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'ABSTRACT

vPavement performance data collected in Research Project 2-8—62-32;

"Extension of;AASHO'Road Test»Results;" are analyzed in this study.

kSérViceébility:loss_of three flexible pavement typés‘dueito fétigue,'

swelling, shrinkage and thermal cracking are correlated to many envi-

‘ronmental, traffic, time, design and construction material variables.

A "two-step constrained select regression procedure" is developed to find
the functional relationships. A sensitivity analysis method is developed
to examiné the effect that each variable has on pavement sérviceability

loss. Stochastic reliability concepts are applied to evaluate the

~expected value and variance of the serviceability loss.

KEYWORDS: = Select regfession, differential sensitivity, stochastic
reliability; servicéability loss, pavementiperformance, flexible‘pavé—

ment system, fatigue, swelling, shrinkage, thermal cracking.




SUMMARY

This‘feporf presents a mefhodology for (1) builﬁing mére "rational"
pavement perforﬁance models; (2) analyzing the senSitivity of these |
models, and (3) implementing these models at a reliabilit; level tﬁat
is gpecified by the user.

A’"Twc~Step Cons trained Select Regression Proceduré" was developed
fgr the curve-fitting of pavement serviceability loss as a function of
environmental impacts, traffic conditions, aging’effeéts, design variables

Vand constfuction materia1 properties. It was observed that each pave-
ment typejrequired a separate performance equation. Three flexible
pavement types were investigated in this study: (1) surface treatmént
pavement, (2) hot mix asphaltic concrete (HMAC) pavement without oveflay
construction, and (3) HMAC overlaid pavement. Pavement serviceability was
analyzed‘based on integrated effects of many distress mechapisms, such
as: fatigue, swelling, shrinkage and thermal cracking.

The performance equations derived in this Stﬁdy fit the data
collected in Texas Study 2-8~62-32 bettér than the Serivner's equation (5)
based on AASHO Road Test data which is currently implemented in the Texas
Flexible Pavement Design System, FPS-11, However, the Texas data were
not collected in an experiment that was well-designed for regression
analysis purposes, a sharp contrast with the. AASHO Road Test.

‘A differential analysis method derived from the Ta&lor's series
expansion was developed to examine the sensitivity of pavement service-
ability in terms of each of the environment, traffic, time, design, and

paving material variables. Also, the significance of each variable with

iv




- respect to bavement performance can be examined usiﬂg the differential'
' éﬁalysis method.

»'Probabilistit design éoncépts were incorpdratedbto indicate how to
design reliable paveﬁents which would~pr6vide satisféctory serVicé to -
the user throughout the design life at designet*specified confidence
,leveis. Equations to calculate tﬁe expected value and variance of |
pavemeﬁt serviceabilities were derived from the Taylor's series

expansion.




IMPLEMENTATION STATEMENT

Pavement performance equations presented in this report are not

recommended for immediate implementation. This report outlines a

research procedure for future pavement performance studies to be con-
‘ducted in Study 2—8—754207,"'F1exib1e Pavement Evalﬁétion‘and:Rehébili—
tation,"’whiéh_has the ultimate gdal of implementing mqfe "rational
performance équations in the pavement design systems developed in Texas
Stﬁdy-2~8-62—32, "Extension‘of AASHO Road Test Results,"»and Study
148—69—i23, "A System Analysis of Pavement Design and Reseafch,Implemen-

tation."
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CHAPTER I

INTRODUCTION

This reporﬁ is inténded to document the empirical paﬁeﬁent perfor-
manée equations developed in Research Stud& 2—8-74~57 "Developmeﬂt of
Imprbved Method for Pavement Reﬁabilitation Forecasting."

These equatiohs explain loss in pavement'serviceability due to
fatig;e, swelling, shrinkage, and thermal cracking.> The éomple#ity of
serviceability loss is fully recognized becausé of the interactive
characteristics of many conétruction, traffic and environmental variables.
Included in these equations are: axle applications, surféce deflections,
temperature, Thornthwaité_index (an indicator of climatic moisture balahce),
top layer thickness, overlay thickness, pavement stiffness coefficient,
time after construction or fehabilitation, number of freeze-thaw cycles,
percent lime and percent of fines in base course and percent fines in
the subgrade.

The iﬁtermediate products of this project are seven éérviceability
loss equations that include: (1) three eqdations for serviceability loss
due to fatigue ~ one equation for surface treatment pavement, another
for hot mixed asphaltic concrete (HMAC) pavement without overlay éOn~’
struction, and the third for pavements with HMAC overlay construction,
(2) one equation for swelling clay serviceability loss for all flexible
pavement types, (3) one equation for serviceability loss duevto base
course shrinkage for all flexible pavement types, and (4) two,equations
for thermal cracking serviceability léss - one for HMAC pavement without

overlay construction, and another for pavements with HMAC overlay




construction. It has been found that thermal cracking is insignificant
in surface treatmént‘sections. Thus; no serviceability lossvdue to‘
.thérmal,cracking is assumed fqr surface_treatment‘pavements. Also,
serviceability loss due to swelling and‘shfinkage are assumed independent
of’pavement types. |

The final products are three éerformance equations for the three -
pavement types ihvestigated in this project: (l) surface treafment
pavement,.(Z) HMAC pavement without overlay conétruction, and (3) pave-
ments with HMAC overlay construction. In essencé,‘thé final equations
-are the integration of the intermediate serviceability loss equations
due to fagigue, swelling, shrinkage and thermal cracking.

Ihis report presents a discussion of how the equations were
developedland how the equations could be used to solvé practigal design
problems.- A sensitivity analysis method has been developed to establish
how reasonable the pavementiperformance equations are and how significant
each construction, traffic, and environmental variable is in the
equations; In addition, probabilistic design concepts are incorporated
into the performgnce equations in order to allow consideration of the
effects of the inherent uncertainty and variation of the variablés.

This feport outlines a research procedure for future pavement performance
studies to be conducted in Study 2-8-75~207 "Flexible Pavement Evaluatién
and Rehabilitation' which has the ul timate 3051 of implementing more
"rational'" performance equations in the pavement désign systems developed
in Texas Study 2-8-62-32, "Extension of AASHO Road Test Results," and
Study 1-8-69-123, "A System Analysis of Pavement Design and'Rese;rch

Implementation."




Following this intrbductory chapter, Chapter II reportS'a Brief '
review of iiterature. Descriptions are centered around the effects of
construction, ‘traffic, and environmental ‘variables to the pavement per-
formance. Chapter IIT describes the data collected for analysis
Performance equations are derived in Chapter IV by a "Two-Step Constrained
~ Select Regression Methodology; Sensitivity analysis and stochestic
considerations are discussed in Chapten V and VI, respectively."Finally,
Chapter VII concludee'the findings in this study. A glossary of Symbols

used in this report is presented in Appendix.




CHAPTER II

-REVIEW OF LITERATURE

~ Road constrﬁcfion in the early days was primarily based bn past ex-
périeﬁces.' The résultingvpaQements vafied:widely in their performance:
many of them failed short of the anticipated life,_requiring costly
rehabilitation,earlier than planned’or‘were found to be grossly over-
désigned, fésulting in unnecessary initial costs. In order to improve
~ the prediction of pavement service life, several road tests and 1abora—
tory experiménts were conducted to advance the knowlédge of pavemenf
design and performance'related to construction, traffic and environmental
effects. This chapter reviews the development of pavement performance
equations from several of the significant flexible pavement performance
studies. |

| The AASHO Road Test, which has been the most comprehensive highway
pavement performance study, was conducted from i958 to 1961.‘ This.test
studied the performance of highway structuresvof knownvlayer thickness
under known loads (l)‘, The following equation was developed by regres-
~sion to relate tﬁe level of serviceability of the surviﬁing flexible

pavement sections to various measures of pavement distress:

p =5.03 - 1.91 log (1 + SV) - 0.01 /C +P - 1;38 RD2 (2.1)
where |
p = present serviceability index;
SV = mean pf the slope variance in the two wheelpaths;
C+P = a measure of cracking and patching in the'pavemenﬁ surface; and
RD = a measure of rutting in the wheelpaths. |




Eq. 2.2 gave the principélirelationships showing flexible pavement

' performahce as a function of design and 1dadlvariables. The initial
serviceability ‘trend value was 4.2 for flexible pavements, and the
serviceability level at which a test section was taken out of the test

and no longer observed was 1,5.

p=4.2 - (4.2 -1,5) g' ’ a : N . (2.2)
where |

p = serviceability trendhvalueg

W= accumulated axle load applicatiohs atkthe time when

p is to be observed;

B and p are functions of design and load.

4 0.081 (Ly + 1p)3.23

B =0.4 -
(DD + 1)7+1° 1,3.23 ' (2.3)
105-93 (DD + 1)9:36 1,%.33 '
e = Ly + LyTeTT | (2.4)
in whicﬁ | | |
DD = 0.44D; + 0.14Dy, + 0.11Ds;
D} = top layer thickness;
Dy = second layér’thickness;
D3 = third layer thiékneé;;-
L; = nominal 1oaﬁ.é#le‘weight in kips;
L, = 1 for single axle vehicles,

2 for tandem axle vehicles.
Following completion of the AASHO Road Test, the AASHO Interim
Design Guide (2) was developed. Although the Road Test represented
the most‘comprehensive developmenf of the relationshipé‘between performance,

structural thickness, and traffic loadings, the results were limited by the

5




scope of the test and the conditions under which it was conducted., In
applying the road test equations to mlxed trafflc condltlons and to

thosge situatlons where 8011 materials and cllmate differed from thosge

that prevailed at the test site, certain assumptions had to be made.

An NCHRP project (_) was thus initiated to evaluate the AASHO Interim
Guide for Design of Pavement Structures. The revised Interim Gulde (&)
which incorporated the updated practice, experience, and researdh

results provided the following performance equation for flexible pavements.

log N = 9.36 log (SN+1) - 0.20 + —CG__ + log L
1094 RF
0.40 + ——>r—.
(SN+1)5.19
+ 0.372(55-3.0) ' (2.5)
where
N = total load applications
SN = structural number
- 4.2 - p
G = log (4.2 =15 }
P = Present serviceability
RF = regional factor
SS = eoii support value of subgrade material
Eq. 2.5 can be rewritten as follows:
: ‘ 0 20 0.40 + 1094
= 4.2 - (4.2-1,5) [—29 " N RF ] (SN+1)5.19
(SN+1)9.367100.372 (553 0) ~
(2.6)

Following completion of the AASHO Road Test in 1962, several states,
including Texas, initiated research directed toward extending the AASHO
Road Test, and’ adapting the Road Test results to local environmental

,6‘




conditions. The Texas study resulted in the following performance

equation for flexible pavements (5):

. 2
q = 53 6aN SCI + -

bty | - i , | (2.7)

where
Q = pavement serviceability loss
= ;/S_ - ,/5_.

P1 = expected maximum serv1ceab111ty index occurring only
immediately after initial or overlay constructlon

p = present serviceability index

N = total number of equivalent applications of an 18-kip axle
that will have been applied in one direction

SCI = surface curvature index
a = district temperature constant

Q2 = pavement serviceability loss due to swelling

= V5-p' = V5-py
p' = swelling clay parameter, the assumed serviceability index

in the absence of traffic

b = swelling clay parameter (5)

t = time after initial construction or rehabilitation

Eq. 2.7 can be rewritten as follows:

- ser2 ‘ , -
=5 - {./.5.'_13"1 + ..SQ_LG.a_N__S._g__+ (/5-p" - ‘/5"P1 ) [1-e b-t]}z (2.8)

Due to difficulties in estimating swelling clay paraméters, the Texas
flexible pavement performance equation (Eq. 2.8) was revised-later to

include a more rational swelling clay sub model (6). This is shown

in Eq. 2.9.




