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FOREWORD

This report presents the results of a study to further the development of
performance-related specifications for portland cement concrete pavement
construction. Labecratory testing was conducted to investigate the
relationships between materials variables and primary predictors of pavement
distresses. A demonstration performance-related specifications system was
developed, allowing users to determine the appropriate percentage of bid price
that a contractor should receive for concrete of a given quality.
Recommendations pertaining to future laboratory studies, field studies, and
further development of performance-related specification systems are also
summarized.

This work was conducted as part of Nationally Coordinated Program ES8,
"Construction Control and Management,” and is intended for engineers concerned
with quality assurance, specifications, and construction of concrete
pavements.

Sufficient copies of this report are being distributed by Federal Highway
Administration memorandum to provide a minimum of two copies to each regional
office, division office, and State highway agency. Direct distribution is
being made to the division offices. Additional copies for the public may be
obtained from the National Technical Information Service, U.S. Department of
Commerce, 5285 Port Royal Road, Springfield, Virginia 22161
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NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. This report
does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers’ names appear in this report only because they are
considered essential to the object of the document,
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CHAPTER 1 |
BACKGROUND, OBJECTIVES, AND SCOPE

Over the past 10 or 12 years considerable research has been directed
towards the development of performance-related specifications (PRS) for
measures of materials and construction (M&C) quality. In 1976, a National
Cooperative Highway Research Program (NCHRP) synthesis was publishéd on
statistically oriented end-result specifications.(’¢-1D* Fundamental concepts
for performance-based acceptance plans and associated price-adjustment
systems were reported in the late 1970's and many further developments were
reported in the early 1980’s as reflected in references 77.1, 78.1, 80.1,

82.1, 82.2, 82.3, and 84.1.

A state-of-the-art specification for flexible pavement was published by
the Federal Highway Administration (FHWA) in 1984.(8%3) At about the same
. time a research program for development of PRS was instituted by the NCHRP,
beginning with NCHRP Project 10-26. The main objective for that study was
to identify variables and existing data bases from which appropriate
relationships between M&C factors and performance indicators might be
derived as inputs for specifications development. It was concluded that
existing data bases were probably inadequate for direct derivation of
essential relationships.(®:%

As a consequence of the Project 10-26 study, the NCHRP decided that
further research on PRS should be within a general framework that provides
. for multistage derivation of the needed relationships. In this framework
primary relationships would be between performance indicators (e.g.,
distress levels or applications to "failure") and known performance
predictors (e.g., surfacing thickness and mechanistic properties).
Secondary relationships would show the nature and extent of associations
among the performance predictors and other M&C factors that are amenable to
‘M&C control (e.g., asphalt concrete (AC) or portland cement concrete (PCC)
mix factors).

Under this new approach, NCHRP Project 10-26A was initiated in 1986
and is expected to be completed in 1990. Based on the scope of work, the
research report should cover virtually all aspects of PRS development for AC
materials and construction, including experimental results from laboratory
studies and algorithmic demonstrations of particular M&C acceptance plans
and payment schedules. (88D

‘ Much development of PRS for rigid pavements has been done by the New
Jersey Department of Transportation (NJDOT). Comprehensive procedures for
~deriving acceptance plans and payment schedules are set forth in reference
82.4. For the most part, performance-relatedness of these specifications is
based on the rigid pavement performance equation given in the American
Association of State Highway and Transportation Officials (AASHTO) Interim
Guide for Design of Pavement Structures.®!-?) 1In turn, this equation is

* References in this report are identified by a superscript which
includes the date of the report (first two digits) followed by a
numerical designation.




based on a present serviceability index (PSI) prediction equation that was
reported from the American Association of State Highway Officials (AASHO)
Road Test, and that contains four performance predictors relating to M&C
factors, namely, PCC thickness, PCC flexural strength, PCC elastic modulus,
and modulus of subgrade reaction.‘®?: The NJDOT specifications include
acceptance and payment plans that are-based on as-constructed PCC thickness
and strength.

To provide a research program parallel to the NCHRP 10-26A study, the
FHWA in 1987 requested proposals for development of PRS for PCC pavement
construction. In response to the FHWA request, the research described in
this report was initiated in mid-1987 and had the following objectives:

1. To identify relationships, between measures of material and
construction quality and pavement performance, that are necessary
for the development of performance-related rigid pavement
specifications.

2. To develop a léboratory/field testing program designed to quantify
the necessary relationships.

3. To conduct laboratory/field testing to quantify all necessary
relationships between one materials and construction specification
variable and rigid pavement performance.

4. To demonstrate the development of a performance-related
specification (including incentive/disincentive provisions) for the
one selected materials and construction specification variable.

The scope of work used to accomplish the foregoing objectives is
implied by the following resumé of the report contents.

