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ABSTRACT

FLEXIBLE PAVEMENT SYSTEMS: AN ANALYSIS OF THE
STRUCTURAL SUBSYSTEM'S DETERIORATION

+X

BRIAN DOUGLAS BRADEMEYER

Submitted to the Department of Civil Engineering on January 31,1975
in partial fulfillment of the requirements for the degree of
Master of Science in Civil Engineering.

The performance of a large class of public facilities
is dependent upon the subjective evaluation of the users
and thelr relative acceptability of these facilities. The
serviceability level of any structural system in an opera-
fing environment is bound up by uncertainties resulting
from randomness in both the physical characteristics of the
system, and the surrounding environment. These uncertain-
files are expressed in terms of the system's reliability,
l1.e., the probability of providing satisfactory levels of
serviceability. The levels of maintenance exercised on the
system control its serviceability as well as its reliabil-
ity and its operational lifetime.

A method of analysis 1s presented for the prediction
of the deterioration of the pavement system's serviceabil-
ity and reliability due to traffic loads and environment,
and the effects of maintenance activities on that deterior-
ation. A limited sensitivity study is presented to demon-
strate the capability of this model to predict the service-
ability, reliability, expected lifetime, and optimum main-
tenance strategy, given the initial design configuration,
as well as to predict the effects of alternative design
configurations.
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Chapter One. Introduction

Highway systems belong to a large class of public (or, in

some cases, private) facilities whose specific functions derive

from the more general goals of the society using the systems.

The performance of these systems is largely dependent on the sub-

jective evaluation and acceptance of their users. It is therefore

desirable to evaluate these systems from the levels of service

that they provide their users at any time during their operational

lives. In this context, failure may be regarded as a threshold

that is reached as the performance level deteriorates below some

unacceptable limit, as defined by the users of the facility.

The present design practices for highway systems are

largely empirical, based on experience and engineering judgments.

They are basically expressed in terms of correlations between soil

type, base course properties, layer thicknesses, and traffic and

environmental factors. Although these practices have met with

moderate success in the past, the rapid increases in traffice volumes,

in construction and maintenance costs and number of techniques, and

the potential of new materials make empiricism obsolescent or

even non-existent. Therefore, a design method based on theory and

calibrated to empiricism is required. The method must encompass a

set of analytical procedures that can effectively predict the

behavior of pavement systems and the interactions among their

components. Further, this design method must choose as a means



of system evaluation such measures of effectiveness as define the

specific goals and functions of the system it represents, and which

are representative of the desires of the users it serves.

I. 1 Measures of Effectiveness

The analysis and design of pavement systems, just as the analysis

and selection of other public investments, requireaknowledge of

both the supply and demand functions of the public to be served.

In this context, the supply functions may be regarded as the set

of available techniques to combine a variety of resources to produce

highway pavements in the most socially beneficial manner. A set

of resources combined in a certain way over a particular interval

of time is referred to as a design strategy. Usually, there are

many strategies that are acceptable in any given situation. The

question becomes which strategy meets the demand requirements

most efficiently, where efficiency must be interpreted in societal

terms.

The demand functions may be expressed in terms of the three

components of performance: serviceability, reliability, and

maintainability (S-R-M). (4).* The level of serviceability of

any system is bound up by the uncertainties inherent in the physical

characteristics of the system and of the surrounding environment.

x The numbers in parenthesis refer to the list of reterences. i



These uncertainties may be expressed in terms of the reliability

of the system, i.e., the probability of providing acceptable

levels of serviceability at any point within the operational life-

time of the system. Maintenance efforts exercised throughout the

lifetime of the system enhance the level of serviceability of the

system and its reliability, as well as its anticipated lifetime.

This may be expressed in terms of the maintainability of the system,

which is a measure of the effort required to maintain acceptable

levels of serviceability throughout the design life of the system.

Economic constraints play an important role in controlling the

levels of serviceability throughout the lifetime of the system

by dictating the initial costs, maintenance costs, and vehicle

operating costs.

The levels of (S-R-M) for each pavement should be commensurate

with the anticipated usage of that pavement. The design decision

is then to choose that strategy which meets the demand requirements

subject to certain societal constraints, which may be economic,

environmental, safety, etc.

In order to predict that a certain pavement system will meet

the demand requirements, it is essential to have analytic or

empirical means to evaluate how that pavement system will perform

in the specified environment under the projected loading conditions.

Most empirical means attempt to assess the performance capability

by simply evaluating a single response of the system, such as

maximum stress or deformation. These maxima or limits are often 17



based on field experience and past experience, so that their

applicability under a different set of conditions is questionable at

best.

[. 2 The Proposed Design Framework

This study presents a methodological framework for the analysis

and selection of pavement systems for a given set of goals and

constraints. A set of models and algorithms has been developed

at two different levels of analysis: analysis of the physical

behavior of the system, and analysis for the selection and optimiza-

tion of a design system. The first involves a set of mechanical

and phenomenological models which describe the response of the

system in a realistic operating environment. From these models

the progression of damage within the system can be evaluated using

physical transfer functions. The second level of analysis utilizes

the above information to determine the levels of service that the

system is providing at any point in time and the reliability of the

system in the operational environment. Maintenance policies may

be generated and evaluated, and an optimum set of strategies selected

over the lifetime of the system, conditioned on the geometrical

design configuration. Similarly, alternative design configurations

may be generated and evaluated, and their optimal associated

maintenances strategies obtained.

12



The basic features which characterize this study can be

summarized as follows:

1. The proposed method of design for structural systems

represents a departure from the traditional cook-book style

methods generally pursued in the literature. Instead, the

design is regarded as a process of sequential evolution of

systematic analyses whose ultimate goal is the achievement of

an optimal design configuration.

2. The criteria for model selection and evaluation are based on

the users' subjective preferences for constructed facilities

derived from their particular needs and sets of values. From

this standpoint, the highway pavement is viewed as a system

which is providing certain services to its users, and the quality

of providing these services must be evaluated from the users’

demands and preferences.

3. The models cover a wide spectrum of activities encompassing

a large body of knowledge ranging from rational and applied

mechanics to probability and operations research disciplines.

The particular advantage derived from this coverage is that

it provides continuity and integrity to the analysis and

design.

fy The models possess a causal structuring thereby defining the

different interactions between the system and the surrounding

environment. Also, the feedback processes resulting from

maintenance activities are accounted for. ~~

-



5. The models recognize and incorporate the elements of uncertainty

associated with the natural phenomena and processes represented.

The following chapter deals with the primary response of a

three-layer viscoelastic halfspace to static and repeated loadings

in a realistic operating environment. Chapter Three presents the

ultimate damage to the system over time, using damage indicators

similar to those developed by AASHO (5) as the components of damage

that the users are generally sensitive to. A serviceability model

utilizes the information provided by the structural model to predict

stochastically the serviceability, reliability, and life expectancy

of the system at desired points in time.

A framework for a decision structure for the choice of optimum

maintenance strategies for a given design configuration is presented

in Chapter Four. Further, a limited sensitivity analysis is provided

in Chapter Five to validate and demonstrate the effectiveness of the

developed models, which have been coded into a set of computer

programs.

The development of further research activities to complement

and calibrate these models in order that they may be effectively

used as practical design tools is discussed in Chapter Six.

This study should be understood as an extension and refinement

of the pioneering work done in this area by H.K. Findakly Ln,

familiarity with which is assumed of the reader.

14



Chapter Two. Closed-Form Probabilistic Solutions for the Response

of a Three-Layered System

Closed-Form Probabilistic Solutions to the Static Load Response

of an Elastic Three-Layer System

Findakly has shown (1) that the mean and variance of a function

2(Xy5%y5 0s SX) of n random variables x, may be evaluated, approxi-

mately. as:

1 n n 32g
x, KyaeeesX J] =g(M) + 5 3 x im Cov(x, x) (2-1)

i=l j=1 i j'M
E [g(

n
; CL og 2 2var (B(x 5%y5 05x )] - Zz (5 | ) Oe

i=1 i'M i

17 wes )

where M is the point (x; sXy se .o »X_) 3 EL- 1 is the expectation operator;

Var[* 1] is the variance operator; Cov(x,,x,) is the covariance of X,

and Xi3 and 02 is the variance of
3

re

{f, in addition, the x, are independent random variables, equation

(2-1) above reduces to:

Eg (X,
12 2g 2XyoeeesX )] = g(M) +5 L 2 | Oy
i=1 i 'M Ti

\&lt;« 3)No

=



while equation (2-2) remains as is.

Moavenzadeh and Elliott (2) have shown that the static load

system response function Y for elastic three-layered deterministic

systems can be expressed in the form:

| 8

V
2

J Bes,(m, p,a)
z de 1 B

3=1 »1,j71,j dm (4)-

4

a 0.0 .

j=1 J 1.3

where k denotes which stress-strain-~deflection component is desired;

q is the intensity of the applied loading; a is the radius of the

applied loading; Bes, is a product of Bessel terms of order zerok

or one; Pp is the horizontal offset of the point of interest from

the axis of the applied loading; m is a dummy integration variable;

by i, and 9; are functions of the system geometry only; and the
bl] 2

3 i and 04 i are products of inverse integral powers of the elastic
9 9

constants, i.e.

31.4
3-4

=I g 1,],T

A, .

1,7

-n, .

% II E 1,],1

r=1

(.Y. 5)

where i denotes the layer in which the point of interest is located.

1 A



Since the random variables being considered are the elastic

constants (which are assumed to be independent), only the partials

of the Bs 3 and 0 j are necessary, as these are the only terms
9 3

containing the elastic constants. Upon defining:

B 5 qaBes, (m,p,a)

Ue.1
~

L2 %,1,1%1,3

 EY)a

(2-7)

A

D,
i = 7 0,0 .

imp J 153
=)

and utilizing equations (2-2) and (2-3), we would have for the mean

and variance of V¥

Riv
oo 3 2) 2= [ BU | dm + %/ B, Z [{—— (U /p)}] o- ]dm (2-9)

0 k'k,1 tly 0 Xe OE” k,i" 71 M Ep
|

3 = 4 2 2

Var [¥,1= Z [ J B {5g w,,4 PH] dm ] Og
p=1 O 0 M p

(2 30)

We can further evaluate, as follows:

ou, . oD
0 k,1 i 2

— (U, ./D.) = Mb, ——= -1Uu . —=)/D.
ok k,i’ 71 i 3 _ k,i yp i

(2-11)



3 22Uy an, 2
— (U0, ./D,) = D,—/2= -U,_ .—=)/D.” +

3E_° k,i" 741i tog “tag 2 i

2
3D, aD, 30, 4 5
— (U y— -D;—)/p;
SE »15g 3E

D P n

(2-12)

where:

Uy 4 i} po A IB, 5
. k,i,]

=1 *212J 3gOE j=1 Y

2%u. 18 32g, |

oF 2 j=1 Es3s3 3p 2
D D

(2~13)

oD, 9 da, :
i _ 50 2]

JE j=1 3 3E
P P

3p, | 9 3%. |
1d oy og 15]

: LO
OE j=1 OE_~

18



Using equations (2-5) we obtain:

IB. i
=&lt; = 4,3. Eo
IE

D

3.p
A 3 -L. .

II E 1,]3,T
r=1 r

r#p

2

"Bij a0 203 THe
= X . (&amp;,., +1)E &gt;=? hd3E ° 1,3,p¢ i,5,0 7 Ep ol Ey

rp

(2-14)

Jo, -n, , -1
1-5] = —n E 1,3,p

i,jsp Pp
3 —n, n

&gt; &gt;

2 E.
r=1
rp

JE

2 -n, . -

.. :P43Ci =n, . (no, , +1) DIP
NE i,j,» "i,3,p

2 3 -n, ,

II E 1,],¥
r=1 r

r£p

Back-substitution of these results yields the desired solution.

The randomness of the load characteristics are considered in the

repeated loading phase. The radius of the applied loading is

assumed deterministic. The integral in the above equations is

evaluated by the parabolic integration technique discussed in

Appendix A, while the Bessel terms may be evaluated by the approxi-

mations discussed in Appendix B

1Q



II.2 Closed-Form Probabilistic Solutions to the Static Load Response

of a Viscoelastic Three-Layered System

Utilizing the correspondence principle, Moavenzadeh and Elliott

(2) obtained the deterministic static load response of a three-layered

linear viscoelastic system from the deterministic elastic response.

Just as the derivation of the probabilistic elastic solution from the

deterministic elastic solution involved essentially only the evaluation

of the partial derivatives of the Oy j and Bs i? so is the probabilistic
3 &gt;

viscoelastic solution derived from the probabilistic elastic solution

by evaluating the partial derivatives of the Oo § and Bs 3 when the
9 3

E are replaced by their viscoelastic operator equivalents.

Utilizing the correspondence principle, i.e.:

l t ap,(t - £&amp;)
E, (-) &gt; D, (0) (+) - J) — ag 48 (2 5)

where D, (t) is the creep compliance function of the xh layer,

aquations (2-5) become:

A
1 Na

3 t a,(t-&amp; n, .
(M {Dp (0)(+)-J(+)————dg} &gt;I") I(r)
k=1 0 3E

(2 19)
t D,(t -&amp; R, .

3. (IAD (0) () - J) == ag} DIF xuce)
id 1 VE

20



where H(t) is the Heaviside step function:

H(t) = 0 t

(2 17)
H(t) = 1 t 20

I(t) has the constant value 1, and * and II denote convolution

operations.

Following Moavenzadeh (2), we can represent a random crzep

compliance function as:

m -0.,t
k 3

(t) = Me, G, e Ty3)

where 5," and oF correspond to the constants ¢ end S45 respectively,

of Appendix C; and Nye is a random variable of mean 1 and variance
2 : g ; : ;

I, which is not a function of time. Appendix C presents a method
k

for determining the G's and 6's from creep data measurements.

Substituting equation (2-18) for the D's into equations (2-16),

and upon realizing that the Ny are time-independent and thus will

move through the convolutions, yields (after suppressing the i,j

* 2 ° .in the i9.k and ny sg temporarily)

L.7

3 nn 3 m t_. wm _, =6.(t=§) n

(Tn HCTLCZESE) JT) 26.8.5 I ag} = 1(o)
k=1 k=1 j=1 J 0 g=1 J

(2-19)

3 2 3 m t m _, =8.(t=&amp;) 2

8, + (In, HCILCZESC) ~ f) £685% az} Sx u(r)
1 k=1 k=1 4j=1 J o 4=1d1

(2-20)
21



Defining:

3 m t_ m _. =0,(t-§&amp;)
A ©) 2 THE TY) - A) 56,85 1 ag)

2 k=1j=1 J o j=133

3 m t_ m _ -3§.(t=§&amp;) Q
B, .(t) &amp; T(C E.5¢) - f+) © 5.0.5 J de} ©
ted k=135=1 J 0 4=1 J J

(2-21)

(2 22)

equations (2-19, 2-20) acquire the relatively simple form of:

Xx.

3.4

3 ny
CIIn, 7) A, L(t) *
r= kK 7 71,7

I(t)

(Tn EyBL Ge)®ace)n : 28E dt
=1 k i,:

(2-23)

(2-24)

where here and in what follows * denotes convolution. In this form,

the partial derivatives with respect to the random variables n are

casily obtained, as follows:

ao, n-1
1,3 nn pP

nN PP

: “k, A, .(t) * I(t)
(I Tk i,]
k=1

ED

2°, i as? 3 n,
—_. -&gt; -1 II . ) t *&gt; an, mn, pl” ) A; 4¢ ) I(t)

k#p

(2-25)

(2 26)

Dr



2
0 oy . at Bel 3 n,

2 a II A, .(t) *% I(t31&gt;] nnn, Ry ( I Me ) i, ) (t)
on_oan k=1
pd k#p,q

meted Bo , B, .(t) * H(t)
- ” Pp k=1

Mo k#p

t)“ ,(t) * H( on "J By;)8 LA -1) ny coget ~ Pp Pp k
_1,]

2
an_

2°8, . , tol tal 3 Ly
—2l 508 II B *NN o or n, ( I Me ) 1,78) H(t)

ny, Ng k=1

(2-27)

(2-28)

(2-29)

(2-30)

With these conversions, the elastic probabilistic solution is

carried over into the viscoelastic probabilistic form. In the above

derivation, it is to be remembered that the £0 and n, are also

functions of i and j; i.e., £. . and n. . but these subscripts
43 &gt; i,5,k i,j,k’ ?

were suppressed for notational brevity.

The above derivation assumes that the creep functions have

1 constant coefficient of variation; i.e., the standard deviation

is in constant ratio to the mean. It is also possible to formulate

the case of constant variance, as follows:

23



Assume the random creep function has the form:

ft

D

m-1
(t) = G k + 2 c.k e

xr m 3=1 J
(2-31)

where the Gg," are constants and c is a random variable which

does not depend on time. Then the variance of D, (t) is equal to

the variance of c © for all t.

To obtain the viscoelastic probabilistic formulation, we

require the partial derivatives of the convolution integrals

i . k

(the a, . and RB, .) with respect to the random varibles G
1i,] 1,] m

Returning to the convolution expression:

J =)
t aD, (t-¢&amp;)
[,() ——— dt
~ of

(2-322)

where (+) denotes an arbitrary function of time; if we take a

partial derivative of this expression, after substituting equation

(2-31) for D,. with respect to the random variable c we obtain:

2) 30) We)(+) + D. (0) —— - — kT4
“7 agK ot 36 3E

(« 13)

which is simply:

{e) +
3(+) 9

D, (t)*—=—=[DO (t)*(+)]
k ac 26 © k

(2-34)
cl



where again * denotes convolution, as does the ''product" of any

number of creep function operators.