R L ] 2 2 -
=5 - [/59p; + §§4§a§—§95—1 - 0.335 CqCpe OF (2.9)

where
P = present serviceability index;
P = Serviceébility index after initial or overlay construction;

N = one direction cumulated number of equivalent appllcatlons
of 18—kip single axle;

SCI = surface curvature index;
o = district temperature constant;

C; = probability of encounterlng expansive clay on a troublesome
gsite along a given project length;

C2 = potential vertical rise of swelling soil;
0 = swelling rate‘constant;
t =ktime after initial‘éonst:uction or rehabilitation.
Also, the swelling clay submodel was integrated into the AASHO flexible
pavement performance equation (Eq. 2.6) in,NCHRP Project 1-10A @D. Tﬁisv

is shown in Eq. 2.10.

0.4 4 0:081(19)3.23
S Ch b 19.36333 (SN+1)5.19
(SN+1) 100.03973(85-3)
+0.3350162 (7% | | (2.10)

where
p = present serviceability index at time t;

P1 = initial serviceability index either after construction
or after an overlay;

RF

fl

regional factor;
N = total 18-kip equivalent axles;
SN = structural number;

SS

soil support value of subgrade material;

8




C; = the probability of surface activity;:

| Cé'= poténtial vertical rise of swelling SOil;

o
o

swelling rate constant;

ot
i

time after initial construction or rehabilitation.

‘In attembting to verify these'performanéé‘equations by observations

of real pavements in Texas, several unusual discrepéncies were fpund:v

1. Despite-their greater stiffness, pavements on stabilized
bésevcourses did not seem to perform as well as exﬁected and
in some cases, even appeared‘tp perform worse than flexible
,péVements on water-bound base.coursés. Shrinkage cracking -
ﬁas thé suspected cause.

2, ,OVerlaid.pavemgnts in théir~second or third pérformance
period did not appear to perform as well as predicted by the
equations.

3. Reduction in service life due»to the effects of the climate
.Qas far more prevalent than would be predicted from the
ﬁerformance equations.

4. There appeared to be a need to wrife a gseparate performance
equation for each kind of pavement: vsurface treatment, hot
mix asphaltic concrete, pavements with stabilized base céurses,
pavements overlaid with hot mix, and others. |

All of these considerations led to a refstudy of the data collected

in Study 2-8-62-32 "Extension of AASHO Road Test Results" to determine

if statistical methods could extract reliable models of pavement




berformance for the kinds of pavement represented and could determine
eqnatiohs which can predict the effect on pavement performance of some
of the climatic variables such as moisture balance, shrinkage, and

freeze-thaw cycling.

10




CHAPTER III

 DESCRIPTION OF DATA

Pavement performance data which were collected on 133 Texas sec-
tions in study 32 (5) are analyzed in this rebort; The 133 sections
can be divided into three pavement types: (1) 45 surface treatment
sections, (2) 61 HﬂAC pavemént sections without overlay constructibn
and (3) 27 HMAC overlaid pavement sections. 'Usihg data from_thése
sections, this study set out to develop a paVement-pefformance equation
for each pavement type.

Pavement damage is a cOmplicated phenomenon which usually results
from the combined effects of fatigue dué to load; fqughness due to
swelling, cracking dﬁe to shrinkage and therﬁal cycling, and other
effects. Rutting was noﬁ considered in thisbstudy; Generally, field
measurements of rut depth were very small; thus in the opinion of the
researcheré the apﬁlication of the Texas Triaxial Test proce&ures
developed by ﬁhe Texas Highway Department has feduced this pfoblem to
" a minor factor in pavement performance.

Without doubt, a more exhaustive list of independent variables
could have been written. The following were chosen for thisvinvestiga—
tion of Texas Study 2-8-62-32 data, and, as far as possible, each of
them were determined for each test site represented.

Environmental Effects

ait temperature

Thornthwaite moisture index

" number of freeze-thaw cycles




amount of solar radiation
Traffic Condition
number of load applications
Time Variable
time after construction or rehabilitation
JbDesign Variable
tqp_layér thickness
base course thickness : LT
overlay thickness (if any)
composite pavement stiffness
surface curvature index
Base Course Property
percent fines
percent lime
Triaxial class
Subgrade Property
plasticity index
vpercent fines
permeability index
liquid limits

The collection of these data is detailed in subsequent sectionms.

The

dependent variable in the statistical studies made was the serviceabi-

lity loss function, Q.

Serviceability Loss

Pavement Serviceability can be measured by several instruments

such as GM Profilometer, PCA Road meter, Mays Ride Meter, etc.

12

The




serviceability index of a new (or rehabilitated) pavement'usually,

~begins at a level»sbméwhere betweenIA,O and 5.0 and then decreases with
time as a résult‘of ﬁraffic énd environmeﬁtél influehces.v;When:the |
sefviceabilify iﬂdex has dropped to é minimum‘acceptable 1eve15:theﬁ
ébme major maintenance effort must be gﬁplied to festore~thé‘tiding
,qualiiy.v- |
As described in Report 32-13(5), the high degree of variability of

the measurements made it qlear;that it was not possible to-eStimate the
initial serviceability‘index for an individual section with anj degree
of confidence:in the result. The‘initial serviceabiiity index of HMAC
surfaced.paVements in Texas‘aVeragéd 4.3, close to the average value of
4,2 méaéured-at the AASHO Road Test. The generai leQél of,thé initial
k serviceabilityvof surfacektreatment pavémentsvaveraged.Z;Q on llysections
in Texas Sfudy 2-8-62-32. HoWever; subsequent measgrements on afouﬁd
100 sections 6f District 7 (26) have indicafed that‘a;valué»of 3.9’is a
more appropriate.estimate of ‘the initial serviceabiiity indéx,

,The éerviceability loss .of a pavement was defingd as a fﬁnction of

initial serviceability index, py, and present serviceability indei, p (5).
Q=/5p - vo-py | N D)

In this study,'pl is assumed a value of 4.3 for HMAC surfaced pavements
and 3.9 for surface treatment pavements. Q is thus defined in this

report as-a function of p. For the HMAC surfaced pavements,

Q=V5p - V5°4.3 . if p < 4.2
' - (3.2)
=0.05 . L if p > 4.2 |

13




For the surface treatment pavements,

V5p ~ V52309 1f p<3.8

0.04 ‘ if p>3.8

. (3.3)

Typical values 6f p and Q by Eq. 3.2 and 3.3 are shown in Table 3.1.

TABLE 3.1

TYPICAL PAVEMENT SERVICEABILITY LDSS VALUES

P _ HMAC Surfaced Surface Treatment
0.0 |- 1.399 1.187
1.0 | 1.163 0.951 -
2.0 | 0.895 0.683
3.0 | 0.578 1 0.365
3.6 0.347 0.134
3.8 | 0.259 0.047
4.0 | 0.163 0.040
4.2 | 0.058 0.040
4ot _ 0.050 0.040
5.0 0.050 0.040

Three successive measurements of the serviceability index, p,

were made on 45 surface treatment sections, 61 HMAC pavement sections

withOut'overlay,construction; and 27 HMAC over&aid_paﬁement sections.

The time between the first and second measurements averaged 2.1 years;

14




the time between'the second and third averaged 2.5 years. It was

observed that serviceability of_49% of HMAC sections and 64% of sufface
treatment sectieﬁs inCreased as time passes. As descrlbed in Report:
32-13, the gains in serv1ceabi11ty were due to the follow1ng reasons:
(L) the time between successive measurements was too short to allow

the development_of significant trende, or (2) routine maiﬁteﬁanee of

the test_sectiens ptrevented ehe'deveIOpment of significant trends, or
(3) measurement errors masked the actual trends. In order to overcome
the difficulty in applying these data for pavement performance analvsis,
the serv1ceabillty of the three measurements of each pavement section
were averaged in Study 2-8-62- 32 In this report, the averaged serviee-
ability index was thus used in Eq. 3.2 or 3.3 to calculate the eervice—
ability loss, Q. Since the initial ser?iceabilify index, pi, was
assumed a value of 4.3 for HMAC surfaced pavements, and 3.9 for surface
treatment pevements, the averaged present serviceability index may be
higher than the initial serviceability index. This is tﬁe reason that
Q is glven a value of 0.05 and 0.04 in Eq. 3.2 and 3.3 if the present

serv1ceab111ty is higher than (pl -0.1).

Environmental Factors

Incleded‘ih this section are discussions of four environmenfal
factors:: (1) air temperature, (2) Thornthwaite moisture index,
(3) number,of freeze—thaw cycles and (4) amount of solar radiation.
The Texas district temperature constant, o, is defined (5) as

follows:

12
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| where'ai is the mean value of the mean daily femperature (OF) less

320F‘for the ith month'averaged over a ten—year period. A table of
district temperature constants for each bf‘the 25 Texas distficts (5)
has been adopted by the Téxas Highway Depaftment as a parameter to
evaluate paVement'performance.

The’Thornthwaite moisture index, TI, is defined (21)as follows:

11 = 1008 - 60D (.5)
E
where
S = surplus of water in inches,
D = deficit of water in inches, and
E = potential Evapo-Transpiration in inches.

A moisture'surplus will store water in the subsoil water region,
thus making more water available to deep rooted plants, lessening the

. o
effect of a drought. 1In this manner a surplus of six inches in one

season will counteract ten inches deficiency in anather season. The

potential evapo-transpiration is defined as the amount of water which

would be returned to the atmosphere by'evaporation from the gfound
surface and transpiration by plants if there was an unlimited supply
of water to the plants and ground. A map of'Thornthwaite moisture
index as it is distributed across Texas is shown in Report 18-1 (21).

A Texas map of aﬁnual avefage number of freeze-thaw cycles based
on air-temperature is also shown in Report 18-1. The number of freeze—b
thaw cycleé_wiil be indicative of the level of thermal-fatigue the
pavement will undergo; while not actually being measured pavement

temperatures.,

16




The énnual average &aily soiar'radiation is extremély infiuenﬁial
.in- changing pavement tempefatures, heating the\surrounding air, and
causing aging énd brit;leness in the asphalt. A Texas’mép of annual
vavefage‘daily solar radiation ié also included in Report 18-1. :The

west Texas area receives the largest amount of solar radiation in Texas.

Traffic, Time and Design Variables

Time factor, t, is defined as the number of years after;initial

construction or rehabilitation.

Let
ty = time of initial construction or rehabilitation .
tl = time of first measurement of serviceability

t2 = time of second méasurement of serviceability.

t3 = time of third measurement of serviceability

As mentioned above, the value used for the present serviceability index
is the average of three measurements. The time at which the averaged
serviceability will occur is defined by:

1

0

Traffic is represented in this study by the accumulated number of
equivalent applications of an 18-kip single axle load .in one direction
after construction or rehabilitation. A simple relationship is assumed.

Let

=2
il

1 accumulated number of 18 KSA at time tl

N2'= accumulated number of 18 KSA at time t,




VN = accumulated number of 18 KSA at time t

3 3
then
N Ny N3 | | |
= = . ’ o 3.7
tl-—to , tz-to t3—t0 v v

Given Nl,,the cumulative number of equivalent appligations of 18 KSA at

time t (denoted by N) can thus be calculated by:

e o 09
Design variables included in this study are: (1) top layer thickness,
(2) base éourse thickness, (3)‘overlay thickness (if any), (4) composite
pavement stiffness, and (5) surface curvature index.
The surface curvature index (denoted by SCI), whicﬁ defines the
surface deflection basin near thé ioad, was calculated based on the

measurements of surface deflection by Dynaflect (22, gg).‘
SCI =W, -W ' . (3-9)

whefe Wl is the surface deflection caused by cyclic loading of Dyna~
flect at a central point between the dual-wheel loads of Dynaflecf,
and W2 is the deflection at a point, 12 inches apart from the eent;ai
point, in the direction perpendicular to the plane of the dual-wheel
loads. |

The composite pavemént stiffness was calculated based on the

surface curvature index. Consider a n+l layer pavement, in which n
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layers are above the subgrade. Now composge the top n
layers as one layer and regard the subgrade as the second layer. .
Given the stiffness.céefficient of the subgrade,'Az, the composite

pavement stiffness coeffcient, A

12 ﬁas‘célculated by Eq. 3.10 (gg).