A general framework for specifications development is given in
chapter 2. Existing primary relationships for the prediction of rigid
pavement stress, distress, and performance are assessed in chapter 3,
wherein specific variables and relationships are proposed for use in the
demonstration specification development.

Existing secondary relationships and data bases for rigid pavement M&C
variables are evaluated in chapter 4, relative to an "optimum" data base
that would suffice for the development of demonstration specifications. The
chapter includes discussion of M&C specifications in current use by a number
of selected States.

Chapter 5 gives a description of the laboratory study of needed
secondary relationships. 1Initial experiment design, implementation, data
acquisition, wvariable classifications, and statistical analysis techniques
are all discussed in detail in this chapter. :

Statistical procedures and computer algorithms for development of
performance-related M&C specifications are set forth in chapter 6, and
provide a basis for the development of demonstration specifications.
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Chapter 7 gives details of the development of a PRS demonstration
program ‘of performance related M&C specifications for concrete pavement
construction. This PRS program was developed around the methodology
discussed in NCHRP Project 10-26A. This PRS demonstration system uses
secondary relationships derived from the laboratory study'data Chapter 7'
also includes a sensitivity study and comment section on the PRS o
demonstration system.

- Finally, chapter 8 provides a summary and recommendations for further
research on 'the development of PRS systems for PCC pavements. The “ 
recommendations include further work on (1) laboratory experiments for the ;
development of better so-called secondary prediction relationships, (2)
field studies for the development/verification of better primary performance
prediction relationships and (3) analyses to improve the fundamental
mechanics :(i.e., cost components, acceptance and payment plans, operating
characteristics, etc.) of future PRS systems.

Throughout the scope and work of this study, special efforts have been
made  to draw upon and ensure compatibility with relevant results from all
cited developments of performance -related M&C specifications.




CHAPTER 2
FRAMEWORK FOR DEVELOPMENT OF PERFORMANCE- RELATED M&C SPECIFICATIONS

A general framework for the development of performance-related M&GC
specifications is shown schematically in figure 1. The framework is based
on concepts that were presented in the Irick papef and is consistent with
the framework that has been developed in NCHRP Project 10-26A for
asphaltic-concrete specifications, (¥4 88.1)

Shown on the left of figure 1 are four sets of relationships (Rl =
through R4) and two boxes (B and C) that represent variables contained in.
the relationships. Box A represents data bases for all variables that are-
used to derive the relationships, including variables in box B and box C.

The right side of the figure shows four types of additional inputs (boxes D
through G) to algorithms (R5) that are used to produce the performance
related M& specifications represented by box H.

In this chapter, an overview is given for all 13 framework elements.
More extensive discussion and examples for the elements are given in -
chapters 3, 4 and 6.

Primary relationships for this study are defined to be those for
'predlctlng pavement stress (R1l), pavement distress (R2), and pavement
performance (R3) from particular combinations of predictors (box B) that
represent traffic, environmental, roadbed, and structural conditions. It is
assumed that any relationship among Rl through R3 is an equation (or
algorithm) that predicts values for an output variable that is a specific
indicator of stress, distress, or performance. One stress indicator, for
example, might be a particular strain in the PCC surfacing layer, one N
distress indicator might be inches of wheelpath faulting per mile, and one
performance indicator might be the number of ESALs at which the pavement s
present serviceability index has reached PSI=2.0,

Predictor variables represented by box B are well-defined independent =
variables that appear explicitly in one or another of the primary ’
relationships. Examples are surfacing thickness (box B4), roadbed soil
modulus (box B3), annual precipitation (box B2), and annual rate of
equivalent single axle load (ESAL) accumulation (box Bl).

A number of specific primary relationships for PCC pavements will be
identified in chapter 3. In general, each has been derived either from
mechanistic considerations (M in figure 1), from empirical models (E), o
from some combination of the two methods (ME). A fourth method for der1v1ng
a particular relationship is through  algebraic manipulation (A) of one or o
more relationships that were derived via methods M, E, or ME. o

As indicated in box A, data bases used to derive primary relationshipé‘j
may be either observational, experimental, or some combination thereof. An
observational data base, for example, might represent observations from a
set of selected highway construction projects. An experimental data base
arises from a designed study in which control is planned and exercised over -
the independent variables of the study. Thus, experimental data bases can
result from sets of specially constructed test sections as in the AASHO Road
Test, or from the test specimens of a designed laboratory experiment.

4
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development of performance-related M&C specifications, but are neither.
available from past research nor attainable from available data bases.