[f we replace (-) by DN(t), this becomes:

[ Neey1 =p, Ne) +p, (8) om)———| D. (t) *D, (t)] =D t) + D. (tt) * — — =

3c * k L &amp; ¥ 26
(" °5)-—

N
where 3D," (E) may be evaluated by repeated use of relation (2-34),

3c K
m

since it is zero if ¥ + k Hence we have:

3D M(t) al
—— = 6s, {Dm +
3G _ |

Dt) *{D N=2 + D, (t) * {..

where &amp;, is *he Kronecker delta:

Q ) Li=ki §) = 0,  # k

(2-36)

(2-37)

Upon combining terms, this yields:

3D," (t)
—— Sym,©

36_
(z 38)

DH



and hence:

N
(t) %4«k

Kk LD, (¥) * D, (t) 1= { E
36. | (N + 1) D, V(t) 2 = 1

(z 79)

[n the analysis of Appendix D, and in equation (D-9) in

particular, we can see that:

} C) * D ,(t) = D,(t) * i} E) (- £9) -

Hence, by repeated application of the above, any multiple convolu-

tion of the type we have been describing can be arranged into the

form:

3 ny ny n, n,
Ls LID (t) 1% I(r) = D; “(t) * D, “(t) * Dy “(t) * I(t)

(2-41)

3 4 24 Ly £4
35.5 L Dy (t) I* H(t) =D; “(r) * D, “(t) * Dy ~(t) * H(t)

From these and equations (2-39), we have:

o0., n-1 3 n

Ld 0p Pop) * {TD “(t)} x I(t)
36_P PP k=1

kn

(2-42)

2A



oa; n=2 3 n,
24» - 1)D t) * {IID t)} * I(t

2)&gt; nb ) " (t) — Kk (t) (t)
o k#p

2a, ] B=) pl 3 no
— 22d aD (t) *D (¢) * {IID (£)} * 1(t)
o6_Pag_9 Pap ° k=1 K

k#p,q

oR. . 2-1 3 on
—=21 &gt; gp P(e) * {TD (e)}*H(t)
3 P a k=1

m ep

28, . 2=2 3 Le
— 22] 5 9 (a -1Dp P(t)x{ID,“(e)}*H(t)
3G p2 pp D k=1 k

m
k=p

(2-43)

(2-44)

(2-45)

(2-46)

28; Ll 21 3,
—=2=— &gt; 4 4D t) *¥D t) * { II Dk3c Pag P plqPp (8) * Dg © (BD) tn k(t)} * H(t) (2-47)

mom k#p,q

With these conversions, the probabilistic elastic solution

discussed in Section II. 1 is carried over into the viscoelastic

probabilistic formulation. In the above derivation, it is to be

remembered that the Se and n, are also functions of i and js; i.e.,

ir and nok these subscripts being suppressed for brevity.

nT



Rather than choosing between the constant variance or constant

coefficient of variation formulations, both may be used simultane-

ously. Equations (2-1, 2-2) then become:

! t.64,63) 12 Elan, »n,.m0)2 [gn ,Nn,,n56,G 5G) | 1 3NysN4 | +

Ble
,

L
2 3

3G _,G_) | - or
=a

Jar
1 2 35 .

g(n;,N,,N4,6 ,G,6)] = Var[g(n;,n,,N3)] +

(2-48)

1 2.3
Var [8(G_,G_,G ) ]

where ELg(M;,n,,Nn5)] is the expected value given the My formulation;

EL (C,C2,C)] is the expected value given the cx formulation;

g(M) is the value at the mean; Vai g(n;,n,503) is the variance

given the Ny formulation; and var[G',c2,c) lis the variance in

the cs formulation.

The variances on and 0 may be obtained as follows.
n

Measure N values of the

D, ( - )  oO {(t.)
1

1 = | /

creep

N

function and its standard deviation:

(2-49)
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From the above analysis we will have, as an approximation

variance function T(t):

sl 2 2 2 o 2 { a

5, (£5) = ° k + On, Pic (Es) = 0, (t)) i 1,2,...N
m

(2 70)

Then the error between the measured variance and the fitted

variance will be

FE  . yw
J

2 { =

L(t) - 0, (t;) i=1,2,...N (2-51)

Then the total squared error S. will be given by:

3,

N N

T BS = 7X {0% + ot DZ(t,) - or (te) ¥
i=1 i=1  G Nye

(2-52)

Minimizing this error with respect to the a’, and or yields:
G k

 mn

3S N

—k =Q0=273 {0% + 0 DZ(t,) ~ 02 (t,)}
Yo i=l G k

aK "
0:

(2 53)

aS N

—5==0=2I {+02 pit) - o(t)} pA(r)
90 i=l G k

he m

2 Q



which imply:

N
2 1 2 2 2 2 2 2

J = = ¥ (0;(t.) -o- DI (t.)==E [0] - 0 E [D;]
ND, kod nk i k ny k

(2 4)

N N N
2 2 2 2 2 4

0 ¥ DS (ty) = IX o, (t,) D, (t,) -o© Z DS (t,)
ck gmp kT gop KE kT yg kT

37*

z _ 2 2 2 2 2
"x = E [0] - Cov [o&gt; D1 E [D, ] / Var [D,]

m

(2-55)

Z _ 72 2 2
2 Cov [o&gt; D1 / Var [D, ]

From the computational standpoint, however, the Mm formulation is

much simpler and less time consuming.
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II. 3 Repeated Loading Analysis using Boltzmann's Superposition

Principle

The response of a pavement system to a random loading history

and variable environment may be represented, through Boltzmann's

Superposition Principle, as:

R(:-)
" t .

J ¥e-g, ©) P(8) dE&amp;
(2 56)

C

where ¥ is the static load system response function, © is the

environmental history from time &amp; to time t, and P is the time

derivative of the loading function P.

Lf. however, the system behaves differently in loading and

unloading, equation (2-56) becomes:

R(t) J {Y(t - Es
‘}

co. tE .

J) P(E) + VY (rt -E&amp;. 0) P (5)} dg (2-57)

where ¥Y, and ¥_ are the loading and unloading static system response

functions, respectively, and:

P(E) = { P(E).
0

P(E)20
PCY &lt;0

(2 58)

P(E) =
0, P(E) 20
P(E), P(E) &lt; 0
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Assuming a functional relationship between the loading and unloading

functions of the form:

Vv ft go.
5

9) = [1 - £(E,1,00] ¥,(t - E,
I

k

0)

then equation (2-57) becomes:

R(t)
c  . &amp;

 Y(t = &amp;, 0) [P(E) ~ £(E,X,0) P_(&amp;)] d&amp;
N ¢ 0

(73) ——

—

(2-60)

Assuming a Haversine loading centered at time x and of duration D,

amplitude A:

P(x 4 = 2X yy JD &lt; &lt;
T) = A sin” (5 + =) &gt; = T 2 2

2

Pix + 1) = — al sin(3) -vD D  &lt;&lt; 1T £ D
2

P (x+1)=-ul si (215 Sint 0 &lt; T fon
Lv

(2 1)

We may evaluate the contribution to R(t) from the small time interval

D D . ;

(x - 5s X + 5) with a load cycle centered at time x, as:

R +)

wr ok

Lr

LJ

Am. 2m -
tl sin (Ev (t - £. 0) dE

(2 12)TF.

&amp; t
‘ Ar sin ES) £(£,A,0) Y¥ (t - &amp;, ©) dg

y

3D



Assuming a static load system response function of the form:

¥, (t - €,

; m -¢

J) =n L G,e
: j=1 J

ON

C, (2-73)

=

where t is the equivalent reference-temperature time interval

between time £ and time t:

I t

t ©) = J y(t) dt = J y(1)dTr + Y(t,
£ &amp; t

£) (2 €4)

where the temperature history has been broken up into intervals

of constant temperature have the time-temperature shift factors

Yo» tq SE &lt; t,. Then equation (2-62) becomes:

R_ (8) = TL (8) +

i "= TEe

J
p(t) (2 €5)

t
*

m -6.t (¢) -S.y,t, x+D/2 S§.v,&amp;
oe) = 2M 5 ogee J te TEE gin (one/D)ac
x ¢ D o 9

j=1 x-D/2

Lt 5 (2-66)
m -§.t (6 -S.y,t x+= 6.v,&amp; 5

2) =A 3 geJ oe IEE 2 3 ey Gye
X. 2 D i=1 j ? "

sin E&gt;) ag

373



&amp;
Now, since f(£,A,0) represents the fractional difference between

0
the load and unload system response functions and is determined

from the past loading and environmental histories prior to time £,

it goes monotonically to zero as the number of previous loadings

(A-E) goes to infinity, and thus may be represented as an exponential

series:

&amp; NF
£(E,A,0) = L ue

0 r=1
(2-07)

 XK
where § represents the equivalent reference-temperature number of

previous loadings:

- 7 ADT (t)dT =
nN

€o-1
{ A(T (t)dT + ATE - t,.1) (2-8)Pl

A(T) being the traffic rate at time T, I'(T) being the time-temperature

shift factor for the function f, and to1 ££ =&lt;t..

The integrals in I, (© and 2 (®) may be evaluated

Appendix E) to yield:

A «. o(E) = zZz B ™ "0
i=1 23° ; ”x

% C

9 m —0,t (©)
e. o(E) = J) e xX

N ~k_x
LC . e

r= Ls]a1

(2-59)

(2-70)
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where:

B, . =

 3

“ANG si D

AnG,sinh (6 vy 5)
D 2

[1+ @.v, 2°

D
-k. T'A, =

“2,3, 1 48.4,e cosh[(0,v - k AT 7]
D .2

{1+ 16,vy - kA T5117)

(2-71)

fy—2)

Hence, we obtain:

R_ 0 (t) =

t

 nm -6.t (0)
Le J x

% 1

N
{B, .,+ = ¢, .

Wit bdr ©

 -— i

(2 73)

Parzan has shown (3) that the mean and variance of a compound

filtered poisson process, such as the pavement response to poisson

loadings in a variable environment, may be written as:

E[R(t)] = 7 A(x)E[R (t)]dx

(2-74)
£

Var [R(t)] = [ A(x)E[R%(t)]dx
3 xX

or, in our case:

N, ty

= Ag / EIR, o(t)]dx
9-1

Ne ty ,
Var[R(£)] = XZ Xx, J  E[R® (t)]dx

9=1 2 Coq X. 4

(2-75)
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Hence, using equation (2-73), we obtain:

. 1

i[R_,(8)] = 2

—_
 Oo

0

X
o N

{ [By 1 + I E[Cr=1 £3,008

t

, mom -(5,+8)t (0)
BIR, (0)1 = 2 2 e 3 P x {E[B .B, 1+

j=1 p=1 sJ »P

(&lt; 76)

N

xX E[B, Co le
r=1 +P oy

a ng

A

XT
—4

Yn
 -y E[By iC,p.ql®

N ON ~(k_+k Ix
YT I E[c,. C le © a

r=1 q=1 73] sT L,p.a

Combining equations (2-75, 2-76) and utilizing the definitions given

in equations (2-64, 2-67) we obtain, for the desired solution (See

Appendix F for these calculations)

t
*

Ne nm -5.t (9) N
E[R(E)]= XA, Ze t,, {y . + z . }

g =1 Yao 10d Lp der (2-77)

where.

: _ 82 = 3! ‘

2,1 E[B, ;1(e 1a 1)/-— S.Y
J
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x x* 1 (8, ,~k_A,T)A
2 CO ae, ge ENA
2:31 oo 2,3, . 7 _

8: - k TA,

A, =

a

 I)

|

) =

n

~~

a|

£ -1

A
A(T (t)dT

(2 8)

and

N x b
t m m =-(5.+§ )t (©)

Var[R(£)] = Z A, I I e IP
g=1 * 4=1 p=1 7-1

(2 .3)

N N N ;{fu . +22% Vv. + ZI IW
Ue, 3.p =1 £:3,P, 4 41 £,3,P,1,9

whee Yo

(§.+8 HyA
_ i Ls

CoLi.p ~ ElBy 3By ple 1 / (6, +8),

Cel

Vv, . =

Ly3sP.T

woo.
L43,P+Tsq

- }  (0) i ; [(8,#8 )Y,~k AT)14) nN
0 E[B, ; L5P,% © Co

{§. +8.)v, - k AT,

S

“

* 0-1
~(k_+k )x (077) [(S.48 y= (k_+k WT}r gq 0 E[C. . C He J 3 r $e Poy

_%,i,r 2,p,d _

(8. +8)v, - (k, + k AT)

a

(CY)
37
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The evaluations of the expected values of B .» C, . _, etc.,
2s] L2,3.r

may be found in Appendix F.
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Chapter Three. Probabilistic Damage Indicators, Serviceability,

Reliability, and State Transition Probabilities.

The damage variables are expressed in terms of two damage manifes-

tations in the pavement structure: deformation and cracking. Defor-

mation accumulates in both the transverse and longitudinal profiles

of the pavement. Transversely, it is manifested by the rutting in

the heavily travelled paths of the roadway; and longitudinally in

the roughness of the pavement profile, measured by the slope variance

of the profile. The mechanisms of the development of these damage

manifestations are described below.

{T1., 1 Rutting

The component is assumed to be primarily the result of a

channelized system of traffic thereby causing differential surface

deformation under the areas of intensive load applications in the

wheel-paths. Given the statistical characteristics of the road materials

and of the traffic, we can determine the rut depth from the spatial

properties of the traffic loads, as follows:

The mean and variance of rut depth are obtained from equations

(2-77) and 2-79), respectively, with a reduced traffic rate A' des-

cribed as follows:

A A + (A - A) IN (5-1)

TC



where:

A. is the channelized traffic rate in one lane

A is the mean rate of traffic in the lane

N is the number of possible combinations of

in the lane (degrees of freedom)

If, for example, 707% of the traffic is channelized at the center

of the lane (i.e, Al = 0.71), and there are three other possible paths

that the traffic passes through in the lane, then:

A* = 0.7A + A=0.7A = 0.8) (3-.3

The values of g,, Sys and n are obtained by evaluation of the

vertical deflections at the surface of the pavement beneath the center

of a static loading.

These values, with A' substituting for A in equations (2-77) and

2-79) vield the mean and variance of the rut depth versus time.

IIT. 2 Slope Variance

This component defines the deformation along the longitudinal

profile of the pavement. To obtain some measure of slope variance,

information about the spatial correlation of the material properties

of the system must be obtained. This can be expressed in terms of the

autocorrelation function of the surface deformation, assuming that

IQ



slope variance is mainly caused by the variation of the material pro-

perties and methods of fabrication. We can relate the spatial vari-

ations in the materials to those in the surface deformation along the

pavement profile.

The spatial autocorrelation function of a system's response

R(x) is defined as:

X
) = E_TR(t,x, YR(t,x,)] "3=3 }

where E[ ] signifies that the expectation operation is taken only

over the space variable x, and R(t.x,) is the surface deflection at

time t and location x.

The analysis in Appendix G results in the following expression:

whiCe

&amp; (x) = [1+ 0,07] (REO __))
)

bh]
®

y
2

Cov[ngn,1/0,

{  ad ryhy

(- 5)

is the spatial correlation coefficient of the surface deflection of

the pavement. Expressing:

4

L a - B(l

le?
- (- 3)4

IN|



and using the fact that the slope variance is equal to the negative

of the second spatial derivative of R_ (x) evaluated at x = 0, we have:

SV
3 “R (x)

Tr)
2B 2 2

=-—20 R(t| x=0 2 RC he_"

2[SV(t)] = 2 0” (Var[R(e)| _;] 3 BIR) |] )

. (4B 2 :Var[Sv(t)] = oe! o ERGO) ||,1} var[R(e) ||,

(ig - 7)

-

\ CA )

7 g- =

7)

where E[R(E) |] is obtained from equation (2-77), and Var[R(t) |n=1
is obtained from equation (2-79), and EZ 1] =E[ 1 E[

ITI. 3 Cracking

Cracking is a phenomenon associated with the brittle behavior of

materials. A fatigue mechanism is believed to cause progression of

cracks in pavements. In this study, a phenomenological approach has

been adopted, namely a modified stochastic Miner's law for progression

of damage within materials. It is recognized, however, that a proba-

bilistic microstructural approach based on fracture mechanics may pro-

vide a better substitute for the prediction of crack initiation and

progression within the pavement structure.
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The criterion for cracking used in this study is based on fatigue

resulting from the tensile strain at the bottom of the surface layer.

This requires the determination of the moments for the radial strain

amplitudes at the bottom of the surface layer, using the radial strains

obtained from the step loadings of the static load program. These

moments for the strain amplitudes may be determined from the following

equations, derived in Appendix H:

Ae, =
“upg,2 n en?TA 5 BA +e

2 sq i

?
) fAJ)

where uy i= Y,8,D/2, and Ae represents the radial (tensile) strain
]

amplitude at a temperature represented by Yo and a loading of ampli-

tude A and duration D.

The mean and variance of Ae can be obtained by the probabilistic

analysis of Appendix H and may be written as:

5 [ Ae
n -U, ,

= Fm 1G ate Chita
i=1

A

n S.Y -u » -u . -u ry
 _ _ 8;7y :

mor 3G EH le Phew, oe Plo2a+e PHY)
i=1

 Zz

AT? + T ) + 852 1,12 1 + , 2 ot Zpsele 29.4 0 4 e ) [ (MT + Uy 4) 1/ (mw tu,” )} (3-11)

3



n -u, .

varfbe,] = Er? 2G @ +e hs? 45,201 (Fob + BoD)
L 2° 41 L,1 A n

S.Y -u, , -u, .2,1 2— = °i'g L,i | oo L,dy,, 2  =2 2,2
pla an ZG; (5)[e +2uy(A+e Mn" + ug In” +E

2

(2-12)

Miner's law can be expressed as:

D(t)
MM

z n, /Ny
w=1

'3-3)

where 0(t) is the damage at time t resulting from a repetition of Zn,

loads to failure at the th period, having the same statistical properties

as the n, loads. The ratio n, /N, represents the proportion of damage

in terms of fatigue cracking the the x= period.

A fatigue law has been used to determine N the number of loads

to failure in the kth period in terms of the tensile strain amplitudes

obtained above:

t= (Ty) (te, 2 p _—14)

where C and a are material characteristics with certain statistical

properties, which are temperature dependent.

Appendix H presents the analysis used to obtain the moments of

damage D(t) versus time. These are:

M T
E[D(t)] = 3» Tm (=)op kN

(2 3)
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M —

Var[D(t)] = DG a + mos ]
k=1 k "k z=

N
(2-16)

where n, is the mean number of Poisson loads in the xt period,

) is the mean of the inverse number of loads to failure in the th

period, 0? is the variance of x and %, is the variance of traffic
N,

loads in the xt period = n, for a Poisson process.

