -1.40 -1.57 -1.66 -1.61 -1.50 -1.54 -1.47 -1.58 

************************************************•******************************* 
TOTAL COST 9.88 10.00 10.02 10.07 10.12 10.12 10.16 10.17 

******************************************************************************** 
NUMBER OF LAYERS 4 4 5 5 4 4 4 4 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0( 1) 

0(2) 
0(3) 
0(4} 
0(5) 
S( 1) 

5(2) 

1.oo 
t.so 
a.so 

10.00 

2e00 
9.00 

t.oo 
t.so 
4.50 

17.50 

2.00 
s.oo 

1.oo 
1.50 
4.50 

15.00 
6.00 
2.00 
s.oo 

1. 00 
1. 50 
5.50 

12.50 
6.00 
2.00 
6.00 

t.oo 
1. 50 
6. 50 

12.50 

2.00 
7.00 

t.oo 
1. 50 
5.50 

15.00 

2·00 
6.00 

t.oo 
t.so 
7.50 

12.50 

2.00 
a.oo 

1.oo 
1 .so 
3.50 

18.00 

2.00 
4.00 

******************************************************************************** 
NO.OF PERF.PERIODS 2 2 2 2 2 2 2 2 

********************************************************************.*********** 
PERF. TIME (YEARS) 

T(1} 
T(2} 

9.6 
20.8 

9.0 
20.9 

9.4 
20.1 

9.4 
20.3 

9.1 
21.0 

9.9 
22.0 

7.9 
20.2 

******************************************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1} 1.3 2.3 1.3 1.3 2.3 2.3 1.3 3 • .3 

******************************************************************************** 
SWELLING CLAY LOSS 

{SERVICEABILITY} 
SC{1) 
SC( 2) 

0.76 
0.39 

0.73 
o.42 

0.75 
0.39 

0.76 
Oe39 

o. 72 
Oe42 

0.73 
0.42 

0.78 
0.40 

0.67 
0.47 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 61 
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PROB 
7 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT • 
01 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

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

1 2 3 4 5 6 

IPE 
238 

7 

PAGE 
9 

8 

******************************************************************************** 
MATERIAL ARRANGEMENT ABCD ABCO ABCOE ABCDE ABCD ABCO ABCO ABCO 
INIT. CONST. COST 
OVERLAY CONST. COST 
USER COST 
ROUTINE MAINT. COST 

9e96 
0.68 
0.26 
0.35 

9.70 
1.25 
o.23 
0.35 

10.32 10.30 
Oe73 Oe73 
0.22 0.24 
0.35 0.35 

9. 71 9.76 10.18 9.17 
1. 25 1e25 0.68 1 .a·7 
0.23 0.23 0.35 Oe34 
0.35 0.35 0.35 0.35 

SALVAGE VALUE -1.39 -1.56 -1.65 -1.60 -1.49 -1.53 -1.47 -1.58 

******************************************************************************** 
TOTAL COST 9.86 9.96 9.97 10.01 10.05 10.06 10.10 10.14 

******************************************************************************** 
NUMBER OF LAYERS 4 4 5 5 4 4 4 4 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0(1) 
0(2) 
0(3) 
0(4) 
0(5) 
5(1) 

5(2) 

t.oo 
1.50 
a.so 

to.oo 

2e00 
9.00 

t.oo 
t.so 
4.50 

17.50 

2.00 
5.00 

1.00 
1.50 
4.50 

15.00 
6.00 
2.00 
5.00 

t. 00 
t. 50 
s.so 

12.50 
6.00 
2.00 
6.00 

t.oo 
t. 50 
6.50 

12 .so 

2.00 
7. 00 

t.oo 
t.so 
5.50 

15.00 

2.00 
6.00 

t.oo 
t.so 
7.50 

12.50 

2e00 
s.oo 

t.oo 
t. 50 
3.50 

18.00 

2.00 
4.00 

******************************************************************************** 
NO.OF PERFePERIODS 2 2 2 2 2 2 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T(l) 

T(2) 
9.6 

20.8 
9.0 

20.9 
9.4 

20.3 
8.9 

20.3 
9.1 

21.0 
9.9 

22·0 
7.9 

20.2 

******************************************************************************** 
OVERLAY POLICY(lNCH) 
(INCLUDING LEVEL-UP) 

0(1) 1.3 2.3 1.3 1.3 2.3 2.3 1·3 3.3 

******************************************************************************** 
SWELLING CLAY LOSS 

{SERVICEABILITY) 
SC(l) 
SC( 2) 

0.76 
0.39 

0.75 
Oe39 

0.76 
o.39 

o. 72 
Oe42 

0.73 
Oe42 

0.78 
0.40 

Oe67 
0.47 

****************************************************************************~*** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 63 
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PROS 

8 
DIST. 

14 
COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

FLEXIBLE PAVEMENT DESIGN 

CONT. 
3136 

SECT. 
Ol 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

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

1 2 3 4 5 6 

IPE 
238 

7 

PAGE 
9 

8 

******************************************************************************** 
MATERIAL ARRANGEMENT ABCO ABCDE ABCOE ABCD ABCD ABCD ABCD ABCO 
INIT. CONST. COST 
OVERLAY CONSTa COST 
USER COST 
ROUTINE MAINT. COST 

9.51 
1.20 
Oa23 
0.35 

10.09 
0.72 
0.22 
o.3s 

10.05 9.89 
0.72 Oa67 
0.24 0.26 
0.35 0.35 

9. 51 9.47 9.99 9a04 
1. 20 1.20 0.67 la78 
0.23 0.23 0.35 0.34 
0.35 0.35 0.35 0.35 

SALVAGE VALUE -1.54 -1.62 -1.57 -1.39 -1.50 -1.45 -1.44 -1.56 

******************************************************************************** 
TOTAL COST 9a74 9.75 9.78 9a78 9.79 9.80 9a92 9e95 

******************************************************************************** 
NUMBER OF LAYERS 4 5 5 4 4 4 4 4 

******************************************************************************** 
LAYER DEPTH (INCHES) 

0(1) t.oo t.oo 1.oo t.oo 1. 00 t.oo t.oo laOO 
0(2) le50 t.5o 1.50 t.5o t.so t. 50 1·50 t.so 
0(3) 4.50 4.50 5.50 a. 5o s.so 6.50 7.50 3.50 
0(4) 17.50 15.00 12.50 to.oo 15.00 12. so 12.50 18.00 
0(5) 6.00 6.00 
S( 1) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
S(2) s.oo s.oo 6.00 9.00 6.00 7.00 8.oo 4e00 

******************************************************************************** 
NO.OF PERF.PERIODS 2 2 2 2 2 2 2 2 

******************************************************************************** 
PERF. TIME (YEARS) 

T(l) 

T(2) 
9.0 

20.9 
9.4 

20.1 
9.4 

20.3 
9.6 

20.8 
9.1 

21.0 
8.9 

20.3 
9.9 

22.0 
7.9 

20.2 

******************************************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 2.3 1.3 1.3 1.3 2.3 2.3 1.3 3.3 

******************************************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 
SC(2) 

0.73 
0.42 

Oa75 
0.39 

0.76 
0.39 

Oa76 
o. 39 

0.73 
0.42 

0·72 
0.42 

0.78 
Oe40 

Oa67 
0.47 

******************************************************************************** 

THE TOTAL NUMBER OF FEASIBLE DESIGNS CONSIDERED WAS 62 
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SUMMARY TABLES OF EIGHT EXAMPLE 
ACP OVERLAY DESIGN PROBLEMS 
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PROB 
lA 

OIST. 
14 

COUNTY 

TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

ACP OVERLAY DESIGN 

CONT. 