SCI = 0.891087'{Al—4'50292[ 1 1 -4.50292 A -4,50292

100 ~ 2441 T (&, 1 )

[‘ , 1 1
AL 2 2
100+6.25(A1Dl) 244 + 6.25(A1D1)

(3.10)
where Dl is the composite thickness of the pavement above the subgrade.

Base Course and Subgrade Properties

Base course properties studied in this project aré: (1) percent
fines, (2) percent lime énd (3) Triaxial class. This information wasA
found from construction records in the Districts where the test sections
were located. The peréent fines and percent lime were included in
an attempt to find variables that would‘correlate well with service-
ability loss due to shrinkage cracking, as well as to determine the
effect of stabilization upon performance. AThere were not many test
éectiéns which were iime—staéilized and consequently, a better
model could be expected to be found if more data were available.
Stabiliziﬁg addiﬁives oﬁher than lime were not used in the test sections
and were therefore not included. Nevertheleés, the shrinkagé crackiﬁg
model which resulted showed that mofe serviceability loss occurred with
higher percent fines and the loss was reduced by the addition of lime.
The Texas Triaxial class of the base course was added to the iist of
variables in an attempt to represent the stiffness of the Base course.

This factor did not prove to be a strong variable in any of the models

composed. .




Subgrade properties includéd in this study are: (l) plastiéitY’
index (2) percent fines, (3) permeability index and (4) liquid limits.
In most caseé, none of this information was available‘from THD’District
reqords, so they were taken from the so?l maps of the Soil Conservation
Service. All four -variables were expected to be strongly correlated
with sweiling.activity and it was expectea in addition that the plasticity
index and ﬁercent‘fines would correlate well with damage due to thermal
cracking.

Data desgribed in this chapter were used in the regression analysés

described in chapter IV.
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CHAPTER IV

PERFORMANCE EQUATIONS

Data collecte&'for this pavement performance study héve ﬁeen described.
’in Cﬁaﬁter ITI. Huge accumulations of data usually becpmé a cumbersome
bﬁrden to engineers. Statistical reg:ession analysis is a useful tech-
nique of exttacting, from masses.of data, the méin features of the
relationships hidden or impiied in the tabulated figures. 1In the pavement
performance gystem, in which qﬁantities of the coﬁstruction,,traffic and‘.
environmental variables change, iﬁ is of interest to examine the effects
that somg'variables exert on the pavement performance; in order that highway
engineers and researchers can predict the pavement life based on éﬁegific
COnstructioh alternatives, eétimates of traffic and environmental impacﬁé.

In any system, there may iﬁ fact be a simple functional relationship
bétween variables; oftén there exists a relationship which is too com-
plicated to grasp or to describe in simple terms.  Usually, a "good"
regression equation requires: (i) gimple expression, (2) high multiple
correlation, (3) 'small prediction error, and (4) satisfaction_éf all
physical constraints. Several regression models and techniques have been
utilized to:analyze the pavement performance data. None of the existing
methods could be qualified as a good regression procedure based on the
préviously mentioned criteria. Especially, conventional regression pro-
cedures.prdvided no restrictioné on the regression coefficients to sétisfy
physical constraints. A "Two-step Constrained Select Regression Methodology"
‘Was‘thus developed to analeé pavement performance data. Thﬂs method

requires two successive regression analysis steps. Regression models,




sub-models and dependent variables are selected based on user-oriented

decisions subject to physical constraints.

TWO-STEP CONSTRAINED SELECT REGRESSION METHODOLOGY

The flrst step of thlS method is essentially a selection regression
procedure (8, 9) using a multipllcatlve model in order to obtain the
approximate exponents of each individual independent vérlable. The reSuits
of the first step of the régreséion procedure, whichAéré called intermediate
products in this feport, are several sub—ﬁodels, Which’are selected based on
the criteria (2), (3), and (4) mentioned on the previous pagé. The second
step determines the coefficients of linear combinations of the intermediate
products. vThe final model is selected from these 1inear combinations based
on the four criteria. The following example will illustrate how this two-
stepﬁconstrained select regression method works. |
Example: Let y = dependent variable and #1, #2, x3 = independent variables,

such that y = f(x;, x2, x3) | ; (4.1)

Thé first step of the regression assumes a multiplicative model

y = eaoxl lxz 2X3a3 | (4.2)
This model is equivalent to

kln‘y =ap +a; In x; +ay; In'xy + a3 1In x5 S (4.3)

The SELECT regression érogram (10) uses the HockingfLa'Motte—

Leslie selection strategy (8, 9) and a linear regression technique to
determine‘the‘coﬁstants in Eq. 4.3, and select the best models using n,
n—l,vand S0 on &own to 3, 2 and 1 variables. 1In this'example, in which
there are only‘three variables to start with, there is only one 3—variab1e

model, three 2-variable models, and three l-variable models.
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Model 1:y = e?01x ! 1x23‘21};3a31‘ :

ﬁodel 2:y % e ,31 Xy

Mo&el 3:y = e303x1a13x3a33

ﬁodei égy = eadgﬁéaZHX3aQ” | . | o ‘ | ;. (4.4) .V
Model 5:y % éaosxlals

Model 6:y

It
1
[
o
Lo
[
N
o

Model 7:y = e207x;237

The first subscript of regression coefficient,‘a, is the same subscript
shown in Eq3f4.2 and 4.3; the second subscript is- the model number.
Now physical constraints can be examinedyby inspegting the signs of
resulting regression coefficients. The constant e?0 jis élways positive
no matter whether ag is positi&e or negétive.' Therefore, if ai>o (3’.'=
1, 2, 3),‘then y will increase as X; increases; if a; <o, then vy will
decrease as X5 increases. Physical considerations usually will show
théh sign 31 should have in order to be physically realistic, and
consequently the signs (+ or -) of these constants are usually known
beforehand. In case one or more coefficients of a model has the wrong
sign, the mﬁdel is discarded from further consideration. Meanwhile, the
multiple cbrrelation coefficient and standard error of each feasible
model shouldAbe examined. To illustrate the screening procedure using
signs of the constants, R2, and standard error, Table 4.1 shows assumed
regression coefficients, multiple correlation coefficients (Rz), and

standard errors (SE) of the intermediate models (Eq. 4.4). Assume the

following constraints are given:




- TABLE 4.1 Example Intermediate Models

Model ap aj . - a, as R2  SE
1 _v3 5 S 2 0.80  '0.01
2 4 5 -1 0 070 0.02
3 2 5 0 (-1). 0.70 0.02
4 8 0 -4 8 0,40 0.08
5 5 5 0 0 0.70 0.02
6 | 6 U ' géj 0 0.20 0.10

7 L9 0 0 2 0.10 10.15
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(1) vy increases as x; increases, i.e. dy/dx, > o.

1
() y decreases as X, increases, i.e. d'y/dx2 <o.
(3) y increases as X3 increases, i.e. dy/dx3,> 0.

Slopes of the basic multiplicative model can be derived from Eq. 4.2

dy _ _ .8, a1-1_ az_ a3

dx; (81® TRy T TEy Xy

dy _ ap_ a1 az-1 _aj | o |

dx2 azg X, 0x, X4 ; . . (4.5)
dy _ 30, 81, ap a3y

dx, 836 VX X, OXg

In each case the sign,ofkthe,derivacives depend ﬁpon the signé at the
coefficients, a» ags and a, respectively. That is,’a1>o; az<0, and’a3>o.
Examining ays a,, and a, values in Table 4.1, models 3 (a3< o) and 6 (a2>o)
violate these rules and are thus discarded. Also, from Table 4.1, models
4, 6 and 7 are discarded because of poor R2 and SE. Models 1, 2, and 5

are selected for second step regression analysis. The following linear

combination model is assumed.

y=b,+b.z, +b,z,  + b,z

0 11 272 575

5
1

(4.6)

I

by + by (xl5x2‘lx32) + bz‘(xlsgz"l.) + b (x,7)
It must be noted that the consﬁant»term, ao,‘is not included in Eq. 4.6,
since the linear combination regression will pfovide ﬁew regression
coefficients. The same select regression program is utilized to produce
the following models:

Model 1 y

I

bor * P11%; * byyzy + by

1%3

b + b,z +b,.2z

Model 2 Y = by +byyzy) +by,2,
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Model 3 y=b.. +b,.z + b, .z

03 * P13%1 ’33%3
Model 4 y = b04 -+ b2~4z2 + b3423
Model 5y =bos+biz N | (4.7)
Model 6 y - Bog  +byz, | |
Model 7 y = by, + by,z,

The first subscript of regression coefficient, b, is the same subscript

in Eq. 4.6; ‘the second‘subscript is the model number. As»described pre~
viously, a "good" regréssion function requirgs:' @) simplenexpreésion,

(2) high multiple correlation, (3) smail prediction error, and (4) satisfaction
of all physical constraints. The last criterion is a necessary condition

and should be checked first. The slopes of Eq. 4.6 are as follows:

& _ e h -1 2 . 4 -1 4

dxl 5b1xl x2 x3 + 5b_2xl x2 + 5b5x1

dy _ . 5 -2.2 . 5 (4.8)
ax, DXy ®y "xy = by Tx,

dy _ 5 -1

ax, Zby Xy %y "Xy

Physical constraints require dy > 0, dy < 0, and dy > 0. Usually Eq. 4.8
dxl dx2 dx3

is not easy‘to solve. A quick and obvious method is to examine the sign
of b's. Since z1s 2, and zq satisfy physical constraints, thereby if

dy | 4 4y dy .
bl’ b2, b3 > 0 then dx1-> 0, dxz <0, and dx3 > 0. Any of the seven

models shown in Eq. 4.7 with any.bi <0, i =1, 2, 5, is thus discarded

from final selection.: It is ﬁossible,however, that dy & <D ‘and
‘ dxl >.0, dx2

gﬁ» > 0 hold feasible even if one of the b's is negative. This case is
3

not considered due to the complexity in evaluation. Models which satisfy

the physical constraints are then compared using the other three selection
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criteria.  Often, compromises of the’first three selection criteria aré:
‘needed in the selection of the final érodqct,.since more éompiiéated‘
exbression of‘a regfession functiqn iskusually_accompanied by higher‘Rzy
and,smalier SE; while simpler expressioné result in iowér R2 aﬁd higherk
SE. | |
There is no guarantee that the Two-Step Constrained Sélect:Regresgion
Methodolééy prdvides the best fit fegression eqﬁatidn with best RZ and SE.
However, this me:hod provides a '"good" fit regression equation which
satisfies all user—specified physical constraiﬁtS'with reasonable R2 and SE,
as well as simple‘expressions adaptable for practical applicatidn. The
following seétions of this chapter will illﬁstrate the utilization of this
regression procedure to fit the flexible ﬁa;fement perf(ormance data

described in Chapter III.

SERVICEABILITY LOSS DUE TO FATIGUE
Analysis (5) of AASHO Road Test data has shown that serviceability
loss due to fatigue is a function of traffic, surface curvature, and

temperature.  The functional relationship is as follows:

_ 53.6 N scT’

a

Q (4.9)

where

Q = serviceability loss resulting from the repeated application of
an 18-kip single axle load, ’

N = number of 18-kip single axle loads applied during a period
for which SCI is relatively constant,

SCI = surface curvature index in mils determined by the Dynaflect
(11), and ;

27




o = harmonic mean of the daily temperature (°F) less 32°F (5).
This equation implies that serviceability loss increases as an)
traffic increases, (2) surface curvature increases, ér (3) temperature
decreaseé. Meaﬁwhile pavement surfacé fatigue caﬁ be written as a
function of pavement stiffness, top layer tﬁicknessvand second layer
thickness. |

b
o)

=102 (o, - 2% | (4.10)

- where

Q = serviceability loss due to surface fatigue,

A = composite pavement stiffness coefficient,
D1 = top layer thickness in inches,
D2 = second layer thickness in inches, and.
bo’ bl’ bz, b3 = constants.