Assuming that D(t) takes on a normal distribution at all times t

with mean of E[D(t)] and variance of Var[D(t)], then the expected

area of cracking, as a percentage of total surface area, will be given

by the probability of D(t) being greater than 1.

The above damage indicators have been expressed in algorithmic

forms and are obtained readily by computer analysis to be used in

the next step in the hierarchy of the present analysis: to determine

the serviceability of the system with time and the associated reliability

and life expectation.

ITI. 4 Pavement Serviceability

In this study, the serviceability of a pavement system will be

restricted to consideration of pavement surface riding quality. The

term "performance" will be used to designate the broader concept of

serviceability, safety, maintenance and costs.*

————c————

% See Findakly (1) for discussion of serviceability. hs



Following AASHO, the present serviceability index can be expressed

as a function of some objective distress components, as cracking and

deformation. Using the same components used by AASHO, we can write

a general expression for the present serviceability index as:

wher

PSL

pr |

 £f (RD. (C - P) SV) Ty 7)

RD refers to rut depth

C + P refers to area of cracking and patching

SV refers to slope variance

Any function of these variables may be produced by regression

analysis. In the present study, however, AASHO's present serviceability

expression has been used without change. AASHO's equation is a special

case of equation (3-17) and is written as:

PST = Cq + C tog, (1 + SV) + C. IC+P + C (RD)? ‘3-1¢ )

where:

Co = 5.03

C. = +].91

C, = -0.01

Ca = -1.38
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If we regard the components SV, C + P, and RD as random variables,

the PSI will be a random variable, and we can determine the moments

at any instant t utilizing equations (2-1, 2-2)

-2

E[PSI(t)] = Cn + Cy {log (1 + SV(t)) - za + SV(t)) Sav(ey) A
{ln 10)

] JS -3 2 2 2
CT CFB) (0) = SUC FRE) 2 Ogun) ry} + CoIRD(E) + opp}

(3-19)

(1n 10)°

v ACR (8) 202 - w— 20)

where Sv(t), (C + P)(t), RD(t) refer to the expected values of slope

variance, cracking plus patching, and rut depth respectively at time t

2 2 2 . :

and Sav (te)? 9 (c+P) (t)’ ORD(t) represent the corresponding variances.

As in most analyses of this type, the probability distribution of

the serviceability is assumed gaussian, with a density function of:

f (8) = Lt— expl-2E=5)%
S Jomo. 2 Og

(_4 — &lt;1)

and cumulative density function of:

1 u 02
Fo (5) = Jo J exp (- 5 )du (5 22)



where u = (s -S)/0g is the standard normal random variable of mean 0

and variance 1. Appendix I presents an approximate evaluation of a

cumulative gaussian variable which is easily implemented on computers.

IIT. 5 Pavement Reliability, Marginal Probabilities, and Life

Expectancy

The reliability of a pavement system's serviceability is given

by the probability that the serviceability is above some unacceptable

level which has been established beforehand, say S*, i.e.:

Reliability = Prob[s 2 S*] = 1 - Fo (8%) 4— 3)

and, since s = s(t), this yields the walve of reliability at any time t

for which the serviceability is known. Also, marginal or state

probabilities q, (t) of the serviceability being in a given interval i

at time t mav be obtained as:

1 ¢) = ProblS,,&lt; s(t) £ 8,1 = Fo(8;) - Fo(8;4) (_1—,1)

of which equation (3-23) is of course a special case.

he expected lifetime of acceptable pavement performance is the

integral of its reliability over time, i.e.:

El L]
iv

1 - Fo (S*)dt = ty 5 Fo (5%) dt _9° )

&gt;



where ty is the analysis horizon. However, if we could obtain the

transition matrix taking the n marginal probabilities at time t, into

the n marginal probabilities at time u, for all t, u, i.e.:

hen

] 1) Plt, a)qg z)

the expected lifetime would be also determinable by:

EL]
n

= / {1 - Ll P_;(u,0)q, (0) du

3 Jy3)

C77)u —

where the integrand is the reliability at time u,

q, (0) are the marginal probabilities at time 0

(P_; (u,0)) is the transition matrix from time 0 to time u

n is the number of states into which the serviceability has

been divided, and

q_ is the unacceptable state.

Appendix J presents a method for obtaining the transition matrix

between two time points ty and ty, but a presentation of the determin-

ation of P(t,u) for all t,u is rarely possible, unless total information

is assumed.
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Chapter Four. Maintenance Activities

Maintenance of a system may be viewed as work performed on the

system during its operational life to improve it, assure a "desireable"

serviceability level and improve its life expectancy. Quantitatively,

maintenance may be viewed as an algebraically negative damage.

Maintenance activities exercised at some point in time may be defined

as a vector of quantity and the associated cost, discounted to constant

value.

In order to introduce maintenance activities into the model and

to establish a framework for decision making, the concept of state

values is introduced. If the system is in state Ss» it has an associ-

ated benefit of B, as a consequence. This benefit may be the reduction

in user operating costs, or annualized construction costs, or safety

measures, etc., depending on the objectives of the model user. The

value of the pavement system may then be evaluated at any point in

time to be

r 1 + rk
V(t,) = z P(S,)B,/(

1=

(4-1)

[f no maintenance is ever employed, the total value of the

pavement system over its design life would be given bv:

J
“ -k n
LZ (A+ 1) x2 P(S,(t,))B.

. it k i
&lt;=0 i=1

-

- I: o 2)
Cl



If maintenance M is applied at time t at a cost of Ch in constant

dollars, then the accrued benefits resulting from that maintenance

will be:

Bs 5k= “4I +i; ec) E 3= B, (P(S(| mw - P(S  ; (tWO) 14-3

Thus, if By &gt; Co the maintenance effort was justified. The problem

now is reduced to determining P(s,; (ty) ly &gt; i.e., the state probabilities

encountered as a result of a maintenance effort.

IV. 1 Maintenance Effects

Of the damage components considered, cracking and deformation,

only cracking is directly reduceable by patching activities. However,

the patching will tend to reduce the other components, rut depth and

slope variance, indirectly, in proportion to the area patched. Any

spatially statistical random variable would have its mean and variance

altered as:

m &gt; ym

72 -&gt; alo? + (1 - au’)

(4-4)

(4 5)
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where 0 is the fraction of area which is not patched. Thus, if (1 - a)

of the surface area is patched, the mean and variance of rut depth

will be altered by:

~

41 RD| —- oEIRD]

Var|RD] + o{Var[RD] + (1 - a) (E[RD])?%}

© 4)* el—

(4-7)

while the mean and variance of the slope variance will become:

a ~ J| &gt; oE[ wv

Jar| 3V] &gt; a Var[SV] + 3a - a) “Joreral 1)”

CD)‘

Lhe

(4 9)

the last equations being obtained by substituting equations (4-4),

(4-5) into equations (3-8), (3-9). Of course, the cracked area is

reduced by the amount patched, and 1itS variance is reduced as in

equation (4-5).

Thus, from equations (4-4), (4-9), given a maintenance patching

effort, we can evaluate the effects of that effort on the subsequent

value history of the pavement, and decide whether such an effort is

or is not justifiable economically, through equation (4-3).

Once the increments of damage have been evaluated, these may be

added to the damage history for all time points following the mainte-

nance application. However, this maintenance effort will undoubtedly

not be a permanent improvement, but will itself begin to deteriorate.
52



This deterioration is assumed to be exponential, i.e., a damage

increment of § applied at time tyr would be reduced to an increment

of only Sexp(-a(t - ty) at time t &gt; tye where a is a material charac-

teristic. Thus, from equations (4-4) - (4-9) we have:

E(20(t)] + EIRD(t)] - (1 - 0)E(RD(t.)] e (Ew (® 19)

Jar  D (2)] &gt; Var[RD(c)|= (1~ Ww) [Var[RD(t,)] - OE[RD(t,)]%]e”2 (ETE)

(4-11)

a[SV(t)] » E[SV(t)] - (1 - E[SV(t,) le 2 (E00

Ja yV/~y _ J “5 Va+ sve) - {1 - 0?) Var[sv(t,)]

¥ 1 - ay 8  ZEIRD (ey) |) He 2 (ETE)

(4 +2)

(¢ 1 3)

from which we can evaluate the mean and variance of serviceability

after the maintenance effort has been applied. From these we may

calculate the marginal state probabilities after the maintenance

effort, which in turn may be utilized in equation (4-3) to determine

the total benefits incurred from the maintenance. Then, if c_ is the

unit cost of patching, and Q units are to be patched, we would wish

to maintain at that level if:
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and

[V.

By &gt; c_Q/ (1 LIL

‘1 - 0) = Q/ (total number of units)

2 Maintenance Strategies

(4-14)

The above decision criterion provides a framework for the choice

of alternate strategies for highway systems. Each strategy defines a

set of rules for experimentation and action to which consequences are

defined in terms of a multiple set of attributes. In this context,

maintenance strategies are generated in terms of such attributes. The

selection of any optimal strategy is effective only to the extent that

these measures of effectiveness are relevant and exhaustive.

The design model described in chapters II and III provides

information about the marginal state probabilites at different time

points. The states are described in terms of the serviceability

index, which will be raised by a maintenance effort, how much so

depending on the level of maintenance and the state of the system.

In any case, maintenance "level" is taken to define the effort (in terms

of labor and materials) which is expended to upgrade the system from its

present level. An associated cost can be assigned for any maintenance

effort. discounted to constant value.
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Let us follow through the analysis. At the outset, say time ty»

the system may be in some state Ss with probability P;,» aS determined

by the analytical model. At this point a decision is encountered: at

what level to maintain? (The no-maintenance level is considered an

option.) It is assumed that the costs of these levels are known.

The conditional future history, conditioned on the present decision and

future traffic, may then be determined for each maintenance option,

which may be compared on some utility basis against the do-nothing

alternative. If the time points at which maintenance decisions are

encountered are specified, the optimal maintenance strategy can be

determined describing the course of action depending on the outcome

of the branches preceding the nodes.

[V. 3 The Decision Variables

If the design horizon is N years, and a maintenance decision is

to be made at each year from one of M options, and K traffic levels

may be considered, then the feasible set of maintenance sequences will

number:

N&amp;k = an (4-15)

Clearly, this set must be reduced dramatically if it is to be at all

practical. Since we are interested primarily in the choice among the

maintenance options, we should reduce the traffic options. The most

SE



obvious way to do this is to assume an initial traffic volume and

growth rate, determine the "best" maintenance strategy conditioned

on these assumptions, and apply the initial "best" maintenance level.

Then, as time progressed, we can compare the encountered traffic volumes

with our previous assumptions, compute revised growth rates, and a

revised "best" maintenance strategy.

Alternately, one could reduce the design horizon or the number of

maintenance options, but these alternatives are relatively self-defeating,

as they reduce the scope of the variables we are most interested in.

We arrive at the following decision algorithm.

V. 4 The Algorithm

We assume all necessary inputs are known, except for the traffic

history. Then, we compute the 'best'" maintenance strategy as follows:

1 Given the initial traffic rate AL assume an initial growth

rate of r, holds for the design horizon. Evaluate the "best"

maintenance sequence given these assumptions, as:

Sp = (Mpg Myps MaruiMeAgr) (4-16)

and implement decision M4 at time tye Here My denotes any

possible member of the set of maintenance options.

) As traffic information becomes known, revise your traffic growth

rates accordingly, and compute the "best" maintenance sequence

given the revised values. Of course, maintenance decisions
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that were previously implemented cannot be altered. Thus, in

the second decision period, the decision would be implemented

from the "best" sequence given by

a

 &gt; 4
rWiis Maas Myyee Mug |AyaRgaTy) 4pwr 7)

whera:

Cy = (A, = ADIN (4 73)

Clearly, if the revised r, is equal to ri10 Si_1 is still

optimal and Sy; need not be evaluated.

3 Iterating over step 2 until the design horizon is reached,

we arrive at the "best" sequence given the input traffic stream,

5

Sy = (M5 Myyee Me AA, iA ry) Th=1 J)

However, the process outlined above will still contain an enormous

number of possible sequences if the number of maintenance options is

large, i.e., if there are M options at each of N vears

N] %
M N
1 MM - 1) (4 20)

re

9}



which grows extrememly fast in both M and N. It is suggested that

the number of decision nodes and maintenance levels be kept small until

a familiarity with the model enables us to establish some pruning rules

for the set of possible sequences.

The salvage value at the design porizon must also be evaluated,

which can be done as in the state values, but now not in annualized

form; the cost of constructing a new facility, in terms of constant

dollars, which would provide the quality that was left at the design

horizon, should be a suitable evaluation procedure.

The traffic effects may be studied by varying the traffic stream

which has been input. Also, the initial growth rate may be varied,

but this is anticipated to have little effect, since only small amounts

of maintenance are anticipated in the initial years of service.

Environmental effects may be manipulated in the same manner.

The output of the model will consist of a sequence of conditioned

sequences of maintenance efforts which will provide "optimal"

serviceability given some utility function and traffic stream. In

this sense, "Optimal" can only be interpreted as best possible given

the assumptions.
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Chapter Five. Sensitivity Analysis

In this chapter, several maintenance strategies are

examined with a view to identify the sensitivity of the

pavement system's behavior to various design parameters

under the influence of these maintenance activities. Fur-

ther, comparisons are drawn among these alternatives to es-

tablish the level of agreement between the predicted pat-

terns and those anticipated in real-world situatilons.

The parameters investigated include the traffic stream,

fhe maintenance budget, the initial design thicknesses, the

initial design material quality, and the initial design

quality. To establish a common yardstick for comparison,

the same temperature history and load characteristics were

used throughout this analysis. The relevant data values

are given in Table 5.1, while the user benefits, mainten-

ance options, and material characteristics are shown in

Figures 5.1, 5.2, and 5.3 respectively. The actual values

were arbitrarily chosen for this example.

V. 1 Results Under Zero Maintenance

This section examines the effects of changes of the

layer thicknesses, their material quality, and their init-

ial quality to different traffic streams under conditions

A



Figure 5.1 Dollar Reductions of User Operating Costs As

A Function of Serviceabillty Range
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Figure 5.2 Twenty-year Maintenance Strategies - %
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Figure 5.3 Initial Design Configurations
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Table 5.1 Variables Held Constant

A101 vases

Radius of Applied Loading

Amplitude of Applied Loading

Duration of Applied Loading

Reference Temperature

Environmental Temperature

Miner's Exponent

Miner's Coefficient

Initial Serviceability

Initial St. Dev. of Serviceability

Serviceablility Failure Level

6.0 inches

80.0 psi

0.1 seconds

70° F

70° F

3.613

bh, 662 + 107

5.0

0.3

2.5

Figures 5.4. 5.5, 5.10, 5.11

Initial Quality

Material Quality

rr

Vi

Figures 5.6, 5.7, 5.12, 5.13

Initial Quality

Layer Thicknesses

Figures 5.8, 5.9, 5.14, 5.15

Material Quality

Layer Thicknesses

 Vv

2.1
J

532



of zero maintenance activity. All of the tendencies pre-

dicted by the models under these conditions are intuitively

ronsistent.

Vel. 1 Effects of Layer Thickness

The effects of layer thickness, given zero mainte-

nance are shown most clearly in Figures 5.4 and 5.5, with

summaries in Table 5.2. Figure 5.4 shows the present

serviceability index as a function of time for several

traffic histories. In all cases, the thicker the system,

the higher the serviceability index. Quantitatively, from

Table 5.2, we can read that the unmaintained lifetime of

the system (i.e., Base Life) goes from 3.87 years for the

3-4" system up to 6.70 years for the U"-6" system (an in-

crease of 73%) up to 14.68 years for the 6"-10" system (an

increase of 279%) for the traffic history of 1000 ADT base

and zero growth; similar figures may be obtained for the

other traffic histories. These, along with the percentage

Increases for improvements in initial quality and material

quality are summarized in Table 5.3.

Similar shifts in the reliability of the system may

be observed in Figure 5.5. The integral of the reliabilty

over time yields the expected lifetime, so these values are

no tabulated separately.

Fal
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Figure 5.4 Serviceability .vs. Layer Thickness
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Figure 5.5 Reliability .vs. Layer Thickness
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V.l. 2 Effects of Material Qualityree cc LAIECLSOIMaterial Quality

The effects of the quality of the material properties,

given zero maintenance, are shown most clearly in Figures

5.6 and 5.7, with summaries in Tables 5.2 and 5.3. Figure

5.6 shows the present serviceability index as a function of

time for several traffic histories. In all cases, the

higher the material quality (i.e., the stiffer the material)

the higher the serviceability index. Quantitatively, from

Table 5.3, we can read that the unmaintained lifetime of

the system (i.e., Base Life) goes from 3.87 years for the

M system up to 5.55 years for the M!' system (an increase of

43%), up to 8.80 years for the M" system (an increase of

127% over the M system) for the traffic history of 1000 ADT

base and zero annual growth; similar figures are given in

Table 5.3 for the other traffic histories, along with their

percentage increase over the lifetime of the M system.

Similar shifts in the reliability of the system may be

observed in Figure 5.7. Since the integral of the reliabil-

ity over time yields the expected lifetime of the system,

the values of reliability increase are not tabulated separ-

ately

~
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Figur 5.6 Serviceability .vs. Material Quality
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Figure 5.7 Reliability .vs. Material Quality
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V.l. 3 EffectsofInitialQuality

The effects of the initial quality of the system, in

this case taken as the autocorrelation exponent of the

system's normal surface deformation, given zero maintenance,

are shown most clearly in Figures 5.8 and 5.9, with sum-

maries in Tables 5.2 and 5.3. Figure 5.8 shows the present

serviceabllity index as a function of time for several

traffic histories. In all cases, the higher the initial

quality (i1.e., the less susceptible the system is to long-

itudinal deformation or slope variance) the higher the

serviceablity index. Quantitatively, from Table 5.3, we

can read that the unmaintained lifetime of the system (i.e.,

Base Life) goes from 3.87 years for the 0.1 system up to

9.09 years for the 0.25 system (an increase of 135% over the

0.1 system), up to 11.56 years for the 0.l system (an in-

crease of 199% over of the 0.1 system) for the traffic his-

Lory of 1000 ADT base and zero annual growth; similar fig-

ures are given in Table 5.3 for the other traffic histories,

along with their percentage increase over the lifetime of

the 0.1 system.