As for the derivation of primary relationships, existing data bases for
secondary relationships may be either observational or experimental. In
chapter 5, however, it is assumed that new data bases for R4 relatlonshlps
should be developed from planned experiments. ~

As shown in figure 1, both primary relationships (R1 through R3) and
secondary relationships (R4) are inputs to the algorithms (R5) -that produce
performance-related M&C specifications. The specific nature of these
algorithms will be discussed in chapter 6. The algorithms depend upon
criteria (box G) that:.are used to derive performance -related M&C
specifications. E :

As shown in the figure, certain algorithms in R5 are needed for
predictions of performance and operational costs associated with pavement
deterioration and rehabilitation. Other algorithms are needed for the
derivations of acceptance plans and payment schedules that are associated
with the M&C specifications. The specifications criteria in box G include
for example, acceptance risks and performance-based economic criteria.

Boxes D through F in figure 1 represent conditions and constraints that
must be taken into account by the specifications algorithms. Included are
pavement design criteria (box D) that specify particular stress/distress/
performance indicators, limiting values for the indicators, and particular
primary relatlonshlps (Rl through R3) that are to be used as pavement de51gn
equatlons

It is assumed that the design criteria will also include a design
period (e.g., 15 years) during which the selected distress/performance
indicators do not reach their limiting values, and associated predictions of
expected traffic during the design period, perhaps in terms of ESAL
accumulation. A third design criterion is design reliability, which is
basically a factor incorporated in the AASHTO design guide to treat the
variability of pavement performance from a design standpoint.

Another class of constraints for the Specifications algorithms is
represented by available M&C resources (box E).and their associated costs
(box F). As indicated, the M&C resources will generally represent various
options for materials (e.g., aggregate sources) and construction methods
(e.g., paving equipment and procedures)

Unit costs in box F must cover not only options for materials and.
pavement construction, but should also include data for estimating routine
maintenance costs and user costs for various levels of pavement condition.
If the optimization criteria relate to performance periods beyond the
initial period, the cost data must prov1de inputs for estimation of
rehabilitation costs.

The final element of the framework (box H) represents performance-
related M&C specifications that are derived via the algorithms in R5. It is
assumed that the specifications include target levels (Hl) and/or ; '
specification limits (H2) for all M&C factors that relate to the pavement's

2




structural design. Specifications for some factors might include target
levels and lower limits only (e.g., PCC thickness), other specifications
might have both upper and lower limits but no target level (e.g., aggregate
gradation). Other specifications might have only|a lower limit (e.g., PCC
flexural strength) or an upper limit (e.g., surfa¢e profile deviation).

| ,

In general, it may be assumed that target levels are based on specific
relationships among Rl through R4, subject to criteria, conditions and
constraints imposed by items in boxes D through G. It can be expected that
levels will be assumed for some factors and that ihe algorithms will
indicate alternative combinations of levels for remaining M&C factors, at
least whenever the necessary relationships (Rl through R4) are available.
Levels for some factors will, of course, be speciﬁied through State
requirements and/or through M&C standards that have been set by AASHTO or
American Society for Testing and Materials (ASTM); '

|

Although some specification limits may also $e determined by
requirements and standards, the algorithms should make appropriate use of
(1) error distributions for the relationships that determine target levels
and - (2) normal variability in M&C factors. It Will be assumed that item
(2) is an essential aspect of all secondary relat;onships in R4,

|

After target levels and/or specification limits are produced by the
algorithms, acceptance plans (H3) are developed for those factors whose
levels can effect the acceptance or rejection of materials and/or pavement
layers. 1In the simplest case an acceptance plan would define the "lots" to
be sampled, time/space sampling points, measurement procedures for the
samples, and measurement statistics (e.g., percent within tolerance limits)
that will lead either to acceptance or rejection of a given lot. An
essential aspect of any acceptance plan is its operating characteristic,
i.e., the probability that lots of given quality (with respect to the M&C
factor that has been evaluated) will be accepted.‘ It is assumed that the
unit costs in box F include M&C inspection and quality control expenditures.

The fourth facet of PRS includes payment pla$s (H4) that determine the
extent to which the contractor’s bid price will be adjusted as a consequence
of specific (or multiple) characteristics of the as-built pavement lots. 1In
general, payment plans may be expressed as pay factors (e.g., ranging from
0.5 to 1.2) that correspond to the differences between the expected
performance of the design pavement and the as-Con%tructed pavenent.

: \

The foregoing overview of the framework représented by figure 1 implies
that the algorithms in R5 are necessarily extensive and complex. Although
considerable research effort will be required to finalize other framework
elements, particularly the secondary relationships (R4), it appears that
the algorithm development will be even more demanding. To the fullest
possible extent,. the eventual algorithms will draw upon and be consistent
with counterpart algorithms that have been developed in other studies, such
as NCHRP Project 10-26A, and in those represented by references 78.1 and
82.4.
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CHAPTER 3
PRIMARY RELATIONSHIPS

- This chapter covers and providés specific examples of the three typés
of primary relationships that were shown in figure 1, namely:

. Rl - Stress prediction relationships for wvarious indicators of
pavement response to single loading applications. :

e R2 - Distress prediction relationships for various indicators of
pavement distress, including singular distress modes and.
composite indicators of overall distress.

e R3 - Performance prediction relationships for the time periods
and/or traffic accumulations for which pavement distress
remains at acceptable levels.