Eq. 4.10 is based on a recent study of asphaltic concrete surfacing

materials (12), whichvdiscoﬁered that: (1) more stiff pavement results

in less serviceability loss, (2) tﬁickervbase course results in less

tensile siress at the Bottom of fhe surface course due £o tire ioading :

and this results in less fatigue damage, and (3) the maximum tensile

stress at the bottom of the surface course begins to occur when the top layef
thickness is arQund 2 inches. In addition, surface course fatigue is
increased if the subgrade is more compressible. Subgrade compressibility
varies directly with its plasticity and moisture content and it is

expected the serviceability loss is similarly correlated.

Q =¢, PI°l (TI + 35)°2 (4.11)
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where

Q = serviceability loss due to_subgrade-fetigue,
PI = plasticity index of subgrade,

TI = Thornthwaite moisture index, and

co, cl, cz = constante.

The Thornthwaite moistﬁfe'index ranges»from =30 in west‘Texas to
+15 in east Texas. The pOsitive’éign indicaees that rainfall putfuns
potential evepo—transpiration and it is assumed that the more poeitive
the Thornthwaite in&ex (the farther east) the Wette%vthe subgrade soi1s
may‘bé expected to be. The‘constant, 35,.is added to the Thorqthwaite
index so thatvthe variable (TI + 35) will always be positive within the
state but will be smaller where there is less likellhood of fatigue
damage to the pavement due to a wet, compre331ble subgrade.'

The time factor, t (in years),'has been included in the traffic
term, N, siﬁce the cumulative number of axle loads is proportioﬁal to
time. However, pavement detefioration could be directly correlated to
“the timevfactor due to the effects of aging and exposure to the elements.
‘The overlay thlckness, OV (in inches), could affect the servlceablllty
of rehabilitated pavements. Combining all these varlables, the service-
“ability loss due to fatigue can be approximated by muitiplicative charac-

teristics such as the following

15c122
Q = aO(Na S . ) (PI*7[TI + 35]%8)

«*3 T A%, [(p -2)%]26

(t29) (ov310) o | (4.12)

in which ai,‘i=o, 1 ..., 10, are expected to be positive constants. Not all




of the variables listed above are expected to make their way into the

final models.

Step 1 of the Two-Step Constrained Select Regression Methodology was

applied to fit the performance data of three flexible pavement types for

whlch data were available. Resulting equations after user-oriented

selections are as follows:

For surface treatment pavements,
Q = e=3.918 g¢r0.602 0,543 N0.127 (71 4 35)0.519

(Obs. = 45, R? = 0.296, SE = 0.624)
For HMAC pavements without overlay construction,
Q) = e=2.911 g(r0.499 ¥0.197 0,610 [(D’ ~ 2)2]-0.018
(Obs. = 61, R? = 0,271, SE = 0.839)
where D; # 2.
For pavements with HMAC overlay construction,
Qp = e~6.290 N0.166 gyl.u08 A=0.717 (iI + 35)1.404

(Obs. = 22, R? = 0,480, SE = 0. 522)

(4.13)

(4.14)

(4.15)

Obs.,'R and SE are, respectively, number of observations in each data

group under investigation, multiple correlation coefficient and standard

error of regression.

By approximation, Eq. 4.13, 4.14 and 4.15 become Eq. 4.16, 4.17 and 4.18,

respectively.
Surface Treatment Pavements
1 1

Q) = 3%’N8 [SCT o (TT + 35)]%
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HMAC pavements without overlay construction

Qi

Pavements with HMAC overlay construction

Q =

Examiniﬁg the three equations, specific findings are as follows:

ll

‘ 1l 1 3
1 SCI2 N5 5
= 18. 4 s D, # 2
. (lDl_ZI)"O36

, 1 Y
1.6 0VZ (TT + 35)2.10
o N[ ]

539 A

Every equation includes the term, N. Atvtime, t=0, cumulative
number of axle loads, N~0- thls 1mp11es that serviceability
1088, Q,=0, at t—O

Coptribution of‘N to Q1 depends on pavement types. The exponent
of‘N is %'for'surface treatment‘pavements, l’for HMAC pavements

5

without overlay.construction, and'%-for pavements with HMAC
overlay construction. Previous research (5) assumed the expo-
nent of N to be one, |

The surfaée curvature index, SCI, appears in Eq. 4.16 and 4.17
Wi;h an exponent off%3 other than 2 in a previous stuay (2).

SCI 1s a function of layer thicknesses and material stiffnesses.
Eq. 4.18 shows that Q; is directly correlated to composite pave-
ment stiffness coefficient, A, rather than SCI.

District temperature constant, a, appears in Eq. 4.16 and 4.17
with an'exponent of %-and %3 respectively, other than ~1 as in.
the previous study (5), which discovered that high temperatﬁre
rgduced pavement dete:ioration in AASHO Road Test site. However,
this finding does not appear to fit Texas pavement condition.

Both Eq. 4.16 and 4.17 reveal that high temperature results in
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. more pavement damage.
5. The district temperature constant is not correlated to service-
- ability loss in HMAC overlaid pavement. However, the Thornthwaite
moisture. index, TI, plays a relatively'significanf role in Eq. 4.18
" (overlaid pavements) with an'exéonent of 1;4. It also.appears_iﬁ
Eq. 4.16 (surface treatment) with an exponent of 0.5. The positive
: exﬁonents imply more fatigue loss in éést Texas ﬁhan west Texaé.

6. Equation 4.17 shows that critical pavement damage begins to oécur
at around D; = 2 inches. This finding agrees with the suggestion
by thé Texas Highway Départment (1_3_), that top layer thickness
should not be in the range from 2 inches to 7 inches.

7. Equation 4.18 reveals that damage of HMAC overlaid pavements is
>5180 a function of overlay thickness; thicker overlays resultﬁ
in‘mo:e serviceability loss,‘withvan exponent-of 1.4. It should
be noted carefully that the overlays from which these data were
taken were generally less than 3 inches thick. Thus the equation
is valid only for OV < 3 inches.

8. Subgrade plasticity index, thickness of base course, and time
after cons truction (or rehabilitatiop) are not directly corre-

lated to flexible pavement fatigue damage.

SERVICEABILITY LOSS DUE TO SWELLING

The loss of serviceability due to swelling clay was assumed to be a
function of subgrade plasticity, moisture, percent fines, permeability,
liquid limits, and time after construction or rehabilitation. This

relationship is shown as follows:
a) as as ay = as ag

Q = a(PD) (TL+35) (F) (B) (Lg) (1) (4.19)
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where
Q, = sef?iééability loss due to swelling,
2 . _

“PI

subgrade plasticity index,

TI = Thornthwaite moisture index,

F_ = percent fines of subgrade, "fines" are defined here as the
percent passing the #200 sieve, '

P = permeability index of subgrade,
L = liquid limits‘df subgrade,

t = time after construction or rehabilitatiﬁn ig years, and
a;s i=0, 1, ..., 6, are expected .to be posi;iVe constants. This model
(Eq. 4.19) is based on two assumptions: (1) serviceability loss due to’
swelling is’independent of'flexible pavement typés, and (2) no‘swelling
occurs if the PI‘is less than 25. The step 1 select regression results

in the following sﬁelling loss model:

(FS>0.140 (t)0.510

(Obs. = 19, R? = 0.337, SE = 0.661) : (4.20)

Q, = o 2 246 (TI + 35)

0. 918
which is good only for subgrade soils with PI > 25.
By approximation, Eq. 4.20 becomes
1 | :
1 7 ‘
Q, = 190 (TT + 35) (F)" (t) : | (4.21)

N =

This equation can be interpreted as follows:
1. At t=0 swelling loss Q2=0. Q2 increases as t increases.
2. The higher Thornthwaite indexes (TI) in east Texas are correlated

with a greater supply of water to the subgrade soil and thus a
greater amount of serviceability loss due to swelling.

3. A higher percent of fines in the subgrade (F ) causes more
swelling damage to the pavement.



4. Q, is not directly correlated to PI, when the PI is greater
tﬁan 25. This model assumes that there will be no swelling

loss when the PI is less than 25.

5. The permeability index PS and the liquid limit L are not
directly correlated with Q2' ' s

SERVICEABILITY LOSS DUE TO SHRINKAGE CRACKING

The pavement serviceability loss due to shrinkage cracking can be

represented as the following equation:

—al a

) . 2 -a a, - a a
Q3 = aO(TI + 35) (F.) (LB + 1)

3 4
. Sentop
a,’ a

(@) T (o) 8

(4.22)

Q3 = serviceability loss due to shrinkage cracking;

TI =>Thornthwaite moisture index,

F, = percent fines in base course,

L, = percent lime in base course,

PI = subgrade plasticity index,

Dl = thickness of the top 1ayer»in inches,

D2 = thickness of the base course in inches,

IC = triaxial class of the base course,

t = time after constfuction or rehabilitation,

and a4, 1=0, 1, ..., 8, are positive constants. It has been assumed that
shrinkage cracking is independent of flexible‘pavement types. The step 1

select regression results in the following equation:

Q3 - e~3.857 (TI + 35)~0.081'(FB)0.576 -0.205 (t)0.316

(Obs. = 90, R? = 0.129, SE = 0.772) - (4.23)

(LB + 1)
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By approximation, Eq. 4.23 becomes

G @ faressy a, vl

This equation can be interpreted as follows:

1. At t=0, ‘there is no shrinkage cracking, i.e., Q.,=0. The
serviceability loss due to shrinkage cracking 1ncreases as
t irncreases.

2. A greater percent of fines in base course (F ) results in
more- shrinkage cracking.

3. A smaller value of TI + 35 which corresponds with west Texas
is associated with more shrinkage cracking. This equation
would predict a lower ~percentage of shrinkage cracking in east

. Texas.

4. A greater percent of lime in the base course results in less . -
shrlnkage cracking.

5; PI, 1; 29 and TC are not diréctly correlated to Q3.

SERVICEABILITX LOSS DUE TO THERMAL CRACKING
The following functional relationship is assumed for the sérviceability

loss due to thermal cracking

N S, a, F_a a a
_ o SR 2 Ty oy 4
%% G50 oo T G T @p " 0y

a -a a a , - (4.25)
@D ® ar+35) T @ws+1) 8 (e ? .

‘Q4 = serviceability loss due to thermal cracking,

NFT = number of freeze-thaw cycles,
} SR = amount of solar radiation,

| FB = pércent fines in base course,
\ D, = top 1a§er thickness in inches,

D2 = thickness of base course in inches,




PI

= subgrade plasticity index,
TI = Thornthwaite moisture index,
-LB = percent lime in base course,

time after construction or fehabiliﬁatidn,

and a., i¥0, 1,>..., 9, are positivé constants.“wa restrictions were
applied‘in,arriving at this equation: (1)'It'was,assuﬁed that there will
be nb thermal>cracking if the number of ffeeze—thaw cycies in aif tempera-
turé (NFT) ié leés th;n 56; and (2) for HMAC 6Veflaid péyements, ag=0,
since none of'these pavements had lime stabilized base coﬁrsés. The

first step of the sglect regressibn results in two thermal cracking‘models.
For surface treatment pavements no physically realistic correlations

could be fddnd; it is thus assumed that virtually no thermal_cracking

occurs in these pavements. For HMAC pavements without overlay construction,

-2.784 N_. 0.027 F. 0.397 ~0.439 . 1.084

Q =e ‘(i%l (ig) (TI + 35) (t)
(4.26)
(Obs. = 26, R? = 0.694, SE = 0.567)
For HMAC overlaid pavements,
~2.698 Np0-091 Fy 0.440 -0.173  0.689
y=e  Go) G 3% ©® G

(Obs. = 16, R?> = 0.323, SE = 0.640)
By approximation, Eq. 4.26 and 4.27 can be written as follows:

HMAC pavements without overlay.construction
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%16 T 1
C(TT + 35)2

where NFT > 50

HMAC overlaid pavements v
1 2 7

Ner 71 FB5 10
=3 Ga) t _ ,
4~ 15 - 1 (4.
(TT + 35) 6

where NFT } 50

Equation 4.28.and‘Eqs 4.29 can bé interpreted as follows:
1. At t=0, there is no serviceability loss due to therﬁal»cracking
i.e., Q4=O. Q4 increases as t increases. The exponent'éf t is-
1 and 0.7. respectively, in Eq. 4.28 and 4.29.
2. More freeze-thaw cycles result in mofé thermal cracks. The

exponent of the number of freeze-thaw cycles,is‘E%-and I%

respectively, in Eq. 4.28 and 4.29, indicating that freeze-~thaw
cycles cause more cracking in overlays than in pavements in
their first performance period.- |

3. A greater percent of fines in the base course causes more thermal

cracks. The exponent of the percent fines in base course is‘%

for both Eq. 4.28 and 4.29.
4. A smaller value of (TI + 35) (west Texas) is associated with

more thermal cracking.