Similar shifts in the reliability of the system may be

observed in Figure 5.9. Since the integral of the relia-

bility over time yields the expected lifetime of the system,

the values of reliability increase are not tabulated.
N



Figure 5.8 Serviceabllity.vs.InitialQuality
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Figure 5.9 Reliability .vs. Tnitlal Quality
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V. 2 Results Under Maintenance Activities

This section examines the effects of changes of the

layer thicknesses, their material quality, and their in-

itial quality to different traffic streams and different

levels of maintenance activity. In all cases, maintenance

consists only of patching cracked areas. Although more

complicated than the results under zero maintenance, all

of the trends predicted by the models under these condi-

tions are intuitively consistent.

/.2. 1 EffectsofLayerThickness

The effects of layer thickness, under low and high

maintenance lavels, are shown most clearly in Figures

5.10 and 5.11, with summaries in Table 5.2. Figure 5.10

shows the present serviceability index as a function of

time for several traffic histories under these maintenance

levels. Some very interesting results may be obseved,

particularly in the case of 70% maintenance level. In

this case, all of the systems behave pretty much identi-

cally; however, the dollar costs of the maintenance re-

quired to produce this uniformity vary significantly, as

may be seen in the last column of Table 5.2. For the

1000 ADT base and 10% growth case, the maintenance costs

—~
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Figure 5 .10 Serviceability .vs. Layer Thickness
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Figure 5.11 Reliability .vs. Layer Thickness
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required to keep the 3-4 system at a par with the 6-10

system totalled $24244, as compared to $16489 for the

4-6 system, and only $8292 for the 6-10 system. In this

study, the cost of patching was taken as $1/sq.yd.; no

economies of scale were considered. Thus, on a percent-

age basis, the naib enanas costs for the 4-6 system were

99% higher than those for the 6-10 system, while those

for the 3-4 system were 192% above those for the 6-10

system. Thus, a direct comparison can be made between the

added initial costs of the thicker systems and the sub-

sequent savings in maintenance costs. This should be a

great convenience in alding the design process. Similar

cost figures can be found in Table 5.2 for the other traf-

fic histories.

Similar shifts in the reliability of the system may

be observed in Figure 5.11. The reason these curves are

not monotonic is the influence of the maintenance activ-

ities, which affect different systems at different times,

depending on their rate of cracking. These reliability

increments, again, were not tabulated separately, since

they are interrelated to the increases in expected life-

times shown in Table 5.2.

An additional feature of Table 5.2 is the tabulation

of the dollar costs of maintenance to add one year to the

expected lifetime of the system. For the 1000 ADT base
it

{ ¢



and zero growth case, the cost per year of life added is

$3094 for the 3-4 system, $2183 for the U-6 system, and

only $560 for the 6-10 system. This may be used as a

measure of the system's maintainability, although it is

tied to an economic unit rather than an index.

v.22. 2 Effects of Material Quality

The effects of the quality of the material quality,

under low and high maintenance levels, are shown most

clearly in Figures 5.12 and 5.13, with summaries in Table

5.2. Figure 5.12 shows the present serviceability index

as a function of time for several traffic histories under

these maintenance levels. Again, the maintenance effects

tend to uniformize all the systems, but the ensuing costs

are not at all uniform, as indicated by Table 5.2. The

dollar costs for the M system required to keep it at a

par with the others was $242.44, while those for the M!

system were $15383 and those for the M" system were only

$10134, all for the 1000 ADT base and 10% annual growth.

Thus on a percentage basis, the total maintenance costs

for the M and M' systems were 139% and 52% higher than

those for the M" system, respectively. Again, a direct

comparison between the added initial costs of these high-

er quality systems and the reduced maintenance costs may

re
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Figure 5.12 Serviceablility .vs. Material Quality
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Figure 5.13 Reliability .vs. Material Quality
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undertaken. Similar cost figures can be found in Table Bw 2

for the other traffic histories.

The dollar costs of maintenance required to add one

year to the expected lifetime of the system are found in

Table 5.2. For the 1000 ADT base and zero growth case, the

cost per year of life added is $3094, $2202, and $1754,

respectively, for the M,M', and M" systems. Thus, on a

percentage basis, the maintenance costs per year of life

added were 76% and 26% higher for the M and M' systems,

respectively, than for the M" system, indicating its great-

er maintainability.

Similar shifts in the reliability of the system may be

observed in Figure 5.13. Again, these values were not sep-

arately tabulated, for reasons indicated previously.

7.2. 3 Effects of Initial Quality

The effects of the initial quality, or resistance to

slope variance, under low and high maintenance levels, are

shown most clearly in Figures 5.14 and 5.15, with summaries

in Table 5.2. Figure 5.14 shows the present serviceabil-

ity index as a function of time for several traffic histor-

les under these maintenance levels. The maintenance effects

do not tend to uniformize the system as much as the other

parameters, due undoubtedly to the negligible effect that

Dr



Fiocure 5.14 Serviceability.vS.InitialQuallty
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Figure 5 .15 Reliabllity .vs. Tnitial Quality
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the initial quality has on the rut depth of the system.

All the tendencies are intuitively consistent. Table 5.2

presents the dollar costs of the maintenance needed to add

one year of life to the system, ylelding $3094,3$3129, and

$3701, respectively for the 0.1, 0.25, and 0.4 systems.

Although this indicates that the higher the initial quality

the higher will be the incremental costs of adding life to

the system, this is not the whole story. Although the

total maintenance expenditures were nearly constant, as

were the costs of incremental life, the serviceability of

the system improved as the initial quality improved, im-

plying presumably greater reductions in operating costs to

its users. It must also be remembered that only cracking

can be repaired, which is little effected by initial qual-

ity as the model now stands.

Figure 5.15 shows the reliability of the system over

time for the various traffic stresms and initial qualities.

Again, this higher reliability for higher initial quality

systems would indicate a greater reduction of user costs

for that system.

V.3 Effects of the Maintenance Budget

The effects of the maintenance budget may be seen most

clearly in the two sections of Table 5.2, one having an

Ne
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7 Added Year $
¢ Added

"E

i”

ieF

-

"y 1

rr

L~-6

L=b

0.4

 nN

0.2

0.25

0.4L

0.1

0.25

0.1

1000 u

1G
500 0

10

1000 0
10

500 0
10

1000 0
10

500 0
10

1000 0
10

500 0
10

1000

500

0
lu

0
10

1000

500

0
10

0
10

1000

00

4
LO

0
10

1000 0
10

500 0
10

3.87
3.50 iJ
6.94 10
5.53 bh

 Nn 7.30
6.94
6.58
T.72

3094
3493
2624
3069

330d
4021
2680
3161

22590
24244
17264
23693

6.70
5.39

11.84
8.40

10
Le

6.12
6.35
6.53
9.00

2183
2596
1470
1571

2321 13363
2952 16489
1669 9597
2133 14134

14.68
10.04
18.81
14.5%

0.09 560
6.19 1340
0.00 0
1.43 1014

630 53
1637 8292

0 0
1166 1447

i

9.09
7.20

14.38
10.52

9.38
3.85
5.50
B.5U

3129
3290
2985
2056

3459
3654
4713
3595

29357
32396
16415
26102

11.56
8.86

16.91
12.52

7.93
9.53
3.08
7.21

3701
3398
5326
3619

4131
3872
8136
4270

29357
32396
16415
26102

5.55
h.66

10.11
7.47%

1
1

0 5.47
5.76
6.65
2 28

2202
2673
1321
1605

2472
3331
1465
2042

12050
15383

8783
13285

17.51
12.49
19.89
16.80

L.31
5.65
0.00
7 6/0

1173
1524

0
1537

1126
1635

0
1215

1532
10134

0
3397

8.80
6.59

14.44
10.16

3 0.47 1754
5 5.97 1625
5 0.24 3
5 2.38 1356

2075
3258

2
2135

816
9700

0
3224

xX
 ~~

Table 5.2 Effects of Maintenance Activities Annual Maintenance Budget Is $7000/mile/lane



xX
Vem

Material Thickness Initial Base Growth Base Strategy Years Cost/
Quality H1-H2 Quality ADT Rate Life Chosen Added Year

x Added
¢

0 1000 L

10

500 0
10

8g
3.50
6.94
5.53

4.95 410°
2.00 69ko
5.32 2627
2.56 L365

2  iF 0 L000 0
1

500

6.70
5.39

11.84
8.49

4.32
2.09
4.95
 hb 06

2399
4384
1469
222F

Jv

10

f- "9 0.1 1000 0
10

500 0
10

14.68
10.04
18.81
14.55

0.09 560
1.64 194%
0.00 0
0.79 11106

J
&lt; 1 0.25 1000 0

10

500 0
10

9.09
7.20

14.38
10.52

6.50
3.09
4.12
3.32

3123
4495
3390
3368

0. 1000 0
10

500 0
10

11.56
8.86

16.91
12.52

5.99
3.23
2.63
3.18

3392
4293
5315
2517

0.1 1000 0
10

500 0
10

5.55
4.66

10.11
7.43

5.43
1.47
4.33
2 Qf

2534
5759
L354
2FQR

 =, 0.25 1000

500

0
10

0
10

17.51
12.49
19.89
16.80

0.81
2.94
0.00
1.18

1086
153%

"
102

Yr 2-1) 0.1 1000 J
10

0
10

8.80
6.59

14.44
10.16

0.47 1754
0.78 5282
0.00 3
0.43 2926

500 c
3

Mean Total
Cost/ Cost
Year $
Added

itt8
Le2l
2€80
3161

203ua
13873
13984
11186

2321
2952
1669
2173

10363
9178
7278
9015

630
1637

0
1166

3183
0

881

3459
3654
4713
3595

20300
13873
13984
17118A

4131
3872
8136
4270

20300
13873
13984
11186

oUT72
3331
1465
29h 2

13766
8473
5857
8021

112
163

2 883
4515

0
1514| 21F

2075 816
3258 L134

2 0
2135 1254

Table 5.2 (Cont'd.) Effects of Maintenance Activities Annual Maintenance Budgte Is $3000/mile/lane



Thickness Base Increase
Hl=-H2 Life ¥

3-4 3.87 J
4-6 6.70 73
6-10 14.68 279

Material Base
Quality Life

Increase
of

M 3.87 J
M? 5.55 43
mM" 8.80 127

Initial Base Increase
Quality Life 7

0.1 3.87 “

0.25 9.09 135
0.4 11.56 199

BaseADT 1000 GrowthRate 0% Per Annum

3-4 3.50 u
4-6 5.39 54
6-10 10.04 187

M 3.50 0
M! 4.66 33
mM" 6.59 88

0.1 3.50 C
0.25 7.20 106
0.4 8.86 153

Base ADT 1000 Growth Rate 10% Per annum

3-4 6.94 u
4-6 11.84 71
6-10 18.81 171

M 6.94 0
mM! 10.11 46
Mm" 14.44 108

0.1 6.94 C
0.25 14.38 107
0.4 16.91 144

Base ADT 500 Growth Rate 0% Per Annum

3-4 5.53 J
4-6 8.49 54
6-10 14.55 163

M 5.53 0
M* 7.43 34
Mt 10.16 84

0.1 5.53
0.25 10.52
0.4 12.52

U
90

126

Base ADT 500 Growth Rate 10% Per Annum

0
 NN

Table 5.3 Unmaintained Improvements for Various Design Parameters:

Effects on Life Expectancy



annual maintenance budget of $7000/mile/lane and the other

having only $3000/mile/lane. Although, of course, the more

money one has to spend the higher level of maintenance can

be applied, as can be clearly seen from Table 5.2 and

Figure 5.2, it is interesting to observe from Table 5.2 that

as your malntenance budget increases, the incremental costs

of life (i.e., dollars per year of life added) decrease,

even without considering economies of scale. Traffic also

effects the choice of optimal maintenance strategy, again

indicated by Table 5.2.

Appendix L contains sample inputs and outputs from

some selected representative runs from Table 5.2.
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Chapter Six. Summary and Conclusion
Lookers w=. ulldly afl vonclusion

This study presented a framework for analysis and sel-

ection of optimal maintenance policies for a given initial

pavement design. The development of this framework is pred-

icated upon the basic philosophy that public facilities are

intended to provide certain services to thelr users. Thus,

the functioning of these systems must be evaluated from the

standpoint of the users' demands and satisfaction.

To this end, a set of models has been developed to ac-

count for the interactions which exist among the materials,

environment, traffic, and economic attributes of the system.

I'he analysis and selection process is realized through the

implementation of two major phases. One is concerned with

the selection of materials and probabilistic evaluation of

the physical behavior of the system in an operational envir-

onment, utilizing a set of mechanical and phenomonological

models. The second phase is aimed at the evaluation of

measures of effectiveness for the system at hand in terms of

1ts serviceability, reliability, and maintenance strategies

throughout the design lifetime.

In order to demonstrate the capacity of these models to

predict maintenance effects, a set of numerical examples

were presented. These examples examined the sensitivity of

the behavior of the system to various parameters. In this

Q8&amp;



context, the maintenance decision was examined in terms of

budget limitations, as well as in terms of the traffic and

initial design configuration. These studies have shown

chat the trends predicted by the model are in reasonable

agreement with the anticipated behavior of real-world

systems.

The basic features which characterize this study are

summarized as follows:

1. The design framework proposed in this study rep-

resents a departure from the conventional methods which are

generally pursued in the literature of structural design.

Instead, design is viewed as a process of sequential evo-

lution of systematic analyses whose ultimate goal 1s the

achievement of an optimal design configuration suitable

for the given set of goals and constraints.

2. The criteria for system selection and evaluation

are based on the users' subjective preferences for the

systems as derived from their particular needs and set of

values. From this standpoint, the highway pavement is

viewed as a system which is providing certain services to

its users. The quality of providing these services at any

time must then be evaluated from the users’ preferences and

satisfaction.

3. The proposed models cover a wide spectrum of act-

ivities which encompass a rather large body of knowledge,

3 ¢



ranging from rational mechanics to probability and oper-

ations research disciplines. This wide coverage provides

a means of continuity and integrity to the design process.

L. The models possess a causal structure which de-

fines the interactions among the system, the operating

environment, and the imposed economic constraints. Fur-

ther, the feedback processes resulting from maintenance

activities are accounted for.

5. The models recognize and incorporate the elements

of uncertainty which are inherent in both the physical

properties of the system and the surrounding environment.
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Chapter Seven. Recommendations for Future Work

In view of what has been presented so far, further

research activities in this area can proceed along two

lines, not necessarily mutually exclusive. The first in-

volves fleld verification and calibration of the models,

while the second 1ncludes the extension of the existing

models within the established framework. In this chapter,

these activities are discussed with emphasis on the rele-

vance and applicability of the models, and their adaptabil-

ity to a comprehensive design methodology for highway

systems.

VII. 1 Field Verification and Model Calibration

In order that the models are used as a meaningful

design tool for highway pavements, they must be tested

and calibrated against actual field and laboratory meas-

urements. Test tracks and accelerated-life experiments

orovide some means for these measurements. In this con-

text, the particular values predicted by the models must

oe compared with the measured values in the field. If

significant discrepancies exist, appropriate adjustments

poth in the particular relationships and the relevant as-

sumptions must be made accordingly.

9]



Both laboratory experiments and fileld obsevations

nay be used to examine the validity of several of the as-

sumptions upon which the model development is based, and

to provide a proper characterization for the in situ mat-

erials. Such tests must include the range of linearity

for the characteristics of the system under representative

laoding and temperature histories. For these, one may as-

sess the errors involved in the linear approximations, and

che significance of these approximations in the prediction

of the system response.

Further characterization requirements involve the

determination of the coefficients for the time-temperature

superposition of the system response within realistic

ranges of values for temperatures and material properties.

The fatigue model used in this study is based on a

phenomenological approach, namely Miner's criterion. This

approach, however, does not provide a quantitative descrip-

tion for crack initiation and propagation, nor does it ac-

count for the viscoelastic nature of these processes. A

more realistic approach is needed to account for the dif-

ferent stages of crack formation and accumulation in the

system based on a micromechanical methodology

gr



VII. 2 Extension of the Existing Models

The extension of the above models may proceed in par-

2llel along the following lines:

A. Implementation of a large-scale sensitivity anal-

ysis to identify the sensitivity of the measures of effect-

iveness of the system to various maintenance policies.

Furthermore, the influence of the particular measures of

effectiveness on the choice of the optimal strategies for

nailntenance can also be examined. This can provide an in-

sight into the selection of relevant measures for mainte-

nance optimization as a part of an overall system optim-

ization framework.

B. Study of potential integration of the Highway

Cost Model (7) with the existing models. This model has

been developed primarily for low volume roads, but the

possibility of using it for normal highway networks has

been explored. The cost model generates the cost of con-

struction of a given design configuration, and determines

a set of maintenance and vehicle operation costs for var-

ious maintenance strategies. These costs may then be used

in conjunction with the optimization criteria for the sel-

ection of an optimal highway system strategy. The devel-

opment of this structure is essential to attain an overall

design methodology in which the various strategies and

L~("4
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design configurations are generated and evaluated, from

which an optimal design is provided.
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Appendix A. Parabolic Interpolation and Integration

[n this method, the interpolation is performed by fitting a

parabola to three consecutive points and then evaluating the

ordinates of the parabola at intermediate points as desired. Of

course, the parabola is only a valid approximation in the range

between the two extreme points. The general equation of the

parabola is:

J £) = ax’ + bx + c (1-1)

 EE

Yi-l
-

-

-—

« A(i-1,1) -

s
- -1

« A(i,i4+1)

Ys

ph

X $ 1

Figure A.1  Curve-fitting Parameters
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The fitting process starts at a non-extreme point, say (x55 ¥;)

where x, is taken as the zero of the x-axis. The points (x, Yi)»

1. 2, ..., n and the x-intervals between them A(k,k + 1)k =

k=1, 2, ..., n - 1 are assumed to be known. Since, after setting

Xx. to zero on the x axis, the x values of x, and x. become
i i-1 i+1l

-A(4 - 1, i) and A(d, i + 1) respectively, we have the following

three equations to solve for a, b, and c:

Y [=
= a(A(i-1, 1) + b(~-A(i-1, 1i)) + c

 1 +1
= a(A(i,i+1))2 + b(A(,i+1)) +

Setting Ai i+l) to A, these are solved by:

Yi41 ~ Y4 . Yi-1 7 V4

Adyq +8) 0 By (By5FA)
3

ar 7: Yim TVs Yi 7 Vie
A,,+4, By 4B;4+A)

b
2

If, however, A. = A, = A, these reduce fo:

{ A=2

(..