3136 
SECT. 

1 
HIGHWAY 

LP 1 MOPAC 
DATE 

02/17/75 

AVERAGE SCI = 0•100 CONFIDENCE LEVEL = 0 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCTION COST 
USER COST 

FUTURE OVERLAY($) 
CONSTRUCTION COST 
USER COST 

·ROUTINE MAINT. COST 

3.22 

o.o 
o.o 
0.28 

1.75 

0.19 
6.16 
0.23 

1.93 
1.43 

0.75 
12.00 
0.22 

1.93 
1.43 

0.40 
14.14 
0.21 

SALVAGE VALUE -0.76 -0.75 -0.76 -0.74 

**************************************************** 
* ** * ** ·-· ** * * ** * ** * * ** *** * * ** * *** *** **** ** *** * * ** * * ** 
TOTAL COST 5·13 9.95 15.58 17.37 

**************************************************** 
**************************************************** 
NOeOF PERF.PERIOOS 1 2 2 3 

**************************************************** 
PERF. TIME {YEARS) 

T(l) 
T(2) 
T(3} 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP(INCHES) leO leO leO 1.0 
FUTURE LEVEL-UP($) 0.5 0.5 0.5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 7.5 5.5 4.5 4.5 
0(2l t.o 3.o t.o 
0(3) 1.0 

**************************************************** 
SWELLING CLAY LOSS 

( SERVICEABILITY) 
sc ( 1) 

SC(2) 
SC(3) 

0.55 0.41 
0.16 

0.32 
0.22 

0.32 
0.16 
o.oa 

**************************************************** 

IPE 
238 

THE TOTAL NUMBER OF FEASIBLE OVERLAY SCHEMES CONSIDERED WAS 
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PROS 
2A 

o-IST • 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TT I 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT. HIGHWAY DATE 
1 LP l MOPAC 02/17/75 

AVERAGE SCI = 0.100 CONFIDENCE LEVEL = 0 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCTION COST 2.95 2.30 1e93 1. Ej3 
USER COST 2e38 1.75 1.43 t. 43 

FUTURE OVERLAY(S) 
CONSTRUCTION COST o.o Oe21 0.78 0.44 
USER COST o.o 6.16 12.00 14.14 

ROUTINE MAINT. COST 0.28 0.23 0.22 0.21 
SALVAGE VALUE -0.76 -0.75 -0.76 -0.74 

**************************************************** 
**************************************************** 
TOTAL COST 4 e85 9 e90 15e61 17.41 

**************************************************** 
**************************************************** 
NO.OF PERFePERIOOS 1 2 2 3 

**************************************************** 
PERF. TIME (YEARS) 

T(l) 

T(2) 
T(3) 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP(INCHES) leO t.O leO 1.0 
FUTURE LEVEL-UP(S) Oe5 0•5 Oe5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 

0(2) 
0(3) 

5.5 
t.o 

4.5 
3.0 

4.5 
t.o 
1. 0 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
sc ( 1) 

SC(2) 
SC{3) 

o.ss 0.41 
0.16 

0.32 
0.22 

0.32 
0.16 
o.oa 

**************************************************** 

IPE 
238 

THE TCTAL NUMBER OF FEASIBLE OVERLAY SCHEMES CONSIDERED WAS 
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PROB 
3A 

OIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT. 
1 

HIGHWAY 
LP 1 MOPAC 

DATE 
02/17/75 

AVERAGE SCI = 0·100 CONFIDENCE LEVEL = 0 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCTION COST 
USER COST 

FUTURE OVERLAY(S) 
CONSTRUCTION COST 
USER COST 

ROUTINE MAINT. COST 
5ALVAGE VALUE 

2.94 
2e38 

o.o 
o.o 
Oe28 

-0.76 

2.29 
1.75 

0.21 
6.16 
Oe23 

-0.75 

1.93 1.93 
1.43 t. 43 

0.78 0.44 
12.00 14.14 
0.22 0.21 

-0.76 -0.74 

**************************************************** 
**************************************************** 
TOTAL COST 4e85 9.89 15.60 17.40 

**************************************************** 
**************************************************** 
NO.OF PERF.PERIODS 1 2 2 3 

**************************************************** 
PERF. TIME (YEARS) 

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

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP(JNCHES) leO t.O 1.0 leO 
FUTURE LEVEL-UP(S) Oe5 Oe5 0.5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 7.5 s.s 4.5 4.5 
0(2) t.o 3.o t.o 
0(3) 1.0 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 
SC(2) 
SC{3) 

o.ss 0.41 
Oel6 

0.32 
0.22 

0.32 
0.16 
o.oa 

**************************************************** 

IPE 
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THE TOTAL NUMBER OF FEASIBLE OVERLAY SCHEMES CONSIDERED WAS 
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PROS 
4A 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT. 
1 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

AVERAGE SCI = 0.100 CONFIDENCE LEVEL = D 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 .4 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCTION COST 2.92 2 .. 21 1.84 1. 84 
USER COST 2.38 1.75 1.43 1. 43 

FUTURE OVERLAY($) 
CONSTRUC. T tON COST o.o 0.21 0.74 0.44 
USER COST o.o 6.16 12.00 14.14 

ROUTINE MAl NT • COST 0.28 0.23 0.22 0.21 
SALVAGE VALUE -0.76 -0.74 -0.76 -0.74 

**************************************************** 
**************************************************** 
TOTAL COST 4.83 9.81 15.48 17.32 

**************************************************** 
**************************************************** 
NO.OF PERF.PERIODS 1 2 2 3 

**************************************************** 
PERF. TIME (YEARS) 

T(l) 

T(2) 
T(3) 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP(INCHES) 1.0 1.0 1.0 leO 
FUTURE LEVEL-UP(S) 0.5 0.5 Q.S 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 7.5 5.5 4.5 4.5 
OC2) t.o 3.o t.o 
0(3) t.o 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 
SC{ 2) 

SC(3) 

0.55 0.41 
0.16 

0.32 
0.22 

0.32 
0.16 
o.os 

**************************************************** 

IPE 
238 

THE TOTAL NUMBER OF FEASIBLE OVERLAY SCHEMES CONSIDERED WAS 

B-56 

PAGE 
3 

4 



PROB 
5A 

DIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT • 
1 

HIGHWAY DATE 
LP 1 MOPAC 02/17/75 

AVERAGE SCI = 0.100 CONFIDENCE LEVEL = D 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCTION COST 5.17 3.79 3.10 3.10 
USER COST 4.42 3.24 2.65 2.65 

FUTURE OVERLAY( S) 

CONSTRUe TION COST o.o 0.31 1.20 0.63 
USER COST o.o 11.43 22.27 26.24 

ROUTINE MAl NT. COST 0.43 0.36 0.35 0.32 
SALVAGE VALUE -0.83 -o.ao -0·82 -0.79 

**************************************************** 
**************************************************** 
TOTAL COST 9.20 18.33 28.76 32.17 

*************************************~************** 
**************************************************** 
NO.OF PERF.PERIODS 1 2 2 3 

**************************************************** 
PERF. TIME (YEARS) 

T( 1 .) 