5. SR, Dl’ Dé, PI and LB are not directly correlated to Q&’

INTEGRATED SERVICEABILITY LOSS DUE TO FATIGUE, SWELLING, SHRINKAGE
- AND THERMAL CRACKING , ' R

The ultiﬁatéigoal Qf»this'pavement performande.study is to develop
rational equations which can be easily‘adopted as a'pracﬁical tool to.
forecast the lifé of pavements with reasonable accuracy. Design and
conétruction engineers can compare feasibie cénstfuction Alternatives
based on the estimétes bf traffic, environmental effécts, future mainten—
ance and economigs. At the same time significant causes of specific types
of pavement failures in certain districts can be prevented in the design
‘stage. |

The séfviceébility loss ofkpavements is a complex phenomenon that
resuits fréﬁvthe integrated effects of fatigue, éwelling, shrinkage,
thermal cracking, and other natural distress mechanisms.

The serviceaBilitylloss equations, derivea in previous sections by
statistical regréSsion analysis, do not pfd&ide high multiple correlations.
However, these equatidns, which represent approxiﬁaté,functional relation-—-
ship, contéiﬁing ﬁhat aré judged to be aépropfiéte variables. fhese
equations were integrated into a final performance equation for a specific
pavement'type”by'applying'the second step of the two-step constrained
éelect regression procedure, thﬁs lumping together the four major causes
- of pavement damage assumed in this report. The follbwing sections of this
chépter show how the final performance equations were regressed and what

these equations imply.

38




Performance of Surface Treatment Pavementé. Included in. the regression

analysis'of‘pévémeht serviceability of surface ffeatment pavements are
fatigue, swelling, and shrinkage cracking. Thermal cracking has been
found‘insignificant for’this pavément type. The second step constrained
éelect regression assumes the following model:

Q = a; Xy +a, x, +a,x _ ' o o (4.30) -

1 2 %9 3 %3
where
1 1
x, = 8 [sct o (71 + 35))2 |  (From Eq. 4.16)
_ 1 1 A
x, = (11 +35) (7)) (1)2 | (from Eq. 4.21)
_F'6 .3 1 : ;
Xy = B ]lO 4 (from Eq. 4.24)

[T+ 35) @, + D°

and al, a2,,ahd a; are positive constants. The final selection, based on

the criteria mentioned above, is

]

Q = 0.01703x, + o.oonsx3

1
1 1
= 0.017038° [SCI a (TT + 35)1°
FBét3 _— %5
+ 0.00716 [ ] (4.31)

(TT +35) (L, + 1)2
(Obs. = 33, R?> =.0.880, SE = 0.099, Q range (0.040, 0.451))
Specific findings of this equation is as follows:
1. Thefe is no serviceability loss at t = 0, since N =0 at t = d'i
2. This equation satisfies physical constraints on N, SCI, TT, FB’
t, TI,‘and LB. o violates the fule concluded from the AASHO

Road Test data (5), as has been discussed previously.
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3. The "sweflling term, X,, ié ﬁot includéd in this equation.
,Examiqihg the three variables included in x,, TI and t‘haVé
~ been- included in x; and X35 ekcépt that TI + 35 has a péSitiVe
exponeﬁt‘ ’in xq and a negative exponent in Xq. The Vafiable
left, is FS,' the fines in the subgrade. Comparing the ekponénts
of the’ three vaj:'iables in .xlz, Fs is relatively insignificant. |

4. Eq. 4.16 and Eq. 4.24can be rewritten as follows:

(4.32)

% =565
Q== x (4.33)
3 47 73
By substitution, Eq. 31 becomes
Q= 0.01703 (50 Q) + 0.00716 (47 Q)
= 0.852 Q) +0.337 Q; PR (4.34)

This equation indicates that serviceability loss due to fatigﬁe is 2.5
times the serviceability loss due to shrinkage for surface treatment
pavements. The multiple correlation coefficient is quite acceptable and

the standard error of residuals (S.E.) is small.

Performance of- HMAC Pavements Without Overlay Construction. The second

step constrained select regression assumes the following model:

- ' 4.35
Q=a;x; +ayx, + azx, + a,x, (4.35)
where 1 13
SCIZ 1‘15 (15
X, = v
1 (ID]_"ZI‘)'&O% (from Eq. 4.17)

40




1
: T . ' v o
(TT + 35? (FS) (F), - (from Eq. 4.21)

ol

d
]

.6 .3 1
Xy = ' FB t ]10 . ‘
- lErTsy (Lg + 1)2 o , (from Eq. 4.24)

1 2
(NFT)§7 (_IiB_ 5
10 10 t

: 1 | | . :
(TT + 35)2 . : (from Eq. 4.2§)

It

X4

and ajs 245 é3 and a, are positive constants. The final selection of the

performance équation is as follows:
Q = 0.04200 x; + 0.00002 x, + 0.03862 x,
113 |
2.5 5
SCI™ N” o™

it

11
+ 0.00002 (TI + 35). (F )’ (t)2

1
Ner 37 Fp

S

2
L3733
+ 0.03862 10 10

ot

1 (4.36)
(TI + 35) 2 o

| (Obs. = 42’, R? = 0,802, SE = 0.157, Q range (0.050, 0.730))
Eq. 4.36 is interpreted as follows:
1. There 1is no serviceability loss at t=0 since N=0 at t=0.
2. This equatién satisfies all physical constraints, except o.
3. The shrinkage term, Xqs is not included in this equation.v

However, F_, t and TI of the shrinkage term have been included

B

in the thermal crack term, X, Meanwhile, t and TI appéar in
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the swelling term, Xge The variable, T + 35,'has a positive .

exponent in xz'and,a negative exponent in Xq- ‘LB is the only

variable which does not appear in Eq. 4.36.

4, Eq; 4.17, 4.21 and 4.28 can be rewritten as follows:

l .
T WA (4.37)
1. o
Q2 = oo *o (4.38)
. ‘
Q, =15 X, (4.39)

“ By sdbeitution,‘Eq. 4.36 becomes

,Q 0.04200.(18.4Ql) + 0.00002 (190 Q2) + 0.03862 (16YQ4)
= 0.773 Q; + 0.004 Q, + 0.618 Q, (4. 40)

This equation indicates that swelling is insignificant. The |
serviceability loss of HMAC pavements withoutvdvérlays, due to

_ fatigue, swelling and thermal cracks, has the following respec-
tive percentages: 55.4, 0.2 and 44.3. Thé multiple correlation
coefficient is acceptable but the standard error is larger than
the equatian fof the surface treatment paveméﬁt, indicating a

wider scatter in the data.

Performance of HMAC Overlaid Pavements. The second step of the constrained

select regression assumes the following model for HMAC overlaid pavements:
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Q= a;%y + ax, +a3x3 +va4x4v
where 1 ) ‘ ) 1'
o N6 (Y (TI + 35) ]10
X 1
= (TL + 35) (F)' (1)2
XZ ’ s
F 8 ¢3 £
Xg ETx +35) (g *+ D
1 2 4
LAyt FyyS o
%% 10 10
1
(TT + 35) 6

and aj, 2y, ag and a, are positive constants.

performance equation is as follows:

+ 0.00114 x

0.00058 x 2 3

Q + 0.00259 x

1
_ 1 9
0.00058 N® [V (TIA+ 33)

7
2 L
]10

1

+0.00259 (T + 35) (F)) (¢)

N

6 3 1.
FB t ]lO )

+ 0.00114 [(TI ¥ 35) (LB T 1)2

(4.41)

(from Eq. 4.18)

(f:om Eq. 4.21)’

(from Eq. 4.24)

(from Eq. 4.29)

Final selection of the

(4.42)

(Obs. = 21, R? = 0.811, SE = 0.178, Q range (0.050, 0.611))

This equation indicates that:

1. There is no serviceability loss at t=0, since N=0 at t=0.

2. This equation satisfies all physical constraints.

3. Thé thermal erack term,’x4, has been discarded from the final

model. However, FB’ t, and TI of the thermal crack term have
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been included in the shrinkage term, x3. Also t and TI éppgar in
the swelling term; iz, excépt that TI + 35 has a positive exponent
in x2 rather than a smaller negative exponent in xy. The ndmbér
- of freeze thaw Cycles; Nop is the only ‘variable which does not
appear ih Eq; 4;42.' However, NFT is the 1east.significant
variable_in Xy . |
kﬁ. Eq. 4.18, 4,21 and 4.24 can be rewritten as follows:

U =g | | (4.43)
Q= 1%5 X2 | o (4.44)

1 :
Q=75 x3 : - (445)

By substitution, Eq. 4.42 becomes

Q = 0.00058 (539 Q;) + 0.00259 (190 Q,)

+ 0.00114 (47 Q3)

0.313 Q; + 0.492 Q, + 0.054 Q3 - (4.46)
Eq. 4.46 implies that serviceability loss due to fatigué, swelling,
and. shrinkage in HMAC ove:laid pavement has the following'fespective
percentages: 36.4, 57.3, and 6,3. Tﬁe multiple cdrrelation
coefficient is aéceptable but the standard error for this model
is largest of all pavement types,'indicating a wider variation in
the measured performance of overlaid pavements."
In the foregoing discussion of the regression models for the three
pavement types, relative weights of the four major pavement distress
mechanisms were found. It would be‘misleading to claim that these weights

should apply to all pavements for obviously the weights should éhange with
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- variations in climate, soil type;'and'so-on. The weigﬁts simply refléct
the,bigs_thafjiS‘in the dafa-andkcdnSequenfly,'nQ generél‘conclusions
should be drawn from the regréssion models obtained. This study, which
was condﬁctedion fhe data available froﬁ Texas.S;udy‘2—8-62-32, has
pointed‘upfthe need for a carefﬁl experimentél design to be followed'in 
choosing é-set 6f'pavement sections from which to develo§ practical

performance equations.
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CHAPTER V

DIFFERENTTIAL SENSITIVITY

Pavement behavior is such a complex phenomenon that it cannot
be completely described by a single mathematical equation or model,
‘Instead, a total'coordinated and systematic approach based on the
coupling of different subsystems defined for specific physical, and
economical coﬁsiderations can combine all the fundamental relation-
ships into a systems optimization procedure.

In addition to the optimum solution of a systems problem, it is
of interest to secure, whenever possible, additional information con-
cerning the behavior of the solution due to changes in the system's -
parametefs. This is a "sensitivity analysis."

The sensitivity analysis is valuable in this pavement performance
study for the following reasons:

1. Performance equations are derived from regression analysis.

Poor correlations due to lack of well~designed experiments
and information do not provide true functional relationships.
The sensitivity analysis can be utilized to check these

- equations by physical conditions.

2, Performance equations are to be integrated into pavement
design systems. Sensitivity of pavement performance will
ultimately affect the sensitivity of system performance.

3. There exists some skepticism toward the use of mechanistic
theory in a field heretofore dominated by the exercise of
experience, empirical rules and engineering judgement. The
sensitivity analysis provides the designer with information
about the change in pavement performance when other variableg
are changed.