)

3)

Q7



-
wr

9

Y

Vv.

2
(v1 = 29; TY) 28

Yigg ~ Yi_4! / 2

(. 4)

The representation of the curve between (x;_1» Yi) and

(x15 Yi41) is now explicitly given, since a, b, and ¢ are now

known. This means that the ordinate y for any value of x between

sq and X; 490 Say, Xp, may be obtained from:

y (x,.) = ax’ + bx, + c ( A 5)

To evaluate the integral of a function y(x) for which n data

values have been measured, where n is odd, we can use the above

interpolation technique:

Xn n-1 X54 ’
[ y(x)dx = I J (a;x +b.x +c
1 i=2 Xi-1

1 even

dx CA)

This integration can easily be evaluated as:

n-1 a, b.
i, 3 3 i, 2 2

2 Ge — 30) Fh Tx) egy mx PF AD)
i even

1 . °

where the a, b., and c, s are determined from points (x; 1» Yi_1)&gt;

v), and (%;,,,, y,,,)as described above.
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Appendix B. Evaluation of the Bessel Terms

The Bessel functions that occur in the solutions are defined

JY the following infinite series:

gx) 22 DEEae1)
1k=0

‘R= }

However, the above series converges very slowly for large x.

The following approximations were used in this analysis (4), with

a resulting maximum error of less than 3.6 - 10°
-

0 2i
Jo (x) = I A (x/3)

1i=0
'd

 ~~
~ 2

I 'g) ~ x (ZB; (3/x) cos x +
1=

i, 6 6 ,

- c.(3/x)H)
i=0 T

i 2i
T x) =~ x 2 D,(x/3)

1=n 1t

T (x)
6

—1 2

~ x (3 E, (3/x) 7) cos (x ¥
1i=0

6 :

LF, (3/00)
1=0

 dq

X

6 2i

1(x)/x 2 Dy (x/3)

J; (x) /x 2 x

3 6 ] 6 .

( &amp; E, (3/x))cos (x + TF. (3/x)D) x &gt;
i=0 i=0 Tt

2

where the values of As, B. C,» D., E;, and F, are given in Table BI.
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Table Bl. Coefficients for the Bessel Terms

4 = 1.0000000

Aq = -2.2499997

A, = 1.2656208

Aj = -0.3163866

A, = 0.0444479

fg = -0.0039444

Ag = 0.0002100

Co = -0.78539816

Cy = -0.04166397

C, = -0.00003954

Cy = 0.00262573

Cy = -0.00054125

Ce = -0.00029333

Ce = 0.00013558

Ej = 0.79788456

Eq = 0.00000156

E, = 0.01659667

Eq = 0.00017105

E, = -0.00249511

Eg = 0.00113653

BE, = -0.00020033

By = 0.79 788456

By = -0.00000077

B, = -0.00552740

By = -0.00009512

B, = 0.00137237

Bg = -0.00072805

B, = 0.00014476

Dg = 0.50000000

D, = -0.56249985

D, = 0.21093573

D4 = -0.03954289

D, = 0.00443319

Dg = -0.00031761

D. = 0.00001109

Fy = -2.35619449

Fy = 0.12499612

F, = 0.00005650

Fa = -0.00637879

F, = 0.00074348

F = 0.00079824

F, = -0.00029166
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Appendix C. Least Squares Curve-Fitting Method *

An exponential series (Dirichlet series) may be used to

approximate a class of functions which behave temporally in a

particluar way, i.e., at large times the function tends to a

constant value. Such is the behavior of viscoelastic creep functions

and system responses to static loadings. If the function to be

represented has measured values of Y(t) at time t., i=1, 2. . 11,

let:

m ~5.t
Y (£) = Z G.e 3

j=1 J
(C-1)

be the approximating series representation.

[he error between the measured values and the approximate values

will then be:

 £E, =
1 y(t) = y(t), i=1, 2, ..., n (C=2)

If n points in time are chosen to perform the curve-fit process,

where n 2 m, then n such error terms will be obtained. In order to

apply the least squares method of curve-fitting to this case, the

55's are given specific values (dependent on the orders of magnitude

of time being considered)

* Following Moavenzadeh and Elliott, ''Moving Ioad on a Viscoelastic

Layered System" ?



The total squared value of the errors is then:

"8

a 2 11 0 -0.

IE; = I (y(t) - IGe J
i=1 i=1 j=1 4

 {1 9
( SyJLi—

The coefficients, Gs are determined by minimizing the total

squared error S with respect to the G,

n m -§.t. =O. t,

2 -0= I-2((t)- Tee dhe ©F
k j=1 j=1 J

k = 1.2...m (c~-4)

which can be rewritten as:

n =§, t, m n -t, (6.46,)
z y(t))e kL z L G.e 1™3 7k
=] 4=1 i=1 J

k=1,2...m (C 5)

Equation (C-5) is a system of m linear equations whose unknowns

are the m coefficients G.,. Setting:

3
1 -0, t,

=X y(t.)e EL
] i

1-1
.

3

P|)

a ~(8, +8, 0e,, = e

cj 4]

ve would have:

m

B, = X .G.
k (oyBe J

( P— 7)

T0°



or, in matrix form:

"y

I Al 3 (C-8)

where G and B are m—~dimensional column vectors and at is the

m Xx m inverse matrix of A. Numerous computer techniques are

available for matrix inversion, which is the key computational

step in this curve-fit technique.

A satisfactory method for determining the 8's is to set:

 nN )
1 - log...

_-:  1) } . ]

 3))

T

5,
-k-log.,(t.) _

5 . 10 10°17 _ 5. 90 “re, k = 1,2...m-1 (C-9)
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Appendix D. Convolution Integral Evaluation

The following analysis yields an exact expression for multiple

convolution integrals (the As (8) and B, 5(6) from section II. 1)
3 &gt;

Assume that each D, (t) can be represented by a Dirichlet series:

m -§.1

L) =n 2 ke
i=1

po

+
Flame
A 1)

as in section II. 1. Since the Ny factor through the convolution

integrations, they will be omitted until the end of this analysis,

where they can easily be replaced in the derived expressions.

Consider first a single convolution integral with D (t)
Tr

convoluted onto D (1). The operator equation of the convolution

can be expressed as ( 2 )

t aD _.(&amp;)
{(t) =D (0)D (t) + JPq (8) 5g — dgJ

i
WD-L")

In this and what follows, it is irrelevant whether the Dg (t)

and D (t) are distinct or identical creep functions. Substituting
Tr

equation (D-1) (without the n term) for D_(t) and D (t), equation

(D-2) becomes:

m m -§.t t m -§., (t=£&amp;) m -6.¢&amp;
(0) = £G6F 3 Gie 7 + {(ZGle ? )(- © GTs,e ©) dE

j=1 1 j=1 J or 3=1 J i=1 t 1

(D-3)

TOL



After interchanging summations and integration, this becomes:

T
i (t)

m -§.t m m t =-E£(8.-6.)

7 cle J {ze - ZL GIS, Je 1 J at
j=1 J i=1 i=1 0

Bop a;

The integrals in (D-4) may easily be evaluated, but the result

varies depending on whether i=j:

i=
ro -&amp;(S8,-6.)

i 73 or -t(56.-3.)

foe a5 = I=e Von 4
i 79

(1y)—3)

Substituting these values into equation (D-4) yields:

m m m G18, (1-6, ,) -8,t
[, (t) = {c% % GY - §.c%e - ct z —55 Je 7

(. 3)
m m it
yr % cles, (1-5..0e tT /(

j=1 4=1 3 ++ *
A)

where 3 ; is the Kronecker delta and

(1 8 SYACY - 4) = 0 if i= (U )

Interchanging the dummy summation indices in the last term of equation

(D-6) yields, for that term:

q.Y _ -

m wm ~616,9,Q 6.4) 8 t
z z intrd3e

j=1 i=1 i” 0;
\ ~s
f i. -3)
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-$.t
Thus, finally, after factoring the e J term and isolating

the t term, this becomes:

L

m m m

it) = I» {1c z¢6Y -6.¢" raeld@-s..)/(s. - 6.
(t) 2 [ 3,06 3% 2 1 (1 3127 ¢ i 5)a

cd oY ay, 0st
 I 618,56; 0/(5, = 80] = 8.6% ede-

Lo J

Substituting BY = -6,G/GY
3 3733

 3)i
—-

(D-10)

m m m Gls. (1-8, 0)
af =e rel -0s6 zela-s 0/6m6) - 6d 3 AAA

J J i=1 JJ 521 J J J j=1 i"

ve arrive at the relatively simple expression:

L,
m

(t) = 3 (A'? + BY9t)e
i=7 J

(D-11)

From the preceeding analysis, and the form of equation (D-11),

it is readily apparent that after N convolutions, the result will

be of the form:

[(t) =
m N 0 -8.t
I {I Atle 3

i=1 2=0 J
(b--2)

Now, since we know the value of I (t), we can evaluate any

number of convolutions, if we can determine Lo CB) from Li (E)

convoluted with, say, D, (t). We would then have the following,

10f



after transposing the convolution equation from that of equation

(D-2) into:

I(t)
t_ Pul9

D, (0) (+) ~ , () —5g—

Ne Au aN

t_ aD,(t-&amp;)
haat (8) = Dy (OT (8) = T(E)  &amp;

[IVang 3)

(D-14)

Substituting equations (D-1) and D-12) into (D-14) and again

suppressing the N term we obtain:

m , m N 2 -o4t
L (t) = ZG, XZ LA, te
NH g=1 © j=1 p= 3°*

tm N Ot -8, (0)
SZ TA Ele I 6G dg
0 j=1 2=0 J° i=1

(D-15)

Rearranging the summations and integrations and interchanging

the dummy summation indices on the last term, yields, for that term

mlv

5)§.t N LI a ACH Pg$x k, 3 ZAjef Ee: 205% 2=0 1%j=1 i=3
(D-16)

The integrals in equation (D-16) may be evaluated, but the

result varies depending on whether i=j :
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) Atl
wee, £1ete + Jag = 1 i

I
(z 27)

| (8,8,

Sw Se » 2 5
(5,-6,) "1 ag 16-6077 + 9-1 2i 3 (6;-6. ij 2(85-8,) nl 1, or)

LF

Defining

_ 2% 2-1 2-1

Cs 5 (8) = 166;-6,) tt” + G8; = 6.) tt” TH...)

(6. _ § H+

yields, when substituted into equation (D-16)

m -§.t N

56.65¢ J 3 aA £7 (A)
j=1d 3 9=0 3°

m m N -5.t

- 2 x 5. (1-5. .)GE 2 RA, ge J /¢5.~8 V1
i=1 j=1 J 3 J go 1

m m I N -48.t

+L I §.(1-6,.)G Te Ye. NOY
i=]1 i=1 3 J J 2=0 1,] . s

(D-13)

Upon interchanging the dummy indices, the last term in equation

(D-18) becomes:

m m Kk dt N
 Ww f9)
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Thus, conbining equations (D-15) and (D-19), we obtain the

desired, iterative solution for evaluating the multiple convolutions

(now with the mn terms reinstated):

[
N+

N oomoom N 2 SN=
® =m IT np) {Z(Z6D(IA, tHe

2=0 j=1 i=1 2=0 9°

m I N 241 -§.t
L8.G( ZA ot [ie 1

j=1 3 3 gg I&gt;

m

ww 0)™

KB N Ay Xt ~0,t
Z8.6.( Z(1-6,,) I Erejm 3G we

(8.-6 \

L
m m I N A. 2 Pa) -§.t
I (I6,(1-6. 6 I orm [(S.-8.) t +... +21 De J]

j=1 i=1 ITT g=0 (8,-8)) 3 2
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Appendix E. Evaluation of Repeated load Integrals

To integrate the expression for

re

x+y } 0, Yo®
. sinE5e J 74g

we resort to complex integration:

I =
1) z% x+D,

rus 2 e248} = Imf go !
&lt;b x-Dh

_ 2M 2.
where z = 0.Y, + 13 iT = -1

(t). 1.

\ E~1)

ir )

7 = m1stan = 2m
DS,i's

2
2 2.2 4

0 “Oe tT2

Here r-

i

S.Y,&amp;
Im{e J 4 (cos (B12) + 151n (322) 0 (cos 0- i sin®)}

D
| xt Pp (533

_
or, upon evaluating the angle products:

i.

106 _

% 0 Loin (Ze - 0)
x+y

| x-Dy, { Ho 7

Since the load is assumed to be centered at time x:

(N + 15)D for some N
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and equation (E-4) becomes:

i [

-

5 vox 6.v Dh -3.Y Yo
2 fo J 2 0 1 sino) -—e J % 0 (sino)?

\“E~.7)

hence:

I
S.

-2e $V 1sinOsinh (8 Lim
-

)

But, we also have:

2sing po = = x D
1 + J x2a+ Lo

(7)

and so, we finally arrive at:

{ =

S
re ie, h

(1+ °3Y4PJL. 2(~1-252)

iJ

T™ (.. 5)

This is the value of the integral in IL (t).

To integrate the expression in 12 (1), i.e.:

+D “k ATE+ ones (8,vg-k AT 2
’ sin (= e \ A — 7)

we observe that the integrand is of the same form as in (E-1),

but now with Sivg~k AT) instead of just 6.v,.

1°7



Hence, equation (E-4) becomes:

3

—

(6.v,~k ATE _
iT TR 0 lsin 225 - a

|
so4 DI,

73

|
'S Yo=k A, T)x  (8.v,~kA,TDh -

L rR (oe 3 LorR 2 lsin @ ~ 0 tatul-g))}

(E 10)

yi2lding

D

 ie Lo i2.2

as (vg. AgT)) D————)

(E-11)

LT

which is the desired result for 15(t).
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Appendix F. Evaluation of Repeated Load Expectations and Integrations

Defining u = %6 YoDy

Bo =m 2nAgG, sinh u

v
/

3
LL equation (2 1) secomes

G1) gy

and @

2 2
0°B, . 9°B,

E[B, . J = By i + : tn] 02 + — 2,3
&gt;) Pz 80% [Mn 3A,0D,

|
hy Cov(A,,Dy) (F-2)

Jhere-

2 2
0°B, . S.Y 0°B

&gt; 5° TEs Me ALD
n ek)

(1)I"
.

2
OB, . T nG.A

ATT]
 4)

2 2
3"B, . TT NnG.A 20, Cyly

io Zi ta-2 + BL) sinh u - 2 cosh u) (F-5)
M1

Hence. we have:
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nie, _
E[By 4] =Fat {( sinh a) [A +

752 Cov(A,,D,)] + (cosh @) [=
D

0

a

MT 2 qo 2 8
2D] Dy F' 3

 Ww — 2
Cov(Ay,D)) ~ == Ay0r 1} (F-6)

 7 55, .

1 , 2,2 A
Defining u = ASTRA 2Fg)Dys y=7" + 4u”, Q = Gum e

equation (2-72) becomes:

tier
A.-nQ cosh u

bo7. 0)

2 2
1 0 Cy } 9 0 Cy -

E[C, . = C,. goo nd Eg pp mre3 Cov(A,,D,,
C,gur] Lor 2 apf &amp; TN x ee

(F-8)

and ¢

Cy ar AgnQ cosh » . AgnQu sinh a . AnQy cosh u

oD,
(F-9)

where:

ik
kA, T

i Co = ante = LAR

(8k ToAgds Y= 8uu; Q = 7 Q
me

yc An . 2
_Ad,r_ A [ (cosh u){ ” - 9Qy + qa’ - Qy + 3,

302 y == v 2
0

+ (sinh u) {2Qd - 2Qay/y}]

(F -10)

(13
on i)

1pL



wher ~:&amp;

k ATNYJ 82.2
y =81°; Q= (597

2

3A,9D, A, oD,

(ff 12)

(F-13)

which yield the desired solution when substituted into (F-8).

Again, utilizing equation (2-1):

2 2
1 3°[F] 2 , 1 3°[F] 22[B, .B, 1 = {B, .B |, += £4|of+2231|o

2.9°%.k 2,5°%0.k ‘MT 2 an MD," 2 282 MA

4

2

oO IF] | Cov (A,,D )} (1 + 02)
BA,9D, = » %

whe Ta

(T -14)

sinh u.sinh uy 2 2 1 1
F=258 .B = ad X56 A; u, = 36 YgDgs u =58 Y,D

»iR,.k (2+?) (Pd) EN) i023 Ye “2% 270
(F-15)

or _ Bg L 9B) )
ID, dD, 2,k aD, 2,3

2 2
2 0°B, . oB, . OB 0° B

 PP ap md Pre Ply
ID oD 2 aD, aD, oD),

2

OF oF
2 2

(F-16)

(F-17)

(¥-18)
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2
2’ _ ST oF
 2 9D

9A,dD, 2
(F-19)

where the partials of B are as before. Hence, equations (F-17),

(F-18) and (F-19) yield the desired solution when substituted into

equation (F-14).