T(2) 
T(3) 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP{INCHES) leO 1.0 leO 1.0 
FUTURE LEVEL-UP(S) 0.5 Oe5 0.5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 7.5 5.5 4.5 4.5 
o(2> t.o 3.0 t.o 
o<3l 1.0 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 
SC(2) 
SC(3) 

o.ss 0.41 
0.16 

0.32 
0.22 

0.32 
0.16 
o.oa 

**************************************************** 

IPE 
238 
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PROB 
6A 

OIST. 
14 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT. HIGHWAY DATE 
1 LP 1 MOPAC 02/17/75 

AVERAGE SCI = 0.100 CONFIDENCE LEVEL = 0 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCT I ON COST 4.73 3.68 3.10 3.10 
USER COST 4e42 3.24 2.65 2.65 

FUTURE OVERLAY( S) 
CONSTRUCTION COST o.o Oe34 1.26 0.70 
USER COST o.o 11.43 22.27 26.24 

ROUTINE MAINT. COST 0 .4.3 0.36 0.35 0.-32 
SALVAGE VALUE -o .a2 -o.ao -0.82 -0.79 

**************************************************** 
**************************************************** 
TOTAL COST 8.77 18.26 28.81 32.23 

**************************************************** 
**************************************************** 
NO.OF PERF.PERIODS 1 2 2 3 

**************************************************** 
PERF. TIME (YEARS) 

T( 1) 

T(2) 
T(3} 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP(INCHES) 1.0 t.O 1.0 1.0 
FUTURE LEVEL-UP(St Oe5 0.5 0•5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 7.5 s.s 4.5 4.5 
0(2) 1.0 3.0 1.0 
o<3> t.o 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(l) 
SC(2) 
SC{3} 

0.55 0.41 
o.t6 

0.32 
0.22 

0.32 
0.16 
o.os 

**************************************************** 

IPE 
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PROS 
7A 

DIST • 
).4 

COUNTY 
TRAVIS 

TEXAS HIGHWAY DEPARTMENT 
FPS-13-TTI 

ACP OVERLAY DESIGN 

CONT. 
3136 

SECT • 
1 

HIGHWAY 
LP 1 MOPAC 

DATE 
02/17/75 

AVERAGE SCI = 0.100 CONFIDENCE LEVEL = D 

SUMMARY OF THE BEST OVERLAY SCHEMES 
IN ORDER OF INCREASING TOTAL COST 

1 2 3 4 

**************************************************** 
INITIAL OVERLAY 

CONSTRUCTION COST 4.72 3.67 ·3.09 3.09 
USER COST 4.42 3.24 2.65 2.65 

FUTURE OVERLAY( S} 
CONSTR.UC T ICN COST o.o 0.34 1.25 0.70 
USER COST 0 .o 11.43 22.27 26.24 

ROUTINE MAl NT. COST 0.43 0.36 0.35 o. 3.2 
SALVAGE VALUE -0.82 -o.ao -0.82 -0.79 

**************************************************** 
**************************************************** 
TOTAL COST 8.76 18.24 28.79 32.21 

**************************************************** 
**************************************************** 
NO.OF PERF.PERIODS 1 2 2 3 

**************************************************** 
PERF. TIME (YEARS} 

T(l) 

T(2) 
T(3) 

22.9 12.2 
24.5 

8.2 
21.7 

8.2 
16.1 
23.2 

**************************************************** 
1ST LEVEL-UP(INCHES) 1.0 1.0 leO 1.0 
FUTURE LEVEL-UP(S) 0.5 0.5 0.5 0.5 

**************************************************** 
OVERLAY POLICY(INCH) 
(INCLUDING LEVEL-UP) 

0(1) 

0(2) 
0(3) 

7.5 5.5 
1.0 

4.5 
3.0 

4.5 
t.o 
t.o 

**************************************************** 
SWELLING CLAY LOSS 

(SERVICEABILITY) 
SC(ll 
SC( 2) 
SC(3) 

0.55 0.41 
o.t6 

0.32 
o.22 

Oe32 
0.16 
o.oa 

**************************************************** 

IPE 
238 

THE TOTAL NUMBER OF FEASIBLE OVERLAY SCHEMES CONSIDERED WAS 
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APPENDIX C 

DOCUMENTATION OF MASTER PAVEMENT CROSS-SECTION MODEL, MPCS 

INTRODUCTION . . .. . ._ ., ~ • 

PROGRAM IDENTIFICATION 

PROGRAM DESCRIPTION . . 

FLOWCHART . . . . 

PROGRAM LISTING . . 

NAME DICTIONARY . . .-

CRITICAL DIMENSION STATEMENTS . 

INPUT GUIDE . . . 

OUTPUT FORMAT . . 

EXAMPLE PROBLEMS 
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INTRODUCTION 

The Master Pavement Cross Section Model (MPCS) is developed under Research 

Study 1-8-69-123, 11 A Systems Analysis of Pavement Design and Research Implementation 11
• 

This study is being conducted jointly in three agencies - The State Department of 

Highways and Public Transportation at Austin, The Texas Transportation Institute 

at College Station, and The Center for Highway Research at Austin, as a part of 

the cooperative research program with the Department of Transportation, Federal 

Highway Administration. 

The MPCS computer program calculates the area of each layer (or material) in 

any complex cross-section design. The algorithm requires the solution of a set 

of simultaneous linear algebraic equations to calculate the coordinates of each 

point which defines the cross-section. Also, a double meridian distance method 

is utilized in this program to calculate the cross-sectional area bounded by 

user-specified points in the two-dimensional plane. 

C-2 



Title: 

Language: 

Machine: 

PROGRAM IDENTIFICATION 

Master· Pavement Cross· Secti_on ·Model· CMPCS 1· 

FORTRAN IV 

IBM 360/65 

Programmer: Chester H. Michalak 

Availability: Department of Pavement Design 

Texas Transportation Institute 

Texas A&M University 

College Station, Texas 77843 

Phone (713) 845-3735 

Date: April 1975 

Source Deck: about 300 cards 

Storage: 100 k bytes 

Timing: (1) Compilation time- 0.22 minutes (FORTRAN G compiler) 

(2) Execution time - ranging from 0.25 to 0.45 minutes 

Printout: (1) Program.list- about 300 lines 

(2) Program output - 3 pages per problem 
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PROGRAM DESCRIPTION 

The Mas.ter Pavement Cross Section (MPCS) program was written to find the 

end area of· a pavement cross section using the double meridian distance method 

for computing th.e area. The computer code is IBM FORTRAN IV, with the "END = 11 

option of the READ statement as the only non"'-.standard. FORTRAN statement used. 

The program consists of a main program and one subroutine, SUBROUTINE ~1ATINV, 

which·can be any routine that will solvea set of simultaneous linear equations .. 

The MPCS.computer program was wr-itten to give pavement design engineers a 

convenient and simple method for finding the end areas of pavement cross sections 

for accurate cost analysis of the pavement designs from the Flexible Pavement 

System computer program. The program.input also identifies the minimum number 

of cross section variables that should be specified in a pavement feedback data 

system, since the input data contains the minimum amount of information required 

to completely describe any conceivable pavement cross section. 

If there are N points of intersection of lines that delineate the cross 

section, exactly 2N dimensions or slopes will have to be known in order to 

completely specify the cross-sectiona 1 geometry. 

There will always be certain values that are known (slopes, lane widths, 

layer thicknesses). By choosing the origin of a co-ordinate. system to define the 

pavement cross section in a two dimensional x-::y plane, it is possible to write a 

slope equation, a horizontal distance equation., and a thickness equation to 

define every strai.ght 1 ine or potnt that bounds the pavement cross section. If 

the number of unknown values (slopes, thicknesses, distances) equals the number 

of equations that define the bounded area, it is possible to solve these equations 

to find. the co-ordinates of all the unknown points that define the area. 
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The known va.lues (slopes, qista.nces, th:icknesses) are stored in a two

di.mentional array as coefficients of simultaneous l.i.near equ?ttions~ The array is· 

a (2N+l) x {_2N+l} matrix, called the G matrix where N is the total number of 

points that define the pavement cross section. The (2N+l)th column stores the 

constants, i.e., the distances and thicknesses. The (2N+l)th row is used for 

coding convenience and does not have any specific usage. The simultaneous equations 

are solved by any convenient method (in thi.s case SUBROUTINE MATINV) and the solu-

tions of the equations are stored in a vector as. the x, y co~ordinates that 

define the bounded area of the pavement .cross section~ The double meridian distance 

equation is then used to calculate the area· of each layer in the pavement cross 

section from the x, y co-ordinates. Certain input and.output data is printed and 

the program code is repeated for as many pavement cross sections as there is data 

provided for. A more detailed explanation of the MPCS computer code follows. 