The sensitivity of pavement performance will be formulated in

this chapter by a mathematical method, named "differential analysis."
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Differential Analysis

E Consider the following problem. Suppose y isAa function of

: .:xi, i=1, 2, % s 4 my . then

y = f(xl, Koy o o o5 xn) - : (5.1)
There are two questions which can be answered by differential

analysis: (1) what is the change in y when one or more of the vari-

ables, x., i=1, 2, . . ., n, are changed by a small amount? (2) which

-of the variables are relatively significant in change in y?
To find the answers to these questions, the functidn, f, must
first be expanded as a Taylor's series (25):

f(xl+Axl, x2+Ax2, e o ey xn+Axn)

n .
= f(xl, Xos o v oy xn) + .E Axi ) f(xl, Xgs v s Xn)
i=1 9%,
i
_ 1 B n 5 2 , ;
+—. Z Z AX.AX. e f(X . X 'Y . . .y X ) + ¢ s e
2 i=1 =1 i3 BXioxj 1 2?2 . »n | (5.2)

Taking the only linear term of the Taylor's series expaﬁsion gives:

f(x1+Axl,vx X, 0 xn+Axn) - f(xl; Xys oo . xn)

2

n
= z Axi ) f(xl, Kps o o o3 xn) (5.3)

i=1 X,
i
The left hand side of Eq. 5;3 is Ay, and it is equal to
: af af of
Ay = Axl BXl + sz 8x2 + .. .+ Axn aXn (5.4)

Eq. 5.4 is called a sensitivity equation and is used for differential

analysis. -
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Sehsitivitv'of Intermediate ServiceabilitY'Loss’Mbdels

Applying Eq. 5.4 to Eq. 4 16, 4.17, 4.18, 4,21, 4, 24 4. 28 and

4.29, sen81tiv1ty analysis equations .are summarized herein.
A. Serv1ceabllity Loss Due to Fatigue

(1) Surface Treatment Pavement

;_x

1
. 1y . L AscL Aa ATI
b= 5o Prsc1-a- (11435) 12 [ 2301 + o 5 (TT435))

(2) HMAC Pavement Without Overlay Construction

L 13
1 oscr’ N P AN | ASCI | 3Aa 0.0364D,

AQ, = - + - ]
1 18.4 (ID1-2I>0'036 5N ° 2SCI " 5o Ip,-2]

(3) HMAC Overlaid Pavement

1 7
6.0V (TI+35)7 10 AN | 1.4A0V . 1.4ATT  0.7AA
L.86N"[F—¢ Wiy + =ov — * Thas- - A

AQ;

B. Serviceability Loss Due to Swelling

L1 "
2 AT s | At
80, = go5(T+38) (8T (0) i + ZATL

C. Serviceabiiity Loss Due to Shrinkage

6 .3

1
1 F.o ot 0.6AF , : 0.2ALB

B 10" 7B, 0.3at _ 0.1ATI

£Q4 ='27[(TJ:+35)(LB+-1)2'1 5
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D. Serviceability Loss Due to Thermal Cracking

(1) HMAC Pavement Without Overlay Construction

L2
' {fg2137 (EEVS AN 20F, .
ro = L0 ) 110 t FT_ B, At _ ATIL (5.10)
U =16 1 3Mpp  5F, t 2(TI+35) A
(T1+35)2 ' |
(2) HMAC Overlaid Pavement
- 2
N, 111 (F )5 7
FT B —* |
o - _;_[10 v(lo 10 oorr | A% ogae  _am (5.11
=715 1 1IN, © T5F, ' Tot T 6(r+35) :
(TI+35)° ‘ '

It is of interest to know how these sensitivity equations answer
the two questions mentioned above. The,serviceability lossfof sufface
treatment pavement due to fatigue (Eq. 5.5) ié used for illustration.
In order to answer the first question, suppose there is no change in

SCI, o and TI, that is, ASCI = Aa = ATI = 0; then

-1 1

I S 2, | o
AQ; = 700 ¥ [SCI-a-(TI+35)]°- AN (5.12)

This implies that when N is increased (or decreased) by a small
amount, say one unit, that is, AN=1; Q1 is increased (or decreased) by

AQl units where
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1 1 | | |
4Q, = 75 N [SCI-a-(T1+35)] . (5.13)

oo}

400

The same procedure can be applied to examine the sengitivity of .
-Ql when more than one variables at the right hand side of Eq. 5.5 are
changed. For instance, if there is no change in N and TI, that is,

AN = ATI = 0; then

[

1
' l 8 ASCI ;
b = N[SCI+as(TI+35)] [2301 2 =2 : (5.14)
Suppose SCI is increased by 0.05 units and o is decreased by 0.5 units;\

that is, ASCI=O;05 and Ad=40.5; then Q1 is increased.by AQl units

(or decreased if AQl is negative),'whgre

1 1
8 0.05 0.5,
2q, = 1 N°[SCI-o+(TI+35) ] [zscf %0‘—5,-] (5.15)

 To answer the second question, significance of N, SCI, o and TI in

change in Ql can be compared by absolute values of gg, %gg% §S' and
ATI

E?Tf$§§7 + Suppose the change in N, SCI, a and TI is, respectively,

1, 0.65, -0.5 and =-0.2 units. The significance of N, SCI, o and TI

_1f |o.05| |-0.5] | -0.2 |
aN| *|2scr| *| "2q | ¢ 2(TI+35)| "

in change in Ql'follows the ratio:

Sengitivity of Final Serviceability Loss Models

Applying Eq. 5.4 to Eq. 4.31, 436 and 4. 42, sensitivity analysis

equations are summaried herein.
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A. Surface Treatment Pavement

1

. 1 . S
, 8 amy2pAN , ASCI | Ao, _ATL o oo
AQ = Ao’.01‘703N [SCI:a- (TI+35)] »[81\I + “_zsc:[f e MZ(TI+35)] + 0.00716
6 .3 1 L ,
(B * ]10[0 -6AFy B, 0.3ac _oaarr 22y (518
- H(TI435) (LB+1)2 Fy t TI+35 Lo+l ° o R

B. HMAC Pavement Without Overlay Construction

113 ‘ Lo
| 2.5 5 A . 0.036AD
B . SCI” N~ o AN | ASCI . 3Aa .
AQ = 0.04200 07036 5N * 25¢1 * 5a oz -] + 0.00002(TI+35)
(Ip1-2)
‘ oyl a2 ‘
1 z AF, (NFTF"[FB]S AN, 2AF
. AT, TS 10 10 FT . “°'B
(Fg) Tt [TI+35 + oo g ] + 0.03862 T [37NFT + ¥,
2
(’I‘I+35) '
A_;_ ATI ' ' ‘
+ 3 2('r1+35)] | o (5.17)

C. HMAC Overlaid Pavement

1 7 ,
- o6 [OV2(TT+35)2 10 AN . 1.4A0V , 1.4ATI  0.7AA,
AQ = 0.00058N° [—— W lex + =0y *Tiass - h )

1

M=
(=)
w
-

AF ; F t —

B

+ 0.00259 (TT+35) (F) e [ﬁiﬁ o S, —3—%} + 0.00114 [— 110
S (TI+35) (L. +1)2

[0 -6%% , 0.3ar _ 0.1ATI _ 0. ZALB (5.18)
F £ T T35 LA .




The change in Q wﬁen,one or more of the independent varia51ES are
changed by‘a smallkamoﬁnt and relativeisignificancé of these variables -
in change in Q can be determinedkas shown previously.

This chapter presents a method bf evaluating the sensitivity of
'pavement performance. However,lthis study isrnot cbmplete iness
typical values of each construction, traffic‘and eﬁvironment
variable are used in each equétidnvto-estimate AQ. Numefical computa¥

tions are not included in the scope of this report.
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CHAPTER VI

STOCHASTIC RELIABILITY

The‘inherent uncertainty and variétion of the eStimates of’tfaffic,
interactivé,characteristics'of materials, as wéll as enVifqnmehtai and’
human factors;.resuit in overdesigned and uﬁderdesigﬁed'pavéments.

In turn,‘éithgr overdesigned or underdesigned ﬁavements result in higher'
conétructioﬁ or éehabilitafion coéts, especially in terms of today'sb
inflgted cost of construction materiais and labor.

The concept of probabilistic design has been applied to pavement
studies since thg late 1960's. Many computerized pavement design systems
7, ;ﬁé 15, 16, 17, 18) have adopted this concept as an evaluation of
pavement réliability. Reliability is a statistical measure of the
probabilitybthéﬁ’a pavement will provide satisfactory service to'fhe"
user thrdugh ifs design service life. 1In general, reliabilitj is one
of many factors influencing the effectiveness of complex systems.
Spec1f1cat10n of system reliability requires a trade-off between reliability
and all other parameters that affect system effectiveness. The trade-
off is recdgnized invthe pavement design systems where reliability is
balanced against fufure maintenance, economics and pavement performance.
In fact, the choice of a reliability figure is ultimately a management
decision. | |

The reliability (denoted by R) of the Texas Pavement Design Systéms
has been formulatedb(lé, 17) as the probability that tﬁe predicted
number of load applications that the pavement can withstand, N, is

greater than the expected number of actual load applications, n.
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R = P[(log N--log n) > 0] v - ‘ (6.1)

This equation is based on the assumptién that log N and log n are-
normallybdisﬁributed. | |

The fatigue - associated performancefequations devéloped in‘this
study have the number N as a factor but the envirommentally associated
performance equations such:-as swelling, shrinking, and thermal crack-
ing, do not include N. Consequenfly, the réliability of a pavemént
with both traffic and non-traffic distress is difficult to compute
on’the basis shown in Eq. 6.1. 'Because of tﬁis, this chapter will
evaluate the reliability of each individual pavement performance
équation and will show the development of theVexpected value and variance
of pavement serviceability loss.

Estimation of Expected Value and Variance

Beforé‘the derivation of stochastic modeis to predict pévement
life, sométbhsic statistical concepts and methods are discusged herein.
Included in this section are definitions (19) of expected value and
variance as well as how they can be estimated by a Taylor's series

expansion.

Definition 6.1 If X is a continuous fandom.variable with probability

density function fx(x), the expected value of H(X) is defined to be
EIHO] = {7 B £, (x)dx | (6.2)

80 long as sthe integral is absolutely convergent. If the integral is

not absolutely convergent, we simply say the expected value does not exist.
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Definition 6.2 The expected value of X itself is called the mean or"
avérage value of X and is denoted by uxj that is, My = E[X].
Definition 6.3 The variance of a'random_variablelx (denbted by_ci) is

defined tq be

| °§,= E[(X - ux?zl; R | O (6.3)

its positive square root is denoted by Oy and is.called the standard

deviation of X. Thus, o = /bi .

The operation of taking expected values of random variables has

several convenient properties. If X is a random variable, then

1. E[e]l = ¢, where c is a constant - (6.4)
2. E[cH(®)] = c E[H(X)], | (6.5)
3. E[HX) + G(X)] = E[HX)] + E[6(X)], ' ; (6.6)

so long as the expected values invol#ed exist. Proof of these properties
afe’simple'and can be found in many fundamentalrstatistics téitbooks (;2).
Occasionally taking the expected value of a complicated funétion isva
painstaking process. In order to owercome this difficﬁlty; the expected

value can be approximated by taking Taylor's series expansion
. Lou 2,
f£(x) = £(x-4x) + £ (x-2x)Ax + Ef (x-Ax) *Ax™ + ... (6.7)

Take the first three terms on the right hand side and let Ax = x - “x’ then
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f(x) = f(ux)+f'(ux)-(x4ux) + %f"ﬁux)jﬁx?ui)z -
“Expected'ﬁaluéyo£~f(x) is

E[£(x)]

it

£ + £ (uIEL Geop ) ] + 35 G IEL o) ]

]

) + 0%

ELE Q)] + ELE' (i)« Geon ) + EIZE" ) - G ]

(6.8

(6.9).

since E[(x~ux)] =0, and_E[(x-px)z].= o;; Three examples are used to

illustrate the operation.