To evaluate the mean value of C, . C we again expand
2,3 or L,k,q &amp; p

equation (2--1):

2 2
1 97 [F] 2 , 1 97[F] 2E ] ~ =otl =o 1-1

— oD, = “2 0A, = 7%

+

2.
9 [F] 2
32,9D, » Cov[A),D,1}(1 + 0.) (F-20)

who:

a 0. 3.,c%,k,¢°
aC, . oC

oF = _A d,T, + C . __2,k,q
aD, aD, 2,k,q L,3,r 09D

(F-21)

2 | 2
2 0°C, . oC, . oC dC

OF _ Air +2 —%adr “Aki oo %,k,q
2 2 2,k.q oD oh. L,3,r 2

aD Dj 2 ID,
© (F-22)

53°F _ 2F
7 = 2

8% _ 2 oF
oA, 3p A, aD,

(F-23)

(2|AP 4)

11F



where the partials of C are as before. Hence, equations (F-21) and

(F-24) yield the desired solution when substituted into (F-20).

To evaluate the mean value of B, .C we proceed as before,
2.3 2k,1

7," *“th:

F = Bo.i% k.r

2 2
13°F, 2 19°F 2

E[B, .C 1 = E[F] = {F| + 5 —] += ==].0
2,52,k,r MT 2 an? Mp, 72 on MA

(F-25)

(F ~6)
IF 2

+ 3A,0D, | yCov(ag,Dp)) (1 +09)

whe “¢ :

dB, . oC
sf _ Pay +B Lk,
aD oD, Lk, T “2,3 oD,

2 2
2 3%. 3B, . oC 3%¢

“I - Le Cok. 2 5 lat yp Lobeor
3D oD; sia 2 g J of

°F _ 2F
2 2

ony Ag

_%F 2 oF
dA, dD, A oD, (1

(£=27)

(F-23)

(F-29)

0)

17° {



where the partials of B and C are as before. Hence, equations (F-27)

and (F-30) yield the desired result when substituted back into

equation (F-26) -

The repeated load integrations may be evaluated as follows.

Upon inspection, we note that all the terms in equations (2-75) and

(2-76) may be written in the form:

t —at* (9) _.
re Ce x e PX*gy

to—1
(+o 1)

and. upon expanding out t* and x*, we obtain:

L—1 _

—atx($) —at,Y, ~bx*(9 IA Tot 4 9) (ay, bA Tx
Ce t,e e 0 ee A dx (F-32)

i—1

which is easily integrated for non-zero exponent to be:

t t

azk(0)  —bur(9UTh)margy,ATE, (BVgPATY) ty BYePA Tt
ty e 0 e a £m —— — }

(av,-bA,T',)
Ce

(t 1 a”

—"3)

or, after combining terms:

~

pL

t t _
2-1 ay,-bA, IT )(t,-t, -)ack) -bk(g hy WPI) (BE)

t,_-e 0 — et, i;Sm—

ay,~bA,T',
(F-54)
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which is the desired evaluation. Substitution of the various

quantities for C, a, and b then yield the solution to (2-75).
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Appendix G. Determination of Slope Variance

The following analysis has been used to obtain the spatial

autocorrelation function of the surface deflection, from which

the slope variance is fairly easily obtained. The spatial auto-

correlation function of the system's response RB, (x) can be

expressed as:

R(x) = E_[ R(t] x) R(ty,x))] ‘G~ )

where EL ] signifies that the expectation operates on the space

variable only, and R(t x.) is the response of the system at time t

and location Ry. In this case the response is the vertical

deflection at the surface of the pavement.

Since the roughness of the road, at least initially, is

totally attributed to the spatial variation in the materials’

properties, the only space variables in the above expression

will be N, which in this case can be written as ny and ny to be

related to points x, and x,, respectively. We then have:

R (x) = E_[n R(t) In 12RD) ln =1 ¢. 2)AY
ra

yy

R= E Inn, 10) |, (= J

12¢ 7]



-

D1dee

E_[nn,] = Cov[nn,] + E[n,]EM,] . 1)3 oy

ad:

E[n;] = Eln,] = 1.0

Covin,n,] =p g CO
12 X1X5 Np Ny

a,3)

i om5)

and assuming that the spatial correlation of materials is a homo-

scedastic process (i.e., the variance has no spatial or temporal

variation), equation (G-3) above becomes:

~ - re 2 2

R(x) (0 . 2. %n + DR (0) = ‘Ge ny

Now Px x is the spatial correlation coefficient for the surface2

deflection, which is related to the properties of the materials

by solving for the step response of the system. A model which seems

to best fit the pavement system (5) can be expressed as:

Px x,” 1-B({1-e

2,2
X =X, | /C y

Ly
~

-—y5)

where | %;-x, | is the absolute distance between the points Xq and

X,. B and C are materials properties. Substituting x = |x. -x, |
1

and substituting (G-8) into (G-7) vields:

T1217



R (x) = (1+ 0° - B(L - x 7e2y) 182 (1) |
t n n=1

(G~-La

We now wish to show that the slope variance is equal to the negative

of the second derivative of R_(x) evaluated at x = 0, From the

definition of variance, the slope variance is the slope squared

minus the mean slope, which is zero. Thus:

SV(t) I Fi“-1
f R(t,€) - R(t,0))%/e’ (- 10)

,

or, expanding the above:

SV(t) I T K (e,€) - 2R_(¢,0) + R_(0,0)}/e” (C 11)

DY:

~ 3%R

Noe x=0
(uv 2)

which was what we wished to show. Upon substituting equation

(G-9) into (G-12) and doing the derivatives, we obtain:

_ 2B 2 2
SV(e) = So Rp) (G-13)
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Taking moments of the above, yields, approximately:

~ | Q

Va ~~

2) 2B Lar[R@®) | _ 1+ @ER® |)

AJ sz) ] AB25 R(t) | 1) 2Var[R(t) pay

(6-14)

(G-15)

which were the desired results.
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Appendix H. Probabilistic Miner's Law

Miner's Law can be expressed as:

D(t) =

M
1

rn (3)
k=1©Np

M 1 NM 1
E[D(E)]=E[Zn(&lt;)]=ZEln(%)]

w=1©Ng =1 * Ng

¢ 1)i.

\
F

nana 2)

where n, represents the number of loads in the kth period and

Ny is the number of loads to failure in the kth period, and ns

N, are independent random variables. Thus D(t) is the probability

density function of cracking damage at time t, and the probability

of D(t) being greater than 1 is the probability of cracking.

Since n, is independent of N,,and thus of 1/N, we have:

M 1 M 1
1p(t)]=IE[nJE[=1=Z n (=&lt;)eer ERUENC TL et

M —

1.22  —22var[D(t)]=IZ {(=)%0S + ot, 1}k=1 Yk "ky

(r:-3)

(..PAL 4)

721



where n, and 7 are found from the average rate of traffic loads

occurring in a Poisson fashion.

E(%] and Var =] are found from the fatigue relation:
1 Tr

a{T, )
= = o(T) (be,
k

(H-*2)

where Ae, is the strain amplitude derived in Appendix I, and c(T)

and a(T) are material properties. Again, using approximation

equations ,assuming that only a(T) and c(T) are correlated, we get

the second order approximation for the expected value:

B= 1 = (he. 2 + 122MMoa2+ 22M, 2 S20 2 ]
N, k 2° 5.2 Mec a2 Ma 2(0e, ) M fe,

1

2 ,1/N
ICH | Cov[c,al

dcoda —

whe - er

My 0
32 HM

2,1/N —

FCB) a1 = (nde, )’ Be)?
da -

2,1/N —

3Lb) ln = Taa1) (Be \a2
d(le.) —

t Oa,= 2)

1 7)

Cov[c,a] = Pe. 04
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where Pe a 1s the correlation coefficient of ¢ and a, and
9

o. and o_ are the standard deviations of c¢ and a respectively.

The first order approximation for the variance is given by:

Jar’

+ 2

wh.

1/N 1/N, 1/NL/N . 00" 7k) 2 2 o("" "k) 2 2 o(""k) 2
kl = 52 ly) 7, + Fr lh Og t+ ale, ae,

17/N 1/N
2kk)|e Akk)Cove, a)

 i fg.”

(— 2) | —

1/N =aM) _

1/N =
C1) w = Tbe) EE) H-+v)

1/N —
IC" KR) _ ==.

oe, ly = © ae)

Back substituting equations (H9) and (H-7) into (g-8) and

(B6), respectively, we obtain the expected value and variance of

LN, which can then be substituted into equations (H-3) and

(H-4), respectively, to yield the expected value and variance

Tod 2



of the damage function D(t). By further assuming a gaussian

distribution for D(t), we can compute the probability of D(t) being

greater than unity, which yields the statistical fraction of cracked

surface to total surface.
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Appendix I. General Response at Peak Loading

To evaluate the system response for any stress-strain-

deflection component at the peak of a haversine loading of amplitude

A and duration D, we utilize the Boltzmann superposition method

described in Chapter II.3, and obtain:

Ae,
n _ 6.v,8&amp;

fA sin £ Ged ta
-D/2 4=1 J

OX ary 1wvalen  RB 7

n 0 8.Y,&amp;
Ae, = —AT) r {G, sf sin Case 3% dg}

2 D1 3 lpg, Bb

(I-1°

 Too vy

where Ae, has been chosen as the response component signifying

radial strain for use in Chapter III.3. From Appendix E, we have

for the integral in equation (1-2):

L al
~~

—
—

D

0 t(sin(-0) - e J

~8.v,0/
Date IF 2
27 $.Y,D

a+ 49?

-6.v,D/2
sin(-m- 0) = -p lsing(l + e 4 *

(_ 3)

Hence.

n
= An 2

-u
— 2,1 2 2
G; (1 + e Y/ (n° + uy 4) (vr* i")
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wh ~~Co

= D

uy 5 = YS:

The mean and variance of Ae, may be obtained by utilizing

aquations (2-2), (2-3), assuming that n, D, and A are uncorrelated:

 1 acy 9 2h, | 9 acy 2=~ Age, (A,n,D) + ={—|.0, + —5— + ——=| o¢Z} (1-5)
0 2 a2 MA 5n&gt; Mon 3p2 MDlle,|

ole. ole LAYS. 21 22 L) 122 L (22
Var[Ae,] = (5 » oy+(55 ly op + C5 | 0, (Ty,2J

where M is the point (A,, D). Hence we obtain:

n -u, .

E[Ae ] &gt; An I G; (1 + e Y/ (n° + a”,)
i=1 _ —

-u ® -u
2,1 2,1— —— 9 14

Lo—o, 2 — SY 5 “Uy; (buy je 2(1+e 77)
AMANO { Z G,(—) [e fr meeen4 D.., i‘ 2 2, 2

i=l (m + Yo i
}

1  Jy
~T,

dre ha? +5200 +540) (.T,

| n _ -U, . _ _ x

sar [262] = Gn I G,(L+e Lay on? + 5,21 no? + 2%? )
i=1 ’

a -u
9.1 _ Y.i 2 _2

on _ 8x, e PT +2y (1+e TH/@" +7.)
2PEn: CLbyTH 7% i722

ce i 2 2, —Z D
i=1 (m” +")

+
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Appendix J. Transition Matrices

Lf we know the mean and variance of the serviceability

at two points in time ty and ths then we can construct the

state transition matrix between those two time points as follows:

Since the behavior of pavement systems may be characterized

by Markovian processes (6), a system which is below (or above)

the predicted mean will tend to remain below (or above) the mean

over time. Further, if we assume the serviceability streams are

well behaved, not tending to cross one another, then the

serviceability at time t, may be related to that at t, by:

&gt; 4 3 = a(t;, t,) s(t.) + b(t 1°? 27

Taking the evnected values of both sides of (J-1) yields:

. = a(t, &gt; ty) my + b(t, nd

(2 1)3

(Tee 7)

Taking the variance of both sides of (J-1) yields:

Y
3)

_ 2 2
= a (t., t,)o; (. 3)4

—

which, when solved for a(t,, t,) and b(t, t,) and substituted into

(J-1) yields:

1.3C



s(t,) =—2 (s(t) - m) +m,
1

Cb)\~1 -

Then the state transition probabilities from state 5, to state

5, will be given by:

P(s(t,) e S, [s(t e S;) = By (ty, ty) —

1 9 i)
oy NGS mm) my, GES, mm) + my)
2(s s ) 13 Aao C+ 7
13

where St and Sy - are the upper and lower bounds of state Sys and

Nn denotes the usual intersection operation.

131



Appendix K. Cumulative Gaussian Approximation

The following algorithm gives an approximate expression

for the cumulative distribution of a standardized gaussian

variable x:

Jhere:*

F

6 , —-16

x) = 1-% { Z d.x1} + (x)
. 1

i=0

vr (=x) = 1 -  KE (x)

iy
« 7) 1.5 10° J

x Z  $y C { o 1)

dy = 1.0000000000

d; = 0.0498673470

d, = 0.0211410061

dj = 0.0032776263

d, = (0.0000380036

d. = 0.0000488906

dg = 0.0000053830
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Appendix L. Sample Inputs and Outputs
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wd

AD
ad

sxakkkekkxINPUTDATA VALURS FOR RON 1
SAMPLE TEST RUNS POR THESIS - - 1-28-75 ARBITRARY DATA USED

TYPE 1

NOPART
"HICK 0.3000B+01
THICK2 0.4000E +01
LOADING 0.1000E+01
ADIOS 0.6000R+01
ZPOINT 0.4000B+01
IRPOTINTS 1
RPOINTS
0.0

NTSTATIC 12
JARCOEP1 0.S5000E+00
TARCOBP2 0.5500E+00
TARCORP3 0.6000E+00
"STATIC
7.3000B-01 0.1000B+00
3.1000E+05 0.1000E+06

LAYER?
0.1709E-05 0.3920B-05
0.3950E-04 O0.3000E-04

LAYER2
7.23408-08 0.2380B-04
).2380E-08 0.2340E-08

SAYERR3
N.20608-03 0.2270E-03
0.8330E-03 0.8500B-03

[ITYPRBS 1000
JUALITYO0 0.5000E+01
STDEVO 0.3000E+00
IBPTENP 0.7000E+02
STRANDON 20
PRANDOY

ND. 1000R+01 0.2000E+01 0.3000B+01
0.1100E+402 0.1200E+02 0.1300E+02

LANBDA
7.1000E+04 0.1100B+04 0.1210E+04
0.2594R+08 0.2853E+04 0.3138B+04

{TRAPS 1
"ENPS
0.7000E402

3ETA 0.1620R+00
5NU
0.3000E-02 0.1000B-07 0.6000B-05

ANPLITOD 0.8000E+02
JCANP 0.0
DURATIOR 0. 1000R+00

iCDUR 0.0
ALPHA

0.3000E+400 0.9650E+00 0.4000E+00
STRNEXP 0.3613E+01
STRNCOEF 0.3662E-06
CORLCOERFP 0.1000E+01
CORLEXYP 0.1000E+00

0.2000B+00 0.5000E+00 0.1000E+01 0.2000E+01 0.S000E+01 0.1000E+02 0.1000E+03 0.1000F+04

0.6600E-05 0.9550E-05 0.1220E-04 O0.1500B-04 0.1820E-0U 0.2110E-04 0.2840E-08 0.3640E-0U

0.2340E-04 0.23u0F-04 0.2340E-048 0,.2380E-04 0.2340E-04 0.2340B-04 0.2340E-04 0.2340B-04

0.2380E-03 0.2540B-03 0.2670E-03 0.2800E-03 0.2960E-03 0.3080E-03 0.3500B-03 0.3920E-03

0.4000E+01 0.S000E+01 0.6000B+01 0.7000E+01 0.8000E+01 0.9000E+01 0.1000E+02
0.1300B+02 O0.1500E+02 0.1600B+02 0.1700E+02 0. 1800E+02 0. 1900E+02 0.2000E+02

0.1331E+04 0.71468E+04 0.1611E+04 0,1772BE+04 0.1949E+04 0.2143E+04 0.2358E+04
0.3452P+04 0.3797B+04 O0.8177E+04 0.8595E+04 O0.505UE+04 0.5560E+04 0.6116E+0U4



—

2)
™

INITIAL DATA VALUES ARE:

3.000THICKNESS OF FIRST LAYER IS THICKNESS OP SECOND LAYER IS 4.000

CREEP FUNCTIONS - LAYER 1, LAYER 2, LAYER 3, DELTAS

-0.7168695E-05
-0.9443669E-05
-0.6708797E-05
-0. 101751€E-04
-0.23795137E-05
-0.7115304B-06

D7. 3000000E-08

0.0
9.0
M0
2.0
2.0
2.0
342340000E-04

-0.4912046E-04
0.3758748E-04
-0.8475471E-04
-0.37074098E-04
-0.52556u40E-04
-0.2727285E-04

0.44899999Fr-03

0.5000000E+01
0.4999998F+00
0.4999999E-01
N1.3999999E-02
0.43999998F-03
0.4999999E-04
nn

COEPFICIENTS OP VARIATION ~~ ~- LAYER 1, LAYPFR 2. LAYER 0.500E+00 0.550E+00 0.600R8+00

?ADIAL POSITION 0.0 VERTICAL POSITION = 0.0

VERTICAL DISPLACENENT

AYER

MEAN VALUE COEFFICIENT OF VARIATION MEAN AT ZERO VARIANCE  nL

J.57179118-03
 0D. 6880983E-03
 0D. 7006535E-03
0. 7790595E-03
0.8363121E-03
).8853776E-03
).9507223E-03
0.9964609E~-03
0.1134007E-02
0.126426 8E-02
0. 1373912E-02
0. 13414058E-02

0.4597548E+400
0.4598718E+00
)J.4593319E+400
J. 4585002E+00
).8581184E+00
0.4580566E+00
J.4583611E+00
).4586702E+00
0. 4600059E+00
0.4616402E+00
J.4620118E+00
0.46 18971400

0.6453102E-03
0.7256083E-03
0.7792914E-03
0.85891608-03
0.9172980E-03
0.96737438-03
0.1034873E-02
0.1082915E-02
0.1229020E-02
0.1368986E-02
0.1489365E-02
0.15339718-02

0. 3000000F-01
0.1000000E+00
0.2000000E+400
0.5000000E+00
0.1000000E+01
0.2000000E+01
0.5000000E+01
0. 1000000E+02
0. 1000000E+03
0.1000000E+04
0. 1000000®+05
0.1000000F+406

RESPONSE DRLTA (I)