The known values of.slope, co-ordinates, and thicknesses are punched on 

computer cards· according to the formats specified. A header card containing the 

problem number, the total number of .x, y co-ordinates, the numbe~ of known slopes, 

known co-ordinates, known thicknesses, and· the number-of bounded areas is the 

first input card. As a check on the inputs on the header card, a;test is made to 

determine if the number of knowns.is sufficient to determine the unknown co-ordinates 

·before the program continues. If the input data fails the test, the program normally 

prints an error message for incorrect data input. Since MPCS is recursive, the 

G (for geometry} matrix is set to zero for each new cross section problem. 

The known slopes are input next and stored in the G matrix as·described 

previously in the main text. The known co-ordinates are then input and stored 

in the G matrix. The known thicknesses are read in and stored in the G matrix 

and at this point the G matrix contains all the known values as coefficients of 

simultaneous linear equations. Subroutine MATINV is then called to solve the 
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equations by inverting the G matrtx. The solution values are then stored in the 

B vector as the x, y co-ordi'nates ·that define the bounded areas. 

The numbers of the co-ordinate points that define each individual material 

area of the total area are read in and the appropriate x, y values are selected 

from the B vector. to calculate the indivi.dual area .by the double meridian distance 

equation. The co-ordinates of the points defining each area and the area in square 

feet is printed for each bounded area and the program code.~eturns to begin work 

on the next problem or terminates normally. 

Subroutine MATINV can be any routine the user desires to use to solve a set 

of simultaneous linear equations, so it will not be described here. It may be 

necessary to make minor revisions to the computer code for any specific routine 

selected. 
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PRINT DATA 
INPUT- ERROR 

t~ESSAGE 

FLOWCHART 

INITIALIZE G 

PUT KNOWN 
SLOPES IN 

PUT KNOHN 
CO-ORDINATES IN 

G MATRIX 

C-7 

PUT KNm~N 
THICKNESSES IN 

G MATRIX 

CALL 
SUBROUTINE 

MAT INV 

PUT X, Y 
0-0RDINATE PAIRS 

IN B VECTOR 

COMPUTE AREA BY 
DOUBLE ~~1ERIDIAN 

DISTANCE 
E UATION 

STOP 



PROGRAM LISTING 
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n 

c 
c 
c 
c 
c 

c 

c 

c 

c 
c 
c 

c 

c 
c 
c 

c 
c 

~ c 

c 
c 

c 

c 

MASTER PAVEMENT CROSS SFCTION (MPCS) 

I~PLICIT REAL*8 (A-HeO-l) 
OI~ENSION G(41.4l), 8(41), IP(l4), AREA(20) 

DATA X /'X'/ 

.1 CDNT INUE 

WRITE( 6t 250) 
250 FOR"4AT( 1 1 1 ) 

READ HEADER CARD WITH NO. OF PONTSe ETC. 

04-28-75 

qEAD(SolCO.END=50) NPROO, NDTS, NSLOPE, NCOORO, NTHICK, NMTLS 
tory FOR~AT( 615 ) 

~PITE(&e2C0) NPHOB, NPTS, NSLOPE, NCOORO, NTHICK, NMTLS 
200 FOR~AT(4(/),Tl0o'PR09LEM•,t6,• ,.•.3(/),TlO,•INPUT TABLE 1, B~SIC 

?PAQAMETERS 1 //T10t'NUMBER OF POJNTS•,T41ti5/TlOe•NUMBER OF KNOWN SL 
30P~S•,T4loi5/Tl0•'NUMBER OF KNOWN CDORDINATES',T4l,l5/Tl0t 1 NUMBER 
4QF KNOWN THICKNESSES 1 oT4lol5/Tl0e'NUM8CR OF BOUNDED AREAS•,T41tl5) 

CHECK FOP. ALL DATA SPECIFIED 

NSUM = NSLDPF + NCOORD + NTHICK 
IF( 2•NPTS ,NF, NSUM ) GO TO 25 

lERJ OUT THE G ~ATRIX AND B VECTOR 
NSU!-1 = NSUM + 1 
DO 3 I = lt NSUM 
DO 3 .J 

G!loJ) 
t, NSUM 
o.o 

1 CONT l'lUE 

'IIRITE( 6, 202) 
202 F0R~AT(2(/),TlO.•INPUT TABLE 2. KNOWN SLOPES 1 //TlO,•START POINT 

2ENO POINT SLOPE 1 /} 

~FAD IN POINTS AND SLOPES 

{)0 5 I = 1. NSLOPE 

READ(5ol01) I PI, IP2o SLOPE 
101 FORMAT( 213. Tllo G15o5 ) 

c 

c 

c 

c 

c 

c 
c 
c 

c 

c 

c 

c 

c 

c 

J 
K 

2* IP 1 -
2*IP2 -

G ( lo J) = SLOPE 
G(t,J+1) = -1.0 
G(I,K) =-SLOPE 
G(I,K+l) = 1.0 
G(I,NSUM) :::i OoO 

WRITE{6,203) IPl, IP2, SLOPE 
203 FORMAT{3Xw2ll3oF13.4) 

5 CONTINUE 

L = NSLDPE 

WRITE(6o204) 
204 FORMAT(2(/)oll0t 1 1NPUT TABLE 3o KNOWN COORDINATES 0 //Tlt.'ID~.4Xo 1 P 

20lNT~,4X,•VALUE (FEET)'/) 

READ IN VALUES FOR THE KNOWN POINTS 

DO 7 I = 1, NCOORD 

RE/1.0(5,102) PTe [Pt, VALUE 
10?. FOR"'AT( lXo Alo 13o Tllo Gl5.5 

K = L + 
J = 2*IP1 
IF( PT ,EQ, X ) J 
G(K,J) = leO 
G(K.NSUM) = VALUE 

2*IP1 - 1 

WRITEC6o205) PT, IPlo VALUE 
205 FORMAT(Tl2oAlwi8,Fl5.4) 

7 CONTINUF: 

L = K 

JF( NTHICK .EO. 0 ) GO TO 11 
C READ IN KNOWN LAVER THICKNESSES 
c 

c 

WRITE(6,206) NPROB 
206 FORMAT(' 1 1 o5(/),Tl0o'PROBLEM•,I6o 1 ••'•3(/), 

TlOo• INPUT TABLE 4. KNOWN THICKNESSES'//TlOe'HlGH 
2POINT LOW POINT THICKNESS (FEET) 1 /) 



CJ 
I __. 

0 

c 

c 

c 

c 

301 
c 

10 
c 

11 
c 

DO 10 I : lo NTHICK 

REA~(5o10l) IPlo IP2t DIST 

K 

J 
M 

L + I 
2*1Pl 
2*1P2 

G(K,J) = 
G(K,J,l) = 
G(K,NSUM) 

leO 
-1.0 
= DIST 

WRITE(6,30l) IPlo IP2o 
FOQ~AT(4X,2112oFI8•4) 

CONTINUE 

CONTINUE 

KK = K 

DIST 

c 
c 
C PUT G MATRIX IN A VECTOR FOR MATtNV ROUTINE 

c 
c 
C INVE~T THE G MATRIX 

c 
c 
c 

c 

10 3 FOR~ AT ( I 2. T 1 1 • 1 415 
WRITE(6,302) I,( IP(N),N=t,J) 

302 FORMAT(l3X,I2.5X,1413) 

J IS THE NO. OF POINTS DEFINING THE LAYER 

OMD = 0.0 

JP = J + 1 
IP(J+l) = IP( 1) 
IP\J+2) = IP(2) 

c 
C CALCULATE THE DOUBLE MERIDIAN DISTANCE AROUND THE LAYER 

c 

c 

c 
c 
c 

c 

DO 13 N = 2, .JP 
M-= 2*1P{N) - 1 
Nl = 2*IP(N+l) 
N2 = 2*IP(N-1) 
DMD = DMO + B(M) * (B(Nl) - B(N2) ) 