Example 6.1 If f(x) = log x, then

f"(x) = —.0’3343

By substitution, Eq. 6.9 becomes

_ 0.4343 Cxy2
- 223 (-

E[log x] = log u_
. . R x

Example 6.2 If f(x) = log(x+c), where c is a constant, then

£'(x) = 0;243
fll(x) = — 0-4343
S (x+c)
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By,substitution, Eq. 6.9 becomes

0

0.4343 X

2
2 (ux+c)

E[log(x+e)] = log (u_te) - (6.11)

Example 6.3 If f(x) = gz(x), then

£'(x) = 2g(x)g" (x)

£1x) = 2[8' )] + 25 (x)g" ()
By substitution, Eq. 6.9 becomes

2 2 1., , 2 " 2
Elg"(x)] = g7 (,) + 5{2(g (W) 1™ + Zg(ux)g’(ux)}ox (6.12)
- Taking the variance is also a painstaking process if the function
is complicated. The Taylor's series expansion is thus applied to
approximate the estimate of variance. By Eq. 6.3, the variance of a

function, £(x), (denoted by'V[f(x)j) is as follows:

'E{{f(x) - E[f(x)}}zl

i

VI£(x)]

E[£2(x)] - {E[£(x)]}> (6.13)

Substitution of Eq. 6.9 and 6.12 into Eq. 6.13 gives

VIEGD = £ + I8 W1+ £G) 62 - (200 + £ ()02

+ w1’
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= 1EG 1% o) - FiE a1’ of (68

The secondvterm on the right hand side ¢aﬁ usualiykbe neglected without
signifiCaﬁt loss of accuracy. Thus

VIEG] = [£' ) 1% ol + ol D (6.15)

in which, Giof is the variance of lack-of-fit. The following example
illustrates the operation.

- 2 2 ,
Example 6.4 Leg f(x) =5+ 4;1 + 3x2 .+v2x1x2.

e 2 2 2
VifEx)] = [f (n )1 Ot 9of
Since
of
ax, - 8%t 2,
1
and
3f - '
. 2xl + 6x2
2 A
then ‘ v
() 3fu
. 2 2 x.2 2 2
VIE(x)] = (=) ¢Z + ( Yo 6° + of
Bxl xl axz x2 lof
= (8ux + 2u ')2 02 + (BuX + 6ux )2 ci + Qiof
1 2 1 1 2 2 ,

The following sections will derive the expected value and variance

of the pavement performance equations developed in chapter IV.
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Expected Value and Variance of Serviceability lLoss Models
The serviceability loss models can be represented by the fpllowing

basic multiplicative equation:

n"a N :
y—a{ilii][v _n+1(x+0)1]v : v'(‘6‘.16)

dependent variable,

£

o

o

=

(1]
«

it

. th | . '
X, = lt independent variable,

n = number of X, terms,

number of (x + ¢ ) terms,

=
1
It

total number of 1ndependent variables, and,

a_, ai(i =1, 2, ...N), and ci(i = ntl, nt+2,..., N) are constants,

in which, ao'is positive; a, and ci‘ére not restricted. Eq.’6.l6 is

equivalent to Eq. 6.17.

: n N X :
log y = log a, + iél a, log X + Z -y ilog(x +c, ) (6.17)
Take the expected value of iog v,
n N o S
E[log y] = log a_ + % a, E[log Xy 1+z a E[log(x.+c.)] (6.18)
o , i i i
i=1 Ci=ntl :

Applying Eq. 6.10 and 6.11 to Eq. 6.18,

a n X
0. Ty, 2 : '
log u- - __ﬁ%ii qﬁ% = 1log a +I a {log L Q_%éﬁi @*iﬁzl
Yy y i=1 1 ux.
N 0.4343 % |
+ 3 ai[log (ux + ci) - 8.43 ( L )2] (6.19)

i=mbl i , 2 “xi+ ¢




Take variance of y (Eq. 6.16) by Eq. 6.15,

, a3y 2 2 52
Viyl = ( ) S 1of
j=1
n. » 3 - N N a a, )
12,2
z{————l[n w T Gy +C) ) + I {]‘39":1";
3=1 Px, i=1 *i Ti=pt1 X4 i je=nt+l %" ¢
n ‘a N
2 2 2
[now, N0 1 G +c> el o+ ol
i=]1 i i=nt+l i j
n ai‘ N 6
={a @ B 10 m (ux Bz 1
i=1 i i=nt1 i j=1 X
N 0x. 2 2 .
+ I [a, —L—1%} 4+ ¢ (6.20)
jomrtl j uxj+ cj lof ,

where Oiof is the mean square residual due to lack-of-fit of Eq; 6.16

for predicting the serviceability loss,

Applying Eq. 6.18 and 6.20 to Eq. 4.1, b.17, 4.18, 4.21, 4,24,
4.28, and 4.29, the expected value and variance of intermediate service-
ability loss are determined and the results are summarized below.

A. Serviceability Loss Due to Fatigue

(1) Surface Treatment Pavement
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0.4343 "2 _ ;o1

. 1. 1
log uQ - P “Q = log o= 50 + [ = log “N 2 log Moot + 2 log "y
.
+ 1 0.4343 - 1 N2
+ 75 log (uTI+ 35)] - — [ 3 (“N)
! %cr.2 . 1.%.2 1. %71 2 .
* +96CH+ S =57 1 (6.21)
CcI o TI
“L ‘ 1 g a
2 2.2, .1 N 2 . .1 °scr.2 1 a2
ot = (= u [u ! (u +35) 17} {( =) F G G
Q 50 “w [Mscr TI My 2 ugop 2 My
g
1 %11 2
+ G P 35) ’ + O1of (6.22)

(2) ﬁMAC Pavement without Overlay Construction

ag

0.4343 %92 _ 1L, 1 L1 3
log uy - =5 (“Q) = log g7 + [Slog Hger + 5log uy + Tlog My
43 1 9scr
- 0.036 log (|uy - 2[)] 2. 43 3 1 ﬁ;ilﬁz,
1 ; SCI
1,0 | D,
+ =(— +—
5(UN) ( ) 0036("['1];:‘—2-‘)]
1 (6.23)
1 1 3
62 = (L Iscr n Mo 2 ¢k scx)z s N)Z . ( T2
Q- ‘18.4 Qo - 2]y0+036 2 Ngor 5 1y + (0.036
; 1
0.
’1 )2} + o2 (6.24)
h = 2 1of .
D, o
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(3) HMAC Overlaid Pavement

0. 4343

log ug - T

- {1.86 u 6

+ (-2

B.

1log _ 0.4343
°8¥ T2

%2

9,2 _ 1 L LR
( Q) log (1. 86) + [ log Hy + T 10 log Hov + 10‘1°g

Q.

L

- 0.4343 t
6

+ 35) 1og uA] - 2

(uTI )

Uy

14 ‘ov, 2

10(“0v)

14

2
T

+ 35 )

= (u 2]

A (6.25)

7
10,2, 1 °N,2
e

2 2
Moy (Mpgt 35)>]

Hpo

2

CJTI

&4 ZJov,2 G« S
uTI+ 35

SR BT
Fov

2

} o+ o) of

(6.26)

Serviceability Loss Due to Swelling

)
2 -

Lyl
Hq

= log(

log My + 7

log My ‘+ log (uTI+ 35) 1]
s

o]
1 FS

_{__._‘2 °
7 u

_0.4343
2

1

It 2 , 2
;5 (“t) + )T+ (;——;fggﬁ ]

T 6.2y

~N =

o]
TI 2
+ =)}
uTI+ 35

1. t)2

t

(uTI+ 35) } {(

(6.28)
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C. Serviceability Loss Due to Shrinkage

0.4343 (ig_)z- 1
2

‘ _ 3 2
log‘- uQ - = log —= 47 + [10 log uFB 10 log He | ) log

2

1. . 1
o ’ g
£ c--fﬁ)2 < ) 2By
10 ) 10 . + 1
B . | B
1 O
"T0 Gr 3 35) ], (6.29)
6 | |
Uy 3 1 o ‘ o
P P S 11032, 6 B2, 2y2, 2 ' >
Q 47(u + 1)%(u 35) 10u 10 u 10 p. + 1
L TI FB t ~ LB
Op
1 2
P O (6.30)
TL
D. Serviceability Loss Due to Thermal Cracking
(1) HMAC Pavement Without Overlay Construction
| 3 ‘ .
: o N F
0 0.4343 ,7Q.2 _ 0 N § FT , 2 B
log UQ TR (u )" = log 16 + [37 log 10 ’+ 5 log 0 + log Hy
. O'N
1 _0.4343 1 FT, 2
5 1og(uTI+ 35)] Y [37 ("‘_uN )
‘FT
10
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GF

2 21, 91 PR
Fp He ;
B .
10
u 37{ug )5 ‘ o :
_ (NFT] (FB} oy O o
o2 oL 110 GoJ ¥ 12l —EL,2 & B2 g2
Q 16 _1_ 37 Hy 5qu My
' - TFT B
prt 35) o
+(2 e )2} + o2 (6.32)
2 u. + 35 lof .
TL
(2) HMAC Overlaid Pavement
x 5 My ‘e,
~ M _.Q. 2 - _l. FT + ..._ + 1
log My 2 (“Q) log 75 + [l 1og ( o) * 5 log (== 10) og M.
[0 a
N, F
1 ‘ 0.4343 F1,2 , 2 B2
T 108 (uppt 35)] - === [11 T Hy *s3 ‘(pF )
—ET _B
10 - 10
-—g-‘< ) -2 G ":135)21 (6.33)
Hrr ’
2
Ve 7
iy 11T (up )5 5
FT AB’ My GN o o
2 _ ;1410 10 322 —FE02 2 B2 7%
% {15 ~ 1 } {(11 ——-—uN ) S+ G *—~qu) +Go “t)
~UFT B
(upypt 35)
+ (—'-]* o11 )'-2} + o2 (6.34)
6w+ 35 lof .
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Procedures to solve these equatlons for expected value, uQ, and
- variance, QZ, of pavement servmceabillty 1oss are summari zed below
Thermal cracks of HMAC overlaid pavement are used for 1llustrat10n.

1. Given expected value and variance of ‘N FB’ t and TI,

o FT’
g

Q.

2. Since expected value and variance of N

can be calculated by Eq. 6.34.

FT"FB’ t and TI, as

well as'GQ2 are known, Eq. 6.33 can be simplified as follows:

.1°gu - — =c , -  (6.35)

in which = and cy are constants.

3. The Newton-Raphson search (__) can thus be applied to
' calculate uQ by iterating with Eq. 6.35. - '

Expected Value and Varlance of Serv1ceabi11ty Loss Models for Pavement Types

The f1na1 serviceability loss model is essentially the linear
éomblnatlon of intermediate models. Since there are at most four
intermediafe modeisffor a specific pavement type: fatigue, swelling,
shrinkage, and thermal cracking, the pavement type model has the

following form:

Y = i a;yy : - (6.36)

=<
]

pavement type model,

[
]

constant, and

intermediate model.

<.
I
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Expected value of Y, E[Y], can be derived by

E[Y] = % a,u . (6.37)
. i=1 1 yi ° .

Since yi’ié a multiplicative model as shown in Eq. 6.16, uy~ can be

. ' i
3calcu1ated‘by iteratingAEq. 6.19. Variance of Y can be calculated
directly from Eq. 6.15. The expected value and variance of three final

models, Eq. 4.31, 4.36, and 4.42, are summarized below.