-0.2164878E-03
-0.1693154E-03
-0. 1477078E~-03
-0. 1258478E-03
-0. 1457408E-03
-0.6395206E-048
0.14 13058E-02

0.50C0000E+01
0.4999998E+00
0.4999999E-01
0.83999999E~-02
0.4999998E-03
0.4999999E-04
0.0



RADIAL POSITION = 0.0

MEAN VALUE

 A —

0.4876904E-05
0. 5379302R-05
J. 5705020E-05
J. 568734 4E-05
J.54373178-05
).5135486E-05
0. 4628042B-05
). 8287732B-05
0.3092714846E-05
0. 19030578-05
0.1288072E-05
0.1083095E-05

RESPONSE DELTA (I)

~0. 1822151E-05
).1672624E-05
).9184587E-06
J. 1480308E-05
0.9132200E-06
0. 2594898E-06
0.1083095E-05

0.10008 +01

0.5000000E+01
0.4999998E+00
0. 4999999E-01
0.8999999E-02
0.4999998E-03
0.4999999EF-04
0.0

VERTICAL POSITION = 1.200

RADIAL STRAIN

COEFPPICIENT OF VARIATION

So A—_——

0.3993058E+00
0.4679110E+00
0.5417366E+00
0.6772919E+00
0.7948217E+00
0.9147624E+00
0.1103521E+01
0.1253017E+01
0.1876347E+01
0.3196783E+01
0.5019163E+01
0.5816801E+01

LAY'R =

MEAN AT ZERO VARIANCE

0.5426811E-05
0.6536 164EB-05
0.6867815E-05
0.669586UE-05
0.6253452EF-05
0.5752141E-05
0.4945741E-05
D.4370144E-05
0.2645957E-05
0.9421510E-06
0.4201475E-07

-0. 1693445E-06

Ti am

0.3000000E-01
0. 1000000E+00
N.2000000E+00
0.5000000E+00
D. 1000000E+01
0.2000000E+01
0.5000000E+01
0. 1000000E+02
N.1000000E+03
0. T000000E+04
0.1000000E+0S
0.1000000E+06

—
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ROUT DEPTH

INCHES

0. 27678E400
0.40109E+00
0. 50355E+00
0.59626E+00
0.6838TE+00
0. 76882E+00
0.85255E+00
J. 93602E+00
3. 10200E+01
0.11050E+01
0. 11915E+01
0.12799E+01
J. 13706E+01
7. 14639E+401
0. 15601E+01
D. 16595E+01
7.17623E+01
J). 18689E+01
0. 19796E+01
0.20946E+01

VAR ROT DEPTH

IRCHES**2

0.16193E-01
N.34005E-01
0.53598E-01
0.75150E-01
2.98856 E-01
J. 120898F+00
7.15363E+00
J. 18519E+400
0.21989E+00
0.25808E+400
0.30008E+0Q0
0.34628E+00
J.39709E+00
J.45298E+00
0.51446E+00
D.58209E+00
0.65649E+00
0.73832E+00
0.82835E+00
N.92738%+00

SLOPE VARIANCE VAR SLOPE VARIANCE

RADIANS*10%*%6 (RADIANS*10%*%6)*%x2

0.39231E+01
0.82384E+01
0.12985E+02
0. 18207E+02
7.23950E+02
0.30270E+02
).37222E+02
0.44868R+02
D.53274E+02
J.62525EB+02
0.72701R+02
0.83894E+02
D.96204E+02
J. 1097SE+03
0.12464E+03
J. 13103E+03
0. 15905E+03
0.17888E+03
0. 20069E+03
D.22U68F+03

0.88677E+01
0.3%3106E+02
0.97154E+02
0.19100E+03
0.33050E+03
0.52794E+03
0.79827E+03
0.11599E+04
0.16353E+08
0.22525E+04
0.30454E+04
0.U40552E+04
0.53326E+04
0.69395E+04
0.89511E+04
0.11459E+05
0.14576E+05
0.18436R8+05
0.23206E+05
0.29086E+05

TIME

SECONDS

0.31558E+08
0.63115E+08
0.94673F+08
0.12623E+409
0.15779E+09
0.189358+09
0.22090E+09
7.252U46E+09
0.28402E+09
0.31558E+09
0.38713E+09
0.37869E+09
0.81025E+09
0.44181E+09
0.47336E+09
0.50uU92R”+09
0.53648E+09
0.568B04E+09
0.59959E+09
0.63115R+09

mt

2
Ty



FENPERATURE STRAIN

DEGR EBES-F INS./IN.

0.70000E+402 0.37557-03

DANAGE INDEX

DIMENSIONLESS

0.57821E+00
0.1214 2E+0 1
J.19139E+01
0.26835B+01
3.35300r+01
0.486 15E401
).54860R+01
0.66130R+01
0.7852 1E+01
3.92155E+01
.10715R+02
0. 12365E402
D.18179E+02
0.16175E+02
0.18371E+02
0.20786E402
0.23483E402
0.26365E¢02
D.29580R+02
0.33116R+02

VAR STRAIN

(INS./IN,) **2

NPAIL

CYCLES

VAR NPAIL

CYCLES**2

0.22891%-07 0.10597R+07 0.27038E+12

VAR DANAGE INDEX

DIMENSIONLESS

0.22653E+00
0.50064E+00
0.83230E+00
0.12336RB+01
J. 17191E+01
0.23071E+01
3.30184E+01
J. 38789E+01
0.49192E+01
0.61788E+01
0.77031E+01
J.95869E+01
J. 11778E+02
). 188772402
0. 17743E+02
J.21695E+02
0.26478E+02
0.32265E+02
).39268E+02
J. U7701RB+02

{ x2 GAMMA

CICLES DIMENSIONLESS DIMENSIONLESS

0.46620E-06 0.36130E+01 0. 10000E+01

AREA CRACKED

SQ.YDS. /100050. YDS.

TIME

SECONDS

0.18775B+03
0.61897R+03
0.88176E+03
0.93520E+03
0.97317B+03
J). 98866E+03
7.99509R+03
J.99781E+03
7.99900E+03
J. 99953E+03
J. 99977B+03
0.99988R+03
0.99994E+03
0.99997E+03
0.99998E+03
0.99999E+03
0.99999E+03
0. 10000B+04
J. 10000E+04
0.10000E+048

N.31558E+08
N.63115E+08
0.94673E+08
). 12623E+09
Y. 15779E+09
1.18935E+09
J.22090E+09
}.25246E+09
).28402E+09
}.31558E+09
3.34713E+09
).37869E+09
J.41025E+09
Y.48181E+09
0.47336E+09
0.50492E+09
J.53648E+09
).56804E+09
0.59959E+09
0.63115E+09

ed
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 WO

SPERVICEABILITY VARIANCE OF SERVICEABILITY TIME

D.356449R+01
0.282802RB+01
1.230377E+01
D. 186319E+01
0.145801R+01
7. 106568E+01
N.673918B+00
1J.2784667B+00

‘0. 137965B+00
-0.569303E+00
~0.1023768+01
-0. 150557E+01
:0.201905R8+01
‘0.256868E+01
-0.315909E+01
-0.379522E+01
-0.888237E+01
-0.522609R+01
-0.603279E+01
~0.690891E+01

0.351201E+00
0.4469U2E+00
0.535311E+00
0.649772E+00
D.807492R+00
0. 1024 07E+01
D.131661E+01
0.170535E+01
0.221454E+01
0.28T7432E+01
0.372091E+01
0.47984 1E+01
0.616080E+01
0.787403E+01
0.100184EB¢02
0.126919E+02
0.160134E+02
0.201274RB+02
0.252110E+02
0.318772B+02

0.100000B+01
0.200000E+01
0.300000B+01
0.400000E+01
D.500000E+01
0.600000E+01
0.700000E+01
0.800000E+01
J.899999F+01
0.999999E+01
0.110000F+02
0.120000E+02
0.130000E+02
9.140000R+02
0.150000R+02
0.160000E+02
0.170000E+02
0.180000R+02
0.190000E+02
0.200000RK+02

STATE? STATE2 STATE3 STATES STATES STATES STATE? STATES STATES STATE10 TIME RELIABILITY

0.79872
J. 02283
3.00203
1.00082
3.00017
).00013
).00018
 J). 00019
)J.00031
J. 00051
). 00085
).00138
). 00215
). 00320
). 00456
).00624
). 00824
).01053
3.01309
0.01589
D.01886

0.16326
).08090
).00506
1.00113
J.00044
1.00028
).00025
*.00028
L.00036
1.00047
}.00063
1.00082
'.00105
J).00128
).00152
).00175
).00195
7.00212
J.00226
0.00237
 ND. 00242

0.03467
0.08316
).01398
5.00348
1.00136
1.00079
1.00063
3.00063
2.00071
2.00085
3.00103
7.00125
0.00148

1.00172
1.00196
1.00216
).00234
0.00249
1.00259
0.00266
nN _DOOA0

0.00322
3.13558
0.03244
0.00925
0.00367
0.00203
).00148
0.00133
0.00135
0.00146
D.CO16H
3.00185
0.00207
0.00229
0.00249
).00266
).00280
7.00289
J.00296
).00298

.0029°7

0.00013
0.17724
0.06326
0.02124
0.00880
0.00473
3.00322
0.00264
0.00244
0.00244
0.00254
0.00268
0.00284
0.00300
2.00313
7.00324
7.00332
).00335
0.00336
7.00333
7.00327

0.00000
0.18579
0.10364
0.08215
0.01872
0.00999
0.006487
3.00493
). 00823
1.00393
0.00382
).00381
).00384
).00388
".00391
2.00392
3.00391
J.00387
J.00380
0.00371
N.00360

0.0
D. 15616
0.14264
0.07227
0.03528
0.01916
0.01205
).00870
3.00701
0.00610
3.00559
J.00529
3.00509
J). 00u95
0.00483
1.00471
)J.00458
J.00uuy
0.00428
0.00812
0.001394

0.0
0.10524
0.16492
0.10711
0.05896
0.03334
0.02077
0.01485
0.01107
9.00915
.00797
2.00720
2.00666
J.00624
2.00590
2.00560
1.00533
J.00506
0.00481
0.00456
0.00431

n.0
0.05687
J). 16019
2.13721
2.08736
0.05266
0.03316
0.02261
7.0167
0.01324
0.01105
2.00959
'. 00855
*.00777
)J.00714
2.00662
00616
1.00575
2.00538
1.00503
Y.00u710

0.00000
0.03623
0.31183
0.60573
0.78524
0.87689
0.92181
0.94424
0.95582
0.96186
J.96488
1.96613
1.96627
0.96567
0.96457
J.96311
3.96139
3.95950
J.95748
0.95538
0.95323

0.0
0.10007+01
0.20008+01
0.3000F+01
0.4000E+01
0.50007+01
0.6000E+01
3.70007+01
J.8000F+01
0.9000R+01
0. 10008+02
0.1100E+02
J. 1200E+02
0.1300E8+02
2.1400E+02
0. 1500R+02
3.1600E+02
0.1700E+02
J. 18008402
0.1900E+02
n,.2000%7+02

1..J000
0.96377
0.68817
D.39427
0.21476
0.12311
0.07819
0.05576
0.04818
0.03814
3.03512
3.03387
0.03373
0.03433
0.03543
0.03689
7.03861
0.08050
0.04252
0.04462
0.048677

"XPECTED LIPETINE IS AT 1EAST 0.3499E+01 YEARS

STATE UPPER BOUNDS- 0.1P+51 4.74889 4.86778 0.18667 3.90555 3.62448 3.34333 3.06222 2.78111 2.50000

STATE LOWER BOUWDS- 4.74889 4.86778 4.18667 3.90555 3.62444 3.34333 3.06222 2.78111 2.50000 -0.1E+51

SERVICEABILITY PATYLURE LFVEL IS 2.50000



kekkxk&amp;x&amp;* INPUT DATA VALURS FOR RUN 2
SAMPLE TRST RUNS POR THESIS - - 1-24-75 ARBITRARY DATA USED

TYPE 5
{OPART
[NTRATE 0. 1000E+00
JUDGET
7.300CE+04 0.3000R+08 O0.3000B+04 0.3000B+04 0.3000E+04 O0.3000E+04 O0.3000E+08 0,.3000E+04 0.3000E+04 0.3000F+04
2.30000+04 0.3000E+04 O0.3000E+08 O0.3000B+04 O0.3000E+08 O0.3000B+04 0.3000F+04 O0.3000E+04 0.3000B+04 0.3000F+04

COSTSQYD 0.1000E+01
3ENEFITS
0.8000r-01 0.8000E-01 0.7000E-01' 0.6000R-01 0.S000E-01 O.4000F-0%1 O0.3000E-01 0.2000E-01 0.1000E-01 0.0

"ERNINAL
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

LAMBDA
0.1000E+08 O0.1100E+08 0.1210E+08 O0.1331E+04 O.1468E+04 O0.1611E404 O0.1772E+04 0. 1949B+08 0.2143E+084 0.2358F+04
D.2598E+08 0.2853E+04 0.3138E+08 0.3452E+04 O0.3797E+04 O0.4177E+04 O.US595E+04 0.5058E+04 0.5560FE+04 0.6116F+04

iTRATEGY 1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 N.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

STRATEGY 2
0.3000E+00 0.3000B+00 0.3000B+00 0.3000E+00 0.3000E+00 0.3000E+00 O0.3000FE+00 0.3000E+00 0.3000E+00 0.3000E+00
0.3000E+00 O0.3000R+00 0.3000E+00 O0.3000E+00 O0.3000E+00 O0.3000E+00 O0.3000E+00 0.3000E+00 O.3000E+00 0.3000%+00

STRATEGY 3
0.5000E+00 O0.5000F+00 O0.5000B+00 0.5000E+00 O0.S5000B+00 O0.5000E+00 0.5000B+00 0.5000E+00 O0.S5000E+00 0.5000R+00
0.50008 +00 0.5000B+400 0.5000B+00 0.SO000E+00 O0.5000E+00 O0.5000B+00 O0.S000E+00 0.5000R+00 0.5000E+00 0.S000F®+00

STRATEGY 4

D.0O 0.0 0.0 0.0 0.1000E+01 0.0 0.0 0.0 0.0 0. 1000E+01
0.0 0.0 0.0 0.0 0.1000E+01 0.0 0.0 0.0 0.0 0. 1000E+01

STRATEGY 5
0.5000E-01 0.1000E+00 0.2000B+00 O0.2500E+00 O0.3000E+00 0.4500E+00 0.S000E+00
0.6000E+00 O0.7000E+00 0.9000E+00 O0.1000E+0% 0.1000E+01 0.1000E+01 0.7000F+01

STRATEGY 6
7.3000E+00 0.5000E+00 O0.1000B+01 0.3000R+00 O0.5000B+00 O0.1000E+01 0.3000E+00 0.S5000E+00 O0.1000E+01 0.3000E+00
0.5000E+00 0.1000E+07 0.3000E+00 0.5000E+00 O0.1000E+0t 0.3000E+00 0.S5000E+00 O0.1000B+01 0.3000E+00 0.5000F+00

STRATEGY 7
0.0 0.0 0.1000E+07 0.0 0.0 0.1000E+01 0.0 0.0 0.1000E+01 0.0
0.0 0.1000R+01 0.0 0.0 0.1000E+401 0.0 0.0 0. 10008401 0.0 0.0

STRATEGY 8
0.2000E+00 0.4000E+00 0.6000B+00 O0.8000E+00 O0.1000E+01 O0.2000E+00 O0.4000R+00 O0.6000B+00 0.8000E+00 O.1000F+01
D.2000E+00 O0.4000E+00 O0.6000E+00 O0.80002+400 O0.1000E+01 O0.2000E+00 0.40008+00 0.6000FE+00 0.B8000E+00 0.1000E+01

STRATEGY 9
0.7000E+00 O0.7000E+00 O0.7000B+00 O0.7000E+400 O0.7000R+00 O0.7000E+00 0.7000R+00 O0.70008+00 0.7000E+00 0.7000F+00
0.7000E+00 O0.7000E+00 O0.7000E+00 O0.7000B+00 O0.7000E+00 O0.7000E+00 0.7000FE+00 0.7000E+00 0.7000E+00 0.7000F+00

STRATEGY 10
7.0 0.5000E+00 O0.1000E+01 0.0 0.5000E+00 0.1000E+01 0.0 0.5000E+400 0.1000E+01 0.0
0.5000E+00 O0.7000E+01 0.0 0.5000E+00 O0.7000E#01 0.0 0.5000E+00 0.7000E+01 0.0 0.5000F+00

0.40008+00
0.1000E+01

ed

&gt;
™y



MAINTENANCE DECISION TIHE = 1.00 YEARS

fAINTEN ANCE CcosT

RFPORT $/NILER

AREA CRACKED

BEFORE AFTER

RUT DEPTH

BRPORE AFTER

MAINTENANCE DECISION = 3 AGING PACTOR = 0.1583E-05

SLOPE VARIAKRCE

BEFORE APTER

SERVICEABILITY RELIABILITY

BEPORE APTER BEFORE AFTER

TIMP

YRARS

a —.A A ——————i—A—

wd

~
 |

0.50
3.50
0.50
0.50
0.50
).50
).50
J.50
V.50
).50
*.50

50
}.50
).50
7.50
).50
J.50
D.50
).50
n.so

600.81 187.75
1645.24 591.88
1902.80 813.57
1833.02 916.08
1680.99 962.20
1523.51 982.91
1379.09 992.2%
1289.79 996.46
1138.00 998.38
1029.81 999.26
935.66 999.66
850.35 999.8%
772.9% 999.93
702.62 999.97
638.72 999.98
580.65 999.99
527.85 1000.00
5879.87 1000.00
336.24 1000.00
396.58 1000.00

93.88
282.78
359.75
3st. 21
388.55
383.38
381.74
380.54
379.82
379.41
179.20
179.08
179.03
379.00
378.99
378.998
378.98
378.97
378.97
378.97

0.2768
J.3914
J. 4794
0.5536
0.6189
0.6780
0.7323
D.7828
0.8303
0.8752
2.9180
0.9588
D.9979
*.0356
,0719
» 1071

1412
1743
2064

“2ATA

0.2508
0.2807
0.3069
0.3425

0.3809
0.4180
0.4527
7.8849
0.5150
3.5432
0.5699
3.5953
0.6197
). 6431
1.6657
1.6875
7.7087
0.7292
0.7492
0.7687

3.923
7.8461

11.7692
15.6922
19.6152
23.5382
27.4612
31.3842
35.3071
39.2300
43.1530
17.0758
50.9987
54.9214
58.8444
62.7673
66.6899
70.6128
74.5357
78.4585

50.YDS. PATCHED/1000S0.YDS. = 7197.199 BENEPITS = 37816.64

ALTEPNATIVE NET BENEFITS

$/MILE/LANE

NET COSTS

$/HILE/LANE

BENEFITS

- COSTS

0.0
18977.57
3J7816.68
39003.02
8550.77
$5787.69
65248.89
64982.77
68691.25
65623.00

0.0 0.0
12581.75 6395.83
20300.52 17516.12
9650.08 29352.94

20393. 11 28157.66

25598. 18 40189.50
16384.38 48864.52
25662. 12 39320.6%
29357.43 39333.82
22589.96 43033.04

9
{0

NMNBRAINTAINED LIFETINE = 3.87 MPAN DOLLARS/YEAR ADDED =

3.3375
4.5915
5.7705
7.3004
9. 0499

10.8917
12.7588
14.6248
16.4825
18.3323
20.1762
22.0164
23.8544
25.6910
27.5270
29.3625
31.1980
33.0333
14.8684
16.7013

3.56 3.74
2.88 3.u8
2.42 3.29
2.06 3.09
1.76 2.89
1.48 2.70

1.23 2.52
1.00 2.36
0.78 2.21
0.57 &gt;, 07
0.36 1.94
0.16 ‘.82

-0.03 *. 69
-0.22 [58
-0.40 1.46
-0.58 1.35
~0.76 1.25
0.93 1.14
-1.10 1.04

27 0. 90

COST 20300.52

LIFE

ADDED ADDED

$/0ONIT LIPE

0.0 fk

2.56
4.95
3.21
7.44
'.66
+, 24
7.94
B.79
1.30

 Rk kk

4906.76
4103.03
3005. 24
2160.66
3343.03
3124.11
3232.94
3330.02
3093.55

3367.70

0.9638
0.7169
0. 4559
0.28142
0.1843
0.1271
0.0936
0.0732
0.0603
0.0518
0.0u61
0.0421
0.0393
0.0374
0.0360
7.0351
0.0344
0.0340
0.0338
0.0337

BUDTET

SURPLUS

25540.82
12959.07
5240.30

15890.73
5187.71
-57.37

9156. 44
-121.31

-3816.62
2950.86

ST. DEV.