13 CONTINUE 

ARFA(I) = 0.5 * OMD 

15 CONTINUE 
c c c 

CA~L MAriNV ( G. Ko o.1D-37o DET ) 
c 
c 

PRINT OUT THE AREAS OF THE LAYERS 

c 

c 
c 

IF( DET .Fa. O.ODO ) WRITF.(6o207) 
207 FOR~AT(/T10o 'SINGULAR MATRIX-- ANS~ERS ARE MEANINGLESS' ) 

DO 12 .J = 1, NSUM 
B(J) = G(J,NSUM) 

12 CONTINUE 
c 
C READ IN THE ~OUNDARY POINTS COUNTER~CLOCKWISE FOR EACH LAYER 

c 
c 

c 

c 

WPITE(6o2ll) 
211 FO~~AT(2(/),T10o•INPUT TABLE 5. BOUNDARY POINTS•//TlOe'AREA NOe'• 

24Xo 1 BOUNDARY POINTS'/) 

DO 15 I = 1• NMTLS 

RFAD(5o103) Jo ( lP(L)o L 1. J ) 

c 

WRITE(6,303) NPROB 
303 FOR~AT{'l 1 o5(/),T10, 0 PROBLEM 0 ,16, 1 

•• •,3(/)o 
1 T10o 0 0UTPUT TABLF l• AREA' 
20. AREA (SQe FEET)'/) 

no 304 I=t.NMTLS 
304 WRITE(6,212) lo APEA(I) 
212 FORMAT(13Xoi2.Fl7•4) 

//Tl0o 0 A.REA N 

C PPINT THE X AND Y COORDINATES OF THE POINTS 

c 

c 

WRITE(6o209l 
209 FOR~AT(2(/),TlOo•OUTPUT TABLE 2• COORDINATES 1 //T19o 0 X COORO.•,sx, 

2 1 Y COORD.'/TlOo 1 POINT 1 o5X,'(FEET)•.7Xo 0 (FEETl'/) 

no 20 I = lo NPTS 
L = 2*1 
WRITE(6o210) Io B(L-1), B(L) 

210 FORMAT(lOXol3oF13.4oF13o4) 



("") 
I 
--' 
--' 

c 
c 

c 

?0 CONTINUE 

GO TO i 

25 CONTINUE 
c C PRINT THE ERROR MESSAGE FOR NOT ENOUGH DATA SPECIFIED 

c 

c 
c 

WRITE{6.201J 
201 FO~MAT( I TlO• 

•ERROR -- NOT ENOUGH DATA SPECIFIED' 

NSUM=NSUM+NMTLS 
nEAD(5.300) (OUM.I=l•NSUM) 

300 FOR~ AT (A 1) 
GO TO 1 

50 CONTINUE 
STOP 
END 



n 
I __. 

N 

c 
c 
c 
c 
c 
c 
c 
c 
c 

SUo~OUTINF MATtNV ( Ao No EPS, OET 

SUBROUTINE DIMEON IS A DOUBLE PRECISION MATRIX INVERSION ROUTINE 
THAT SEEKS MAXIMUM PIVIOT ELEMFNTS AND INVERTS IN PLACE 

A =ARRAY CONTAINING MATRIX OF COEFFICIENTS TO BE INVERTED 
N = ORDER OF A 
EPS : MINIMUM ALLOWABLE VALUE OF MAXIMUM PIVtOT BEFORE MATRIX IS 

TERMFD SINGULAR 
DET = VALUE CF DETERMINANT OF THE MATRIX 

IMPLICIT REAL * 8 C A-H.o-z 
INTEGER*2 IPIVt ICJ 

DIMENSION Y(~O), lCJ{40)o IP1V(2o40)o A(4lo41) 
M = N + 1 

DET=loO 

KMI=K-1 

IF ( N • E Q • 1 ) GO TO 1 
NX = N + 1 

ASSIGN 205 TO (ZERO 
on 1000 K=t.N 

IFCKMl oGTo 0) 

i:3tGA=OoO 
ASSIGN 95 TO IZERO 

1)0 101 J:::t,N 
DO 101 J= 1,. N 

GO TO IZERO, (95,205) 
95 1)0 102 II=loKMl 

IF(IoEOoiPIV(loll)oORoJoEO.IPlVC2•1l)J GO TO 101 
11)2 CONTINUE 
20"> CONTINUE 

101 

201 

lF(OABS(A(I,J)).LToBIGA) GO TO 101 
BIGA=OABS(A(I.J)) 
tPIV(loK)=I 
IPIVC2oK)=J 
CONTINUE 
tFCBlGAoGE.EPS) 
nET : o.o 
GO TO 200 
[R:::[PIVCloK) 
JC=IPIV(2.K) 
OIGA=A( IRoJC) 
DET=DET*BIGA 
DO 103 LL=l•'<~ 

GO TO 20 l 

103 ~CIRoLL)=A(IR,LL)/BIGA 
A(IRoJC)=l.O/BIGA 
on 100 LLL~loN 
AJCK=A(LLLoJC) 
IFCLLL.EO.lR) GO TO 100 
A(LLLoJC)=-AJCK/BIGA 

DO 104 L4=IoM 
IF(L4oEO.JC) GO TO 104 
A(LLLoL4)=A(LLLoL4) -AJCK*A(IRoL~) 

104 CONTINUE 
100 CONTINUE 

JOOO CONTINUE 
DO 1 0 5 I= 1 , N 
I R= I P l V ( 1 • 1 ) 
ICJ(IRJ=JC 

105 CONTINUE 
ICT=O 
NMl=N-1 
DO 106 l=loNMl 
(Pl=l+l 
DO 106 J=IPl,N 
IFCICJ(J).GE.ICJ(l)) GO TO 106 
ITEMP=ICJ(J) 
ICJ( J) = lCJ( l) 

ICJ( [)=I TEMP 

i CT= I C T + 1 
106 CONTINUE 

IF(( ICT/2)*2eNE.ICT.AND.N.NE.1) OET=-DET 
on 101 J=1,M 
00 108 I=t.N 
JC=IPlV( 2ol) 

IP=IPIV(lol) 
109 VCJC)=A( IR,J) 

00 107 K=loN 
1 01 A ( Ko J) =Y ( K) 

DO 110 l=leN 
no 111 J=loN 
IR =IPIV(loJ) 
JC=IPIV(2,J) 

ill Y(lR)=A(I,JC) 

DO 110 K=loN 
110 A(loK)=Y(K) 
200 RETURN 

DET = A(l.,l) 
A(1,?.) A(l , 2) / A(l,l) 
A<t.1) = t.ooo / Act.t> 
RETURN 

END 



AREA 

B 

DET 

DIST 

DMD 

DUM 

G 

IP 

IPl 

IP2 

J 

JP 

K 

L 

M 

Nl 

N2 

NCOORD 

NMTLS 

NAME DICTIONARY 

square foot quantity of each bounded area 

vector of co-ordinates of the x and y points that define the pavement 
cross section, in feet 

determinant of the G (coefficient) matrix, used to check for a solu
tion to the matrix inversion 

thickness, in feet, between two points 

double meridian distance of each bounded cross sectional area in 
square feet 

number of cards skipped if there is an error in data input 
, 

matrix of the coefficients of the slope, distance, and thickness 
equations 

vector of the points that define each bounded cross sectional area 

starting co-ordinate of each slope (either x or y) 

ending co-ordinate of each slope (either x or y) 

subscript denoting the column number in the G matrix of the 
coefficients for the slope, distance and thickness equations 

number of points defining a bounded area plus one used in calculating 
the double meridian distance of a cross sectional area 

subscript denoting the raw number in the G matrix of the coefficients 
for the slope, distance and thickness equations 

pointer to the starting locations of the slope, distance and thick
ness coefficients in the G matrix 

subscript denoting th~ column position of the coefficient in the 
G matrix of the low point co-ordinate of the thickness equation 

subscript of y(i-1) in the double meridian distance calculation 
equation 

subscript of. y(i+l) in the double meridian distance calculation 
equation 

number of known co-ordinates 

number of bounded areas 
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NPROB 