A. Surface Treatment

By = W, + 1 (6.38)
QK K,
2 2 O '
UQ:UK:L + GKz +2(—~)( )K 2(~——;—§§) + 0.00988 (6.39)
O'K .
0.4343 1.2 , 1 1
log uKl -5 (;;fﬁ = log (0.01703) f [8 log uy t 5 log Hser
1
1. 1 0.4343
+ 2 log u, + 5 log (uprt 35)7 - 5
sc12 2 )
N ) + 1SCL <“> -——-————) ]
8 1y 2'u CI + 3G upt 35
(6.40)
2 ~ 1 5.2 1 %sc1.2 1%)2 1 %1 2
o [G ) + ( )+t G+ G——2] (6.41)
Ky Sl Y Hscr 21y 2 Mgt 35
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;O'K

log w, - 24383 22 _ . 0.00716) + [&
K_ 2 u “10
2 K |
R
log (p + 1) -
LB
0'
0.4343 .6 , B 2
T2 [10 (uF )
B
N L, g S
10 uTI+,35_
0. .
' F o] L
2 e 6 2 t 2. M9
°, ’Go 0+ G5 ™ %+ ST,
B B
1 1
K. = 0.01703 1 8 [uo u_ (u.+ 35)]2
1 : N tMger Mo (pp
i 3 1
~ B “t_ 10
K, = 0.00716 [— ]
(u Lt l) (uTI+ 35)
g |
B. HMAC Pavement Without Overlay Construction

B, = n :
K Ky TRy

2 _ 2 2 3 1. _t
OQ = GKI + UKZ + UK3 + 2(2) K K ( ) +.2(~

+ 0;02450

 log,u>~'
. FB

3.
+A10 log ut

1
O 1og (uTI+ 35)1

22 B
10 w10 H, +1
£ L
(6.42)
ag .
-1 TI .2
ey =) 7] (6.43)
10 “TI%_BS .
(6.44)
(6.45)
(6.46)
a
1 = TI .2
) K2 3 (“T + 35)




"o

| 3 | | o
. 2 1 1
tog e = 94582 b2 = 1og 0.04200) + 2 10g sy + L Log ug,,
1 K S
: , 1
3 . 0. o _ 0.4343
+ 5 log u,- 0.036 log luDl 2|1 > .
o G g
L °N.2 1 9cr.2 3 %a2 o
[5G+ 7 G0+ 2 D% - 0.03
N Mser a
( 1) ] ~ (6.48)
,|uD1 2] |
R ¢ o) : (o] GD |
2 _~2.1°N2, ,1%sc1.2 .3 %2 1 2
| o TERIIED G229+ & Y2 4 (“0.036 Y°] (6.49)
f Kl 15 My 2 Moot 5 M lle—Zl
} . J 2 .
log e 0 4343 (~u——2-) = log (0.00002) + [log (uTI-F 35) +%— log g
2
a
1. 0.4343 °r1 2,1, Fs2
tg log ul -5 “uﬁ+ 35 t7 (“F )
' S
.
1 ,°¢.2
+3 5% . (6.50)
t
o] cTF bo
2. v 2 TT 2, ,1 8.2 .1%.2
O = KN+ G-+ & 5] (6.51)
K, 2 M+ 35 7 qu 2 u .
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0.4343 3.2 ; 1 FT, . 2 B
log uK3- > .(——-UK ) | = log (0.03862) + [37 log (_--lo ) +5 log (—-—-10
1 0:4343
+logu—zlog(uT+35)]— 5
(4] g . ) .
N.. F fo3 ' o
1 Mr2 2 Fpo t.2 1. %1 2.
+ S (2 + (—° - = A
) B
10' 10
(6.52)
: .. . ’ O'
N, .
~2.,1 Yer 2 2 T 2
TR P B S R Gt ) *Cr ) 6.5Y
3 FT Py
1 1 3
u > H 2 U >
K, = 0.04200 ——SCI ¢ (6.54)
1 0.036
(g - 2D o
1
11 ,A
¢ = 0.00002(up+ 35) (uy, )’ up? (6.55)
2 o Fg |
R 2
| 37 \5
) H H
{NFTI ( FB u
; =o0.03862 100 vlg t ' (6.56)
3 1
2
(uprt 35)




. €., HMAC Overlaid Pavement

(6.57)

2 2 . 2. %
O'Q = cKl»v+ chz + 0K.3‘ +2(2)( )K ( ) +[2 (10) Kl

0'

s Ly, 10~ = 1"
+2(55) (- 1) KyKq + 2(= TPELK, " G+ 3 35) %+ 0.03156  (6.58)
’GK .
; 0. 4343 1,2 1 14
log UK (’JK—) = log (0.00058) + [g‘ log’qu + 0 log Moy
1 .
14 0.4343
* J0 tos (uppt 35)- 10 1°g Mpl - T
[0}
OV 2 14 TI 7. A 2
[ ( ) + == (=) ("——"'—-) 70D
10 'UOV 10 uTI+ 357
(6.59)
2 | 192 .14 %v.2 14 Or1 Y
O = K {( - +(16'u—"‘) + (10 **—_;-g) + (- "-'*) 1-(6.60)
1 6wy oV Moy Ha
o _ -
] 0.4343 2,2 ‘ 1 1 ;
log uKz- > (uK ) = log (0.00259) + [2 log He + 7 log uFS
2

O'
. g
0.4343.1 "t S 2
+ log (o + 35)] - —%ﬁ['z— ‘(T)z + ( )
t FS

+<—-—{-I—§§)1 - (6.61)
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Procedures to solve these equations

71

g F g '
2 ~2.1%.2 . .1 “s.2 T 2.
o T=RIIG DT ¢ D2y (I y2 (6.62)
K, ~ 72 12 7 pFS Myt 35
- Op . _ » :
log u, - g4é§£§'(——§)2 = log (0.00114) +'[~g'log U, + —é'log u
, K 2 . ; 10 F 10 © t
3 ; K ; B ;
3
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2 Y10 Y 10 ‘. 10 "+ 1
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o}
1 TL 2
-7 (=] (6.63)
10 “TI+ 35
(o) g :
F o L o
2 _ p2 B.2 .3 %2 2 ‘B .2 1 °m
%, T 3[(1ouF) ST T Gl Toibramra y B 10 n+ 3521
t 'L TI
B B |
(6.64)
1 2 2
6 Yoy (Mprt 35)
IE = 0.00058 ]_LN [— ] (6.65)
H
1 A
1 1
- , 2
K, = 0.00259 y_ UFs (uTI+ 35) (6.66)
) " 6 ; 3 1
, = 0.00114[—E5 ¢t 10 (6.67)
(ULB+ 1) (uTI+ 35) ,

for expected value, u , and
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variance, 0Q2; of pavement serviceability loss are sﬁmmapied below.

HMAC overlaid pavement is used for illustration.

1.

5.

-Given expected value and variance of N, OV, TI, A, t, FS,

~

B L
from Eq. 6.65, 6.66 and 6.67.

o~ - ~ 2 2 _
Since Kl,,Kz, and K3 are known, cKl s GKZ . and‘oK

F -and L Kl’ K2 and K3 can be calcualted, respectively,

can
3

be calcualted, respectively, ffom Eq. 6.60, 6.62, and 6.64.

Eq. 6.59, 6.61, and 6.63 can be simplified as follows:

. Cl :
log Wk T3 =0 : v : (6.68)
1 My
1 .
lc3 |
log Mg - 5 = ¢ ’ (6.69)
-2 My
, 9
CS ’ .o .
log Mo = 5 f e , ’ (6.70)
3

in which éi’ i=1, 2, ..., 6, are constants.

The Newton-Raphson search can thus be applied to calculate

He s Mg and M by iterating Eq. 6.68, 6.69, and 6.70,
1 2 3
respectively.

pQ and GQZ can be determined by Eq. 6.5?, and 6.58, respectively.

The complexity of numerical computations required to evaluate the

expected value and variance of pavement serviceability loss has been

recognized. Equations developed in this chapter, especially in terms
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of cumbérsome iteration scheme involved, must be coded for high-speed
computer operation, if these equations are adopted to predict pavement -

performance.
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CHAPTER VII

CONCLUSIONS

Specific conclusions of this study are summarized herein.

1.

2.

A well-designed experiment is needed .to provide adequate
information for pavement performance analysis.

The two-step constrained select regression methodology,
developed in Chapter IV, can be applied to approximate the

true functional relationship of pavement performance information
collected from experiments. This allows pavement life to

be predicted based on the construction of alternatives,
estimates of traffic, and environmental effects.

Pavement serv1ceab111ty loss due to fatlgue, swelling,
shrinkage and thermal cracking can be integrated into a simple
performance equation.

Performance equations, derived in Chapter IV, fit the Texas

data collected in Texas Study 2-8-62-32 better than the equation
currently implemented in Texas Flexible Pavement Design System,
FPS-11(14). The better fit is due to two factors:

a. a better physical explanation of the real data including
more effects of the climate

b. more terms are used in the model

Regression analyses of the data using the current FPS performance
equation to predict serviceability loss resulted in RZ2 values of
around 0.02 to 0.1.

Differential analysis can be applied to examine the sensitivity
of pavement serviceability loss. Sensitivity study evaluates
the signlficance of design, traffic and environment variables.

Probabilistic design concepts can be utilized to design a
reliable pavement which will provide satisfactor service to the
user through its design service life at a designer-specified
confidence limit.

Products of this study are not recommended for immediate implementa-
- tion. More information is needed for confirmation of the models.

However, the methodology developed and utilized in this report can
be applied to future pavement performance study.
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APPENDIX

GLOSSARY OF SYMBOLS

The following symbols are used in this'report:‘

N

o

composite pavement stiffness coefficient;

top layer stiffness coefficient;

‘second layer stiffness coefficient;

a swailing clay parameter;

a measﬁfe of cracking and patghing in the pavemeﬁt surface;
probability of swelling clay;

potential vertical rise of swelling soil;
deficit of water in inches; |

a parameter of design;

toé iayer thickness in inches;
second'layer thickness in ipches;A

third layer thickness in inches;
potential evapo-transpiration in ihches;,
expected value;

percent fines in base course;

'percent fines of subgrade;

a parameter of pavement serviceability;
percent lime in base course§

liquid limits of Subgrade;v

nominal load axle weight in kips;

1 for single axle vehicles,
2 for tandem axle vehicles;

accumulated number of equivalent applications of an 18-kip
single axle load in one direction;
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N "=>ﬁum5¢r_ofjfreeze—thaw'cycles;
Ny = aécuﬁulaﬁéd number of 18-kip~sing1e aXle.ét.timg.tl;
;N2;= éccumuia§ed ﬂuﬁber of isfkip single axlé at fime;tzg
N3 = accumula;ed'number of 18-kip siﬁgle aile at time tg;;
Obs = nﬁmber.of'observations; | |

ov =-6ver1ay thickness in inches;

'p‘= preseﬁt serviceability index;

P° = a swelling clay parameter, the assumed gserviceability index in
absence of traffic; : ‘

PI = plasticity index of subgrade;

o
«
i

permeability index of subgradé;

Py = initial éérviceability index;

- Q = pavement éerviceability 1oss;‘

Q = pavemént serviceability 1bss'due to fatigue;

Q2 = pavement serviceability loss dﬁe‘to swelling;

Q3 = pavemént serViceability loss due to shrinkage cracking;
Qy = pavement serviceability 1688 due to‘thermal cracking;
R2 = multiple correlation coefficienf;
-RD = a measure of rutting in wheel paths;

RF = regional factor; |

'S = surplus ofkwater in inches;
SCI = surface curvature index in miis;

SE = étandard error;

SN = struétural number;

Sp = amount of solar radiation;

S5 = s0il support value of subgrade material;

SV = mean of slope variance in two wheel paths}

t = time in years after construction or rehabilitation;
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TC:% tr1ax1al class of the base course"
Ti Q'Thornthwalte m01sture 1ndex' i
to = time’of.initial construction or rehabilitat10n°
Tty = time of flrst measurement of serv1ceab111ty,f
xté = time Qf‘second measurement of serviceebility}‘
ty = fiﬁe pf’fhird;meaeurement of serpiéeébilify; :
V[] = varier;ce; A
W o= accumulated axle load applications 5
Wj,z.surface deflectlon measured by Dynaflect at geophone 13
W, = surface deflectlon measured by Dynaflect at. geOphone 2,

dlstr::.ct temperature constant'

e
[}

kai = mean: value of the mean daily temperature (°F) less 32 F for the
1th month averaged over a ten-year perlod' ' '

B =a parameter of de81gn and 1oad;
p = a‘p'ar.ameter“of dvesignv and load;
64? a swelling rate constant;

expected value; and

=
il

0% = variance.

79