0.9801
0.9213
0.8580
0.7765
0.6844
0.5936
0.57111
0.4399
3.3800
0.3303
7.2893
).2556
0.2278
1.2049
0.1860
0.1703
0.157
0.1461
0.1368
0.1289

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
.2.00
13.00
4.00
15.00
16.00
17.00
18.00
19.00
20.00

343.59
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MAINTENANCE DECISIOR TINE = 2.00 YEARS MAINTENANCE DECISION = 2 AGING PACTOR = 0.15838-05

4AINTENANCE COST

RFPORT $/NILE

AREA CRACKED

BEFORE APTER

RUT DEPTH

BEFORE APTER

SLOPE VARIANCE

BEFORE APTER

SERYICEABILITY RELIABILITY

BEFORE APTER BEFORE AFTER

TTMP

YEARS

HS Tm—— A -— a. —— -—————  —————

0.50
0.30
0.30
0.30
7.30
).30
J.30
do3vu
).3v
N.3¢L
).20

&lt;0

600.81 187.75
1037.02 518.97
1217.75 Bu1.76
1191.71 935.20
1117.28 973.17
1037.67 988.66
961.33 995.09
889.12 997.81
820.90 999.00
756.61 399.52
596.22 999.77
539.68 399.88
586.93 999.94
537.85 999.97
192.32 999.98
850.16 999.99
311.21 999.99
375.32 1000.00
382.29 1000.00
311.96 1000.00

93.88
415.89
537.20
578.29
596.39
609.28
620.90
631.69
681.54
550.43
658.36
565. 39
571.57
576.96
681.61
685.57
688.87
691.62
693.83
69% _&amp;7

0.2768
0.4011
0.5036
0.5963
0.6839
0.7688
0.8525
0.9360
1.0199
'. 1049

1915
»2799
3706
4639

'.5601
6595

» 7623

,8690
«9796
rr Ngn6

0.2508
0.3296
0.3876
0.3485
0.5091
0.5681
0.6257
0.6826
2.739%
0.7969
D.8553
3.9149
1.9761
‘0392
1. 1044
«1719
i.2420
1.3150
1.3910
1.4702

3.9231
8.2384

12.9853
18.2068
23.9505
30.2686
37.2184
44.8632
53.2718
62.5215
72.6967
33.8892
96.2018

109.7455
124.6424
141.0309
159.0509
178.8784
200.6888
224.6798

3.3375
5.9845
8.4975

11.4850
14.8623
18.5630
22.5827
26.9512
31.7110
36.9100
42.5992
48.8341
55.6759
63.1910
71.4529
80.5440
90.5495

101.5713
113.7153
127.0965

3.56
2.83
2.30
1.86
1.46
1.07 1.97
0.67 1.69
0.27 . 4

-0.14 «13
-0.57 7.84
1.02 n. S54

-1.51 0. 22

2.02 -0.1
2.57 0.45

-3.16 -0.82

~3.80 -1.22
-4.48 -1.64
-5.23 -2.09
-6.03 -2.58
-£_.91 -3_11

0.9638
7.6882
0.3943
0.2148
0.1231
0.0782
0.0558
0.0442
0.0381
0.0351
0.0339
).0337
0.0343
J. 0354
N.0369
0.0386
0.0405
N.0425
0.0846
0.0u68

0.9807
0.8464
0.6909
0.5299
0.3902
0.2843
0.2101
0.1600
0.1268
7.1049
0.0904
0.0808
0.0747
3.0708
0.0687
2.0677
0.0676
0.0682
0.0693
0.0708

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
2.00
9.00

11.00
12.00
13.00
18.00
15.00
16. 00
17.00
18.00
19.00
20.00

D5 sv

Jo. du
).30
7.30
.30
0.30
7.30

“Nn

50.YDS. PATCHED/1000S0.YDS. = 5181.820 BENEFITS = 23167.77 COST - 13873.29

ALTERNATIVE NET BENEFITS

$S/MILE/LANE

RET COSTS BENEPITS

$S/MILE/LANE - COSTS

LIFE

ADDED ADDED

$/UNIT LIFE BUDTET

SURPLUS

0.0
23167.77
50554.88

102678. 25
193755.62
150639.00
189698.44
149917.56
105893.94
148752.37

0.0 0.0
13873.29 9294.48
22822.12 27732.75
9688.00 92990.25

22719.144 171036.19
28099.79 122539.19
16489.02 133209.37
28445.87 121871.69
32371.03 73522.87
28115.94 124636.,37

0.0 *%——

2.00
1.09
3.28
2,02
r.48
5.38
‘56
/.8"
5 93

wh X CakkXkE

6946.41
5576.19
2952.33
2519.36
3757.48
3067.70
3760.71
4132.60
3479.58

25540.82
11667.53
2718.69

15852.82
2821.38

-2558.97
3051.79

-2905.05
-6830. 21

142483 _R7
9

10

UBNAINTAINED LIPETINE = 3.50 MEAN DOLLARS/YEAR ADDED = an?25.37 ST. DEV. 4222.05



bRkxkaakxx INPUT DATA VALUES FCR RUN 2
SAMPLE TEST FKONS FCR THESIS - - 1-24-75 ARBITRARY DATA USED

TYEE 5
NGPART
[NTRATE 0. 10CO0ER+00
BUDGET

C.70COE+04 0.7000E+04 O0.7000E+04 O0.7000E+04 0.7000E+04 0.7000E+04 0.7000E+04 0.7000E+04 0.7000E+04 0.7000E+04
C.7000E+04 O0.7000E+04 0.7000E+04 O.7000E+04 O0.7000E+04 O0.7000E+04 0.7000E+04 0.7000E+04 0.7000E+04 O0.7000E+04

COSTSCYC GC. 10COE+01
RENEFITS
0.8000B-01 0.8000E-01 0.7000E-01 0.6000E-01 0.5000E-01

TERMINAL
0.0 0.0 0.0 0.0

LRNEDA
.10CCE+04 0.1100E+04 0.1210E+04 0.1331E+04 0. 1464E+0U4
0.2594E+04 0.2853E+04 0.3138E+04 0.3452E+04 0.3797E+04

STRATEGY 1
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0

STRATEGY 2
0.3000E+00 0.3000E+00 0.3000E+00 0.3000E+00 0.3000E+00 0.3000E+00 0.3000E+00 0.3000E+00
C.30CO0E+00 0.3000E#+00 0.3000E+00 0.3000E+00 0.3000E+00 0.3000R+00 0.3000E+00 0.3000E+00

SIRATEGY 3
9.5000E+00 0.S000E+00 0.50CCE+00 0.5000EB+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000B+00 0.5000E+00 0.5000E+00
0.5000E+00 C.S000R+00 O0.S00CE+00 0.5000E400 0.S5000E+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000E+00

STRATEGY 4
0.700CE+00 O0.7000E+00 O0.7000E+00 O0.7000F+00 0.7000E+00 0.7000E+00 0.7000E+00 0.7000E+00 0.7000E+00 0.7000E+00
0.7000E+00 C.7000E+00 O0.700CE+00 0.7000E+00 0.7000E400 0.7000E+00 0.7000E+00 0.7000E+00 0.7000E+00 0.7000E+00

cond

=
2)



MAINTENANCE DECISION TIME = 1.00 YEARS

MAINTENANCE COSY AREA CRACKED

BEFCRE AFTEREFFORT $/MI1E

RUT DEPTH

BEFORE AFTER

MAINTENANCE DECISION = 4 AGING FACTOR = 0. 1583E-05

SLOPE VARIANCE

BEFORE AFTER

SERVICEABILITY RELIABILITY

BEFORE AFTER BEFORE AFTER

TIME

YEARS

— a —— a — — ——— —

0.70
0.70
J.70
0.70
J.70
1.70
J.70
3.70
J.70
3.70
).70
1.70
1.70
J.70
J.70
0.70
J.70
91.70
0.70
J70

841.14
2320.49
2717.82
2642.27
2436.37
2214.33
2007.03
1819.83
1651.54
1499.88
1362.75
1238.49
1125.73
"023.31
330.24
B45.66
768.77
698.88
635.35
577.59

187.75
591.88
B13.57
316.08
362.20
382.91
192.24
196.46
398.38
399.26
199.66
999.84
999.93
399.97
399.9¢&amp;
399.99

1000.00
1000.00
1000.00
1000.00

56.33
170.93
220.22
235.50
238.87
238.81
238.10
237.438
237.07
236.83
236.69
236.62
236.58
236.56
236.55
236.55
236.55
236.55
236.55
2736.55

0.2768
0.3914
0.4794
0.5536
0.6189
0.6780
0.7323
0.7828
0.8303
0.8752
0.9180
0.9588
0.9979
1.0356
.0719

«1071
1812
1743
,2064
2378

0.2404
0.2353
0.2331
0.2494
0.2740
0.30C2
0.3255
0.3491
0.3710
0.3916
0.4110
0.4294
0.4470
d.4640
J.4803
0.4960
J.5113
3.5261
N.5406
N_5546

3.921
7.8461

11.7692
15.6922
19.6152
23.5382
27.4612
31.3842
35.30M
39.2300
43.1530
47.0758
50.9987
54.9214
58.8444
62.7673
66.6899
70.6128
74.5357
78.4585

SQ.YDS. PATCHED/1000SC.YDS. = 10443.641 BENEFITS = 68691.19

ALTERNATIVE NET BENEFITS

f/MILE/LANE

NET COSTS

$ /JMILE/LAKE

BENEFITS

COSTS

—

&gt;
|

4
«

~

0.0
18977.57
37816.64
58691. 19

0.0 0.0
12581.75 6395.83

20300.52 17516. 12
29357 .43 39333_.75&amp;

ONMAIRTAINED LIPETINMEF 3.87 MEAN DOLLARS/YEAR ADDED

3.1159
3.4921
3.8077
4.5403
5.5321
6.6415
7.7907
3.9458

10.0953
11.2375
12.3739
13.5060
14.6356
15.7637
16.8909
18.0175
19. 1441
20.2703
21.3965
ID. 5296

3.56
2.88
2.42
2.06
1.76
1.48
1.23
1.00
0.78
0.57
0.36
0.16

-0.03
0.22
-0.40
-0.58
-0.76
-0.93
-1.10
1.27

3.81
1.73
3.67
3.55
3.40
3.25
3.11
2.98
7.86

74
'.64
2.54
2.44
1.35
2.26
2.18
2.10
2.02
1.94
1.86

COST = 29387.473

LIFE

ADDED

$/0UNIT LIFE

ADDED

0.0 *xkhkrahakkkkk
2.56 4906.76
4.95 4103.03
8.79 3340.00

3116.60

0.9638
0.7169
0.4559
0.2842
0.1843
D.1271
0.0936
0.0732
0.0603
0.0518
0.0461
0.0421
0.0393
0.0374
N.0360
1.0351
N.0344
1.0340
0.0338
0.0337

BUDTET

SURPLUS

59595.30
47013.55
39294.78
30237.87

ST. DEV. ~—

0.9851
0.9638
0.9486
0.9193
0.8762
0.8244
0.7688
0.7131
0.6591
0.6080
0.5603
0.5162
0.4758
7.4390
0.4057
0.3756
0.3486
0.3243
0.3025
0.2830

4166.00

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14. 00
15.00
16.00
17.00
18.00
19.00
20.00



MAINTENANCE DECISICN TIME = 2.00 YEARS MAINTENANCE DECISION = 4 AGING FACTOR = 0.1583E-05

{AINTENANCE COST AREA CRACKED

BEFORE AFTER

RUT DEPTH

BEFORE APTER

SLOPE VARIANCE

BEFORE AFTER

SERVICEABILITY

BEFORE AFTER

RELIABILITY

BEFORE AFTER

TINE

EFFCRT $/NILE YEARS

 UO A SY: — ——— — ——— A — — ——— -——- WS AA— J——

N.70
1.70
1.70
1.70
3.70
J.70
3.70
1.10
3.70
1.70
7.70
3.70
Je 70
1.70
3), 70
D.70
).70
3,70
J.70
J.70

841.14 187.75
2835.90 518.97
2847.19 841.76
2782.57 935.20
2607.57 973.17
2421.39 988.66
2243.14 995.09
2074.63 997.81
1915.45 999.00
I765.843 999.52
1624.51 999.77
1492.59 999.88
1369.50 999.94
1254.99 999.97
1148.74 999.98
1050.37 999.99
359.50 999.99
875.74 1000.0C
798.67 1000.00
727.90 1000.00

56.33
179.43
230.70
248.01
255.65
261.14
266.11
270.73
274.95
278.76
282.16
285.17
287.82
290.12
292.12
293.81
295.2%
296.41
297.35
298.10

0.2768
0.4011
0.5036
0.5963
0.6839
0.7688
0.8525
7.9360
1.0199
1.1049
1.1915
'.2799
1.3706
le 4639
1.5601
.6595

le 7623
.8690
,9796

7.0946

0.2404
0.2332
0.2325
0.2512
0.2759
0.3004
0.3232
0.3447
0.3656
0.3862
0.4070
N.4283
0.4501
0.4729
0.4967
0.5218
0.5483
N.5764
0.6061
0.6377

3.9231
8.2384

12.9853
18.2068
23.9505
30.2686
37.2184
44.8632
53.2718
62.5220
72.6971
83.8897
96.2024

109.7462
124.6431
141.0309
159.0525
178.8802
200.6908
224.6820

3.1159
3.4839
3.8944
4.7809
5.9107
7.1345
8.4058
9.7282

11.1201
12.6011
14.1913
15.9110
17.7820
19.8282
22.0758
24.5534
27.2925
30.3261
33.6914
37.4257

3.56
2.83
2.30
1.86
1.46
1.07
0.67
0.27

-0.14
-0.57
-1.02
-1.51
-2.02
-2.57
-3. 16
-3.80
-4.48
-5. 23
6.03
-A.91

3.81
1.73
1.66
J.51%
*. 34
 . 18
«.03

89
te 15

7.61
47
34

19
04

1,88
e712
1.55
1.37
1.17
0.97

0.9638
0.6882
0.3943
0.2148
0.1231
0.0782
0.0558
0.0442
0.0381
0.0351
0.0339
0.0337
0.0343
0.0354
0.0369
0.0386
0.0405
0.0425
0.0446
0.0UGS8

0.9851
0.9632
0.9445
0.9081
0.8571
0.7983
0.7363
0.6732
0.6103
0.5486
0.4890
0.4326
0.3801
1.3322
0.2895
0.2521
0.2200
0.1929
0.1705
0.1523

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00

S0.YDS. PATCHED/1000S0.YDS. = 12095.395 BENEPITS = 105994 .06 COST = 32395.74

ALTERNATIVE NET BENEFITS

$/MILE/LANF

NET COSTS

£/MILE/LANEF

BENEPRPITS LIFE $/0ONIT LIFE BUDTET

SURPLDS- COSTS ADDED ADDED

 EE ——

—

Ent
(Jl

|
2
1

0.0
23204.66
50621.28
105994,064

URMAINTAINED LIFETINE = 3.50

0.0 0.0
13883.88 9320.79

22839.36 27781.93
32395,.74 73598.31

MFAN DOLLARS/YEAR ADDED =

0.0 *kkkkkd  khkkkkk

2.00 6945.34
4.10 5577.26
7.84 4134.58

5852.38

59595.30
45711.42
36755.95
27199.56

ST. DEV. = 566¢5



Appendix M. Computer Programs

Available From

Department of Civil Engineering

School of Engineering

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Cambridge 39, Massachusetts
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