NPTS 

NSUM 

NSLOPE 

NTHICK 

PT 

SLOPE 

VALUE 

X 

problem identification number 

total number of co-ordinates defining the cross sectional area 

sum of number of co-ordinates~ number of slopes, and number of 
thicknesses, to verify data input 

number of known slopes 

number of known thicknesses 

denotes x or y co-ordinate of each point 

a known slope between two points of a bounded area 

distance in feet of an x or y co-ordinate from the origin 

test value to check if a known co-ordinate is an x or y co-ordinate 
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CRITICAL DIMENSION STATEMENTS 

The following variables with FORTRAN DIMENSION statements should be checked 

when planning ch~nges to the MPCS program to.prevent potential. illegal subscript 

values and storing numbers outsi.de their assigned arrays.. If dimensions of the 

arrays are defined as: 

M = maximum.number of points in the cross-section, 

N = maximum number of bounded areas, 

K = maximum number of points defining a specific area. 

The following arrays in the MAIN program should be dimensioned as: 

G(2M + 1, 2M+ 1) 

B(2M + 1) 

IP(K) 

AREA(N) 

The following arrays in subroutine MATINV should be dimensioned as: 

Y(2M) 

ICJ(2M) 

IPIV(2, 2M) 

A(2M + 1, 2M+ 1) 

In the current setup of the MPCS, M = 20, N = 20, K = 14. 
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INPUT GUIDE 

The r4PCS computer program can solve one or .more problems in one run. Input 

data is one or more sets of data cards, one set for each problem. Each set 

consists of five card types as shown in the input guide tables. 

Card type 1 includes basic parameters such as problem number, number of points 

(NPTS), number of known slopes .(NSLOPE), number. of known coordinates (NCOORD), 

number of known thicknesses (NTHICK), and number of bounded: areas (NMTLS). The 

following restrictions mus't be noted: . NPTS _::.20,. NMTLS < 20 and 2 x NPTS = 

NSLOPE + NCOORD + NTHICK. 

The second card type indicates the known sid,e slope of a cross-section and 

must be coded NSLOPE times. The start point number and end point number can be 

reversed without causing any ·difference in program. output. The input slope is the 

tangent of the angle above the horizonta.l. For example, a 2 to 1 slope would be 

input as a 0.5 on Card 2, Variable 3 .. ·A slope pointing.!!£. toward the right is 

positive and one pointing down toward the right is negative. The sign of the 

slope should be input as part of Variable 2.3. 

NCOORD cards of the third card type are required. The coordinate, either 

along the x-axis or along the y-axis, of a point in the x-y plane is coded on 

this card. Actuallys the axes. can be placed in any convenient location so that 

most coordinates can be determined easily. 

Card type 4, which describes a known layer thickness within the cross-section, 

must be coded NTHICK times. If the high and. low point numbers are reversed in 

their columns, the layer thickness must use a negative value. 

Card type 5 is coded NMTLS times. .Included in the card type are number of 

boundary points and the point numbers which define a. specific area of the cross 

section. 
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CARD TYPE 1: BASIC.PARAMETER 

Variable 
Number Variable Format Column 

1 . 1 Problem number 15 1-5 

1. 2 Number of points (Maximum 20) 15 6-10 

1. 3 Number of known slopes 15 11-15 

1. 4 Number of known coordinates 15 16-20 

1. 5 Number of known thicknesse& 15 21-25 

1. 6 Number of bounded areas (Maximum 20) 15 26-30 

CARD TYPE 2: KNOWN SLOPE 

Variable 
Number Variable Format Column 

2.1 Start point number 13 1-3 

2.2 End point number 13 4-6 

2.3 Slope Gl5.5 11-25 
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~ -.._,--····- - --

CARD TYPE 3 :· KNOWN COORDINATE 

Varia.ble 
Number Variable Format Column 

3.1 X or Y axis A1 2 

3.2 Point number I3 3-5 

3.3 Value (feet) Gl5.5 11-25 

CARD TYPE 4: KNOWN THICKNESS 

Variable 
Number Variable Format Column 

4.1 High point number 13 1-3 

4.2 Low point number I3 4-6 

4.3 Thickness (feet) G15.5 11-25 

CARD TYPE 5: BOUNDARY POINTS 

Variable 
. Number Variable Format Column 

5.1 Number of boundary points (Max. 14) I2 1-2 

5.2 First boundary point 15 11-15 

5.3 Second boundary point 15 16-20 

. 
5.15 Fourteenth boundary point IS 76-80 
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OUTPUT. FORMAT 

Printout of the MPCS computer program is composed of five input tables and two 

output tab 1 es: 

Input table 1 -Basic parameter~.· 

Input table 2 - Known slopes. 

Input table 3 - Known coordinates. 

Input table 4 - Known thicknesses. 

Input table 5 - Boundary points. 

Output table 1 - Calculated area. 

Output table 2 ~ Coordinates. 

The printouts are self-explanatory. 
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EXAMPLE PROBLEMS 

Thecoordinates and cross-sectional areas of the four pavement cross-sections 

shown i.n Figure 8 are determined by computer .program MPCS. · Input data and program 

printouts a.re documented herein to illustrate~the utilization. of the MPCS. 
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INPUT DATA 

PROBLEM NO. 1-4 

(See Figure 8) 
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EXAMPLE INPUT DATA FOR MPCS 

COLUMN NUMBER 

CARD 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
NUMBER •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o 

1 1 16 21 5 6 6 
2 l 2 -0.0156 
.3 3 4 -0.0156 .....,.., 
4 5 6 -0.0156 
5 7 8 -0.0156 
6 9 10 -O.Ol56 
7 1 3 t.oooo 
8 3 5 t.oooo 
9 5 7 t.oooo 

10 7 9 t.oooo 
1 1 12 9 t.oooo 
12 2 4 -1.0000 
13 4 6 -t.oooo 
14 6 8 -1.0000 n 
15 I 8 10 -1.0000 

N 
16 14 10 -1.0000 N 

17 9 13 0.0625 
18 1 1 12 0.0625 
19 10 16 -0.0625 
20 15 14 -0.0625 
21 1 1 13 0.1667 
22 15 16 -0.1667 
23 y 1 o. 
24 X 13 -6. 
25 X 9 o. 
26 X 10 24. 
27 X 16 34. 
28 9 7 0.0625 
29 9 12 Oe4167 
30 10 14 0.4167 
31 7 5 0.3333 
32 5 3 0.3333 

1 1 2 2 3 3 4 4 5 5 6 6 .7 7 8 
•••• s •••• o •••• s •••• o •••• 5 •••• o •••• 5 •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o 



EXAMPLE INPUT DATA FOR MPCS (CONTINUED) 

COLUMN NUMBER 

CARD 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
NUMBER •••• s •••• o •••• 5 •••• o •••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• 5 •••• o •••• 5 •••• o •••• 5 •••• o 

33 3 1 1.oooo 
34 4 7 8 10 9 
35 4 5 6 8 7 
36 4 3 4 6 5 
37 4 1 2 4 3 
38 4 1 1 12 9 13 
39 4 14 15 16 10 
40 2 16 21 5 6 6 
41 1 2 -0.0156 
42 3 4 -0.0156 
43 5 6 -0.0156 
44 1 3 1. 0000 
45 3 5 t.oooo 
46 8 10 t.oooo 

("') 47 10 5 1. 0000 I 
N 48 2 4 -1.0000 w 

49 4 6 -1.0000 
50 12 14 -1.0000 
51 14 6 -1.0000 
52 11 5 0.0625 
53 9 10 0.0625 
54 7 8 0.0625 
55 6 16 -0.0625 
56 14 15 -0.0625 
57 12 13 -0.0625 
58 7 9 0. 1667 
59 9 11 0.1667 
60 13 15 -0.1667 
61 15 16 -0.1667 
62 y 1 o. 
63 X 11 -6. 
64 X 5 o. 

1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
•••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 



,.....----------------------------------------~~~-~~-~ 

EXAMPLE INPUT DATA FOR MPCS (CONTINUED) 

COLUMN NUMBER 

CARD 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
NUMBER •••• 5 •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 

65 X 6 24. 
66 X 16 34. 
67 5 3 1.oooo 
68 5 10 0.4167 
69 6 14 0.4167 
70 3 1 o.sooo 
71 10 8 o.sooo 
72 14 12 0.5000 
73 4 3 4 6 5 

74 4 1 2 4 3 
75 4 9 10 5 1 1 
76 4 7 8 tO 9 
77 4 14 15 16 6 
78 4 12 13 15 14 

(") 
79 3 15 20 5 5 6 I 

N 80 t 2 0.0625 ~ 

81 1 1 4 0.0625 
82 9 10 0.0625 
83 8 6 0.0625 
84 7 12 -0.0625 
85 14 13 -0.0625 
86 5 15 -0.0625 
87 1 11 0.1667 
88 1 1 9 o.t667 
89 9 8 0.1667 
90 12 13 -0.1667 
91 13 15 -0.1667 
92 15 3 -0.1667 
93 6 7 -0.0156 
94 4 5 -0.0156 
95 2 3 -0.0156 
96 4 10 t.oooo 

1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
•••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o 



EXAMPLE INPUT DATA FOR MPCS (CONTINUED) 

COLUMN NUMBER 

CARD 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
NUMBER •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• 5 •••• o 

97 10 6 t.oooo 
98 7 14 -1.0000 
99 14 5 -1.0000 

100 y 1 o. 
101 X 6 o. 
102 X 8 -6. 
103 X 7 24. 
104 X 12 34. 
105 6 10 0.4167 
106 7 14 0.4167 
107 6 4 t.oooo 
108 1 1 1 2.0000 
109 4 2 1.1667 
110 4 4 5 7 6 

(""') 1 1 1 7 1 2 3 15 5 4 1 1 I 
N 112 4 9 10 6 8 U1 

113 4 I 1 4 10 9 
114 4 14 13 12 7 
115 4 5 15 13 14 
116 4 17 15 15 4 6 
117 1 2 -0.0156 
118 2 3 -0.0542 
119 4 5 -0.0156 
120 5 6 -0.0542 
121 3 6 -0.167 
122 7 8 -0.0156 
123 8 9 -0.0156 
124 9 10 -0.0156 
125 10 11 -0.0542 
126 6 11 -0.167 
1 2'7 14 15 -0.0156 
128 12 13 -0.0156 

" 
1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 

•••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 



EXAMPLE INPUT DATA FOR MPCS {CONTINUED) 

COLUMN NUMBER 

CARD 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
NUMBER •••• 5 •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• 5 •••• o •••• s •••• o 

129 15 16 -0.0156 
130 16 17 -o .0625 
131 1 1 17 -0.167 
1.32 X 1 o. 
133 X 4 o. 
134 X 7 o. 
135 X 8 1 • 
136 X 14 1. 
137 X 9 7. 
138 X 12 7. 
139 X 15 7. 
140 X 2 31. 
141 X 5 31. 
142 X 10 31. 

("") 
I 143 X 13 31. 

N 144 0"\ X 16 31. 
145 X 17 41. 
146 y 3 o. 
147 4 1 1 • 
148 7 4 0.3333 
149 12 9 0.3333 
150 14 8 o.s 
151 5 8 9 12 15 14 

152 4 12 13 16 15 
153 4 9 10 13 12 
154 5 .10 1 1 17 16 13 
155 8 4 5 6 1 1 1 0 9 8 7 

156 6 1 2 3 6 5 4 

1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 
•••• s •••• o •••• s •••• o •••• 5 •••• o •••• 5 •••• o •••• s •••• o •••• s •••• o •••• s •••• o •••• s •••• o 
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·~.;; 

PROBLEM I . . PROBLEM 1 •• PROBLEM 1 •• 

INPUT TABLE l. BASIC PARAMETERS INPUT TABLE 4e KNOWN THICKNESSES OUTPUT TABLE 1 • AREA 

NUMBER OF POINTS 16 HIGH POl NT LOW POINT THICKNESS (FEET) AREA NO. AREA (SO. FEET) 
NUMBER OF KNOWN SLOPES 21 
NUMB~R 0~ KNOWN COORDINATES 5 9 7 0.0625 1. 5274 
NUMB~Q OF KNOWN THICKNfSSES 6 9 12 0.4167 2 8.2816 
~UMBER OF BOUNDED ARFAS 6 10 14 0.4167 3' 8.5108 

7 5 0.3333 4 26.9105 
5 3 0.3333 5 2.9948 

INPUT TABLE 2. KNOWN SLOPES 3 1 t.oooo 6 4.5575 

START POINT END POINT SLOPE 
INPUT TABLE 5• aouNDARV POINTS OUTPUT TABLE 2. COORDINATES 

2 -0.0156 
3 4 -0.0156 AREA NO. BOUNDARY POINTS X COORD. V CCORD. 
5 6 -0.01.56 PC INT (FEET) CFEFT) 
7 8 -0.0156 1 7 8 10 9 
9 10 -0.0156 2 5 6 8 7 1 -1.7291 o.o 
l 3 t.oooo 3 3 4 6 5 2 25.7839 -0.4292 
3 5 1. 0000 4 1 2 4 3 3 -o. 7291 t.oooo 
!5 7 1 • 0000 5 11 12 9 13 4 24.7522 0.6025 

7 9 t.oooo 6 14151610 5 -0.3958 1.3333 
12 9 1. 0000 6 24.4083 0.9464 

2 4 -1.0000 7 -0.0625 1. 6666 

4 6 -1.0000 8 24.0645 1.2902 
6 8 -1.0000 9 o.o 1.7291 

8 10 -1.0000 10 24.0000 1.3547 
14 10 -1.0000 1 1 -9.7491 0.7291 

(""') 9 1 3 Oe0625 
I 

l 1 1 2 0.0625 N 
00 10 16 -0.0625 

12 -0.4167 1.3124 
13 -6.0000 1.3541 
14 24.4167 0.9380 

15 14 -0.0625 15 37.7491 Oel 04 7 

11 13 0.1667 16 34.0000 0.7297 

15 16 -o. 1667 

INPUT TABLE 3e KNOWN COORDINATES 

ID POIN'f VALUE (FEET) 

v 1 o.o 
X 13 -6.0000 
X 9 o.o 
X 10 24.0000 
X 16 34.0000 

i 

I 



PPCALEM 2 •• 

I ~>;PUT TABLE 1. BASIC PARAMETERS 

NUMBER OF POINTS 16 
NU~AER OF KNOWN SLJPES 21 
NUM~ER OF KNOWN COORDINATES 5 
NUMBER OF KNOWN THICKNESSES 6 
NU~8ER OF BOUNDED APEAS 6 

INPUT lAdLE 2• KNOWN SLOf.>ES 

START POI~T END POINT SLO;:>E 

2 -0.0156 
3 4 -0.0156 
5 6 -o:ot56 

3 t.oooo 
3 5 1.0000 
8 10 t.ooco 

10 5 1. ocoo 
2 4 -1.0000 
4 6 -1.0000 

12 14 -t.oooo 
14 6 -1.ocoo 
1 I 5 0.0625 

9 10 Oo0625 
7 A 0.0625 

n 6 16 -0.0625 
I 14 15 -0.0625 

N 12 13 -0.0625 \.0 
7 9 0.1667 
9 l 1 0.1667 

13 15 -0.1667 
15 16 -0.1667 

INPUT TABLE 3o KNOWN COORDINATES 

10 POINT VALUE C FEET) 

y 1 o.o 
X 11 -6.0000 
)( 5 o.o 
X 6 24.0000 
)( 16 34.0000 

PROBLEM 2 •• 

INPUT TABLE 4. KNOWN THICKNESSES 

HIGH PGINT LOW POINT THICKNESS (FEET} 

5 3 1.oooo 
5 10 0.4167 
6 14 0.4167 
3 1 0.5000 

10 B 0.5000 
14 12 o.sooo 

INPUT TABLF 5. BOUNDARY POINTS 

AREA NOe BOUNDARY POINTS 

3 4 6 5 
2 1 2 4 3 
3 9 10 5 1 1 
4 7 B 10 q 

5 14 15 16 6 
6 12 13 15 14 

PROBLEM 2 •• 

OUTPUT TABLE 1. AREA 

AREA NO. AREA (SO• FEET) 

1 25.4061 
2 13.4 768 
3 2.9948 
4 5.3117 
5 4.5575 
6 7.1867 

OUTPUT TABLE 2. COORDINATES 

PCINT 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 

; 
I 

X COORD. 
(FEET) 

-1.5000 
25.5475 
-1 .oooo 
25.0317 
o.o 

24.0COO 
-14.2477 

-0.9167 
-9.7491 
-0.4167 
-6.0000 
24.9167 
42.2477 
24.4167 
37.7491 
34.0000 

Y COORD. 
(FEET) 

o.o 
-0.4219 

o.sooo 
0.0939 
t.5coc 
1.1256 

-0.2499 
0.5833 
o.scoo 
1.0833 
lol250 
0.2089 

-0.8743 
0.7089 

-0.1244 
0.5006 



(""") 
I 

w 
0 

PROBLE~ 3 •• 

INPUT TABLE t. BASIC PARAMETERS 

NUMBER OF POINTS 
NUMAER OF KNOWN SLOPES 
~UM9~R OF KNO~N COOPDINATFS 
NU~BEq OF KNOWN THICKNESSES 
NUM~ER C~ BOUNDED AREAS 

INPUT TABLE 2. KNOWN SLOPES 

START: POINT END POINT SLOPE 

2 0.0625 

l 1 4 o •. C625 
9 10 O.Q625 

8 6 0.0625 
7 12 -0.0625 

14 13 -O.Ot.25 

5 15 -o. 0625 
11 0. 1667 

11 9 Oe1667 

9 8 0.1667 

12 13 -0.1667 

13 15 -0.1667 
15 3 -0.1667 

6 7 -0.0156 
4 5 -0.0156 

2 3 -0.0156 

4 10 1.oooo 
10 6 1.oooo 

7 14 -1.0000 

14 5 -1.0000 

INPUT TABLE 3. KNOWN COORDINATES 

IO POINT VALUE (FEfT) 

v 1 o.o 
X 6 o.o 
X 8 -6.0000 

X 7 24.0000 
X 12 34.0000 

15 
20 

5 
5 
6 

PF!OBLE~ 3 •• PROBLEM .3 •• 

INPUT TABLE 4• KNOWN THICKNESSES OUTPUT TAI3LE 1• AREA 

HIGH POINT LOW POINT THICKNESS (FEET) AREA NO. AREA ( SQ • FEET) 

6 10 0.4167 

7 14 0.4167 

6 4 1. 0000 

l 1 1 2.0000 

4 2 1.1667 

1 25.4061 
2 68.2766 

3 2.9948 

4 6.3768 

5 4.5575 

6 9.1047 

INPUT TABLE 5~ BOUNDARY POINTS 
OUTPUT TABLE 2. COORDINATES 

AREA NO. BOUNDARY POINTS 
X COORD. Y COORD. 

4 5 7 6 POINT (FEET) (FEET} 

2 1 2 3 15 5 4 u. 
3 9 10 6 8 

4 1 1 4 10 9 

5 14 13 12 7 

6 5 15 13 14 

1 -26o9G47 o.o 
2 0. 3352 1.7081 

3 45.2010 loOC82 

4 -1.0000 2.8748 

5 25.0317 2.4687 

6 o.o 3.8748 

7 24.0COO 3.5004 

B -6.0000 3.4998 

9 -9.7491 2.8748 

10 -0.4167 3.4581 

1 1 -14.9971 2.0000 

12 34.0000 2ofl754 

13 37.7491 2.2504 

14 24.4167 3.0837 

15 43.2823 1.3281 



PROBLEM 4 •• 

INPUT TABLE 1. BASIC PARAMETERS 

NUMBER OF POI"lTS 17 
NUM8ER OF KNOWN SLOPES 15 
NUM~ER OF KNaWN COORDINATES 15 
~UMBER OF KN~WN THICKNESSES 4 
NU~BEq OF BOUND~O AREAS 6 

INPUT TARLE 2• KNOWN SLOPES 

STAPT POINT END POINT SLOPE 

2 -o.a1s6 
2 3 -0.0542 
4 5 -0.0156 
5 6 -0.0542 
3 6 -0.1670 
7 8 -0.0156 
8 9 -0.0156 
9 10 -0.0156 

10 11 -0.0542 
6 11 -0.1670 

14 15 -0.0156 
12 13 -0.0156 
15 16 -0.0156 

(""') 16 1 7 -0.0625 
I 

w 1 1 17 -0.1670 __, 

INPUT TABLE 3. K~OWN COORDINATES 

ID POINT VALUE (FEET) 

X 1 o.o 
X 4 o.o 
X 7 o.c 
X 8 1. 0000 
X 14 1.ocoo 
X 9 7o0000 
X 12 7.CCOO 
X 15 7.0000 
X 2 31.0000 
X 5 3l.OCOO 
X 10 31.0000 
X 13 31.0000 
X 16 31.0000 
X 17 41e0000 
y 3 o.o 

PROBLEM 4 •• 

INPUT TABLE 4. KNOWN THICKNESSES 

HIGH POINT LOW POINT THICKNESS (FEET~ 

4 1 1.oooo 
7 4 0.3333 

12 9 0.3333 
14 8 o.scoo 

INPUT TABLE s •. BOUNDARY POINTS 

AREA NO. BOUNDARY POINTS 

8 9 12 15 14 
2 12 13 16 15 
3 9 10 13 12 
4 10 11 17 16 13 
5 4 5 6 1 1 10 9 8 7 
6 1 2 3 6 5 4 

PPOBLEM 4 •• 

OUTPUT TABLE le·AREA 

AREA NO. AREA (50• FEET) 

·t 3.0000 
2 4.0008 
3 7.9992 
4 5.3558 

5 15.3899 
6 52.0842 

OUTPUT TABLE 2. COORDINATES 

X COORD. Y COORD. 
POINT (FEET> (FeET) 

1 o.o t.8666 

2 31.0000 1.3830 

3 5f<..5168 o.o 
4 o.o 2.8666 

5 31.0000 2.3830 

6 47.6515 lo4805 

7 o.o 3.1999 

8 1.0000 3.1843 

9 7.0000 3.CQ07 

10 31.0000 2.7163 

11 44e6Y61:l 1.9739 

12 7.0000 3.4240 

13 31.0000 3.0496 

14 1.0000 3.6843 

15 7.0000 3.5907 

16 31.0000 3.2163 

17 41.0000 2.5913 

I 
I!! 
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