Table 1 is a general classific¢ation scheme for the variables that are
contained in the primary relationships. The left-hand column lists the
indicators whose values are functions of the predictors listed in the
right-hand column. Thus, the dependent variable for any particular ;
relationship is in the first column, the corresponding independent variables
are among those listed in the second column.

Stress indicators are dependent variables in Rl relationships but can be
predictor variables in R2 relationships (see class 226). Moreover, certain
distress indicators can be dependent variables in some of R2, and auxiliary
independent variables in other R2 relationships (see class 227).

Each type of relationship is discussed, respectively, in the sections
that follow. Within.each section, specific primary relationships are
identified and the relevant portions of table 1 are expanded to include more
specific indicators and predictors. Objectives for each section are to:

1. 1Identify all predictors that are related to rigid pavément,
materials and construction, particularly for the PCC surfacing
component., ‘

2. Select a small number of relationshipskthat;are candidate elements
of the algorithms that will be used to derive performance-related
M&C specifications.

3. Discuss for each selected relationship, the sensitivity of the
predicted variable to changes in predictor variables.

4. Estimate the nature and extent of prediction errors that are not
explained by the predictors.

STRESS PREDICTION RELATIONSHIPS
This section describes many of the available analytical (and empirical)

response models that can be used to predict stresses, strains and/or
deformations in portland cement concrete (PCC) pavements. This section is
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Table 1. General classification of variables ié pfimary relationships '
for rigid pavements.

STRESS PREDICTION RELATIONSHIPS

i
P

i

11. STRESS INDICATORS

111. Deflections

112. Strain Components

113. Stress Components

12. STRESS PREDICTORS

121.
122.

123,
124.
125.

Loading Factors
Moisture/Temperature
Conditions

Surfacing Factors
Base/Subbase Factors
Roadbed Factors

R2. DISTRESS PREDICTION RELATIONSHIPS

21. DISTRESS INDICATORS

211.'Singular Distress Indicators

2111.
2112.
2113.
2114,
2115.
2116.
2117.

212.

Pumping

‘Cracking

Faulting

Joint Deterioration
Other Slab Distresses
Swells and Depressions
Skid Resistance Loss

Composite Distress Indicators
= 2121,

2122.

2123.

Roughness
Serviceability Loss
Condition Rating Loss

22. DISTRESS PREDICTORS

221.
222,
223.
224.
225.
226.

227.

Traffic Factors & Age
Environmental Factors
Surfacing Factors
Base/Subbase Factors
RoadbedkFactors
kStréss Indicators

Auxiliary Distress
|Indicators

R3.

PERFORMANCE PREDICTION RELATIONSHIPS

31. PERFORMANCE INDICATORS

Number of Equivalent Single
Axle Load Applications (ESAL)
at Acceptable Levels of
Distress Indicators

32. PERFORMANCE PREDICTORS

Distress Predictors in
Classes 221-227.
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mostly a condensation of reference 86.4 with some enhancements for the
models ‘that were not covered.

The models can each basically be classified under one of the following
four categories:

o - Empirical.

o Multi-layered elastic solid.

. Elastie plate on dense liquid.
. Finite’element idealizations.

The first category refers to models that have been derived through
mathematical or statistical analysis of field data. The last three
categories are all mechanistic models that rely on theory and the
fundamentals of engineering mechanics in solving for a particular response.

Empirical Models

Results of studies on the original AASHO Road Test data provide v
excellent examples of empirical pavement response models that have been
derived through statistical analysis of field data.®?:1) Following is a
derived equation that relates dynamic edge strain (STRN, 107° in/in) to
design slab thickness (D2 inches), single axle load (L1, kips) and
temperature (T, °F): '

STRN/LL = 20,54, [100-0031D) y1.279] - - } R

Similar equations were derived for both static and dynamic deflections
measured at the slab edge and corner. These equations are all very useful
in evaluating pavement behavior and predicting performance at the Road Test.
However, they lose their applicability once environmental and loading
conditions outside those experienced at the Road Test are encountered. This
explains why the analytical or mechanistic models described next are so much
more attractive than any empirical models. They are capable of predicting
pavement behavior and response for a much wider range of conditions.

Multi-Tayered Elastic Analysis Models

In this analytical methodology, the pavement is modeled as a series or
"stack" of individual layers having unique characteristics (see figure 2).
Each layer is assumed to be infinite in all horizontal directions, and the
materials that compose the layers are considered to be ‘homogeneous,
isotropic and linear elastic in response. (Note: There are some models
that incorporate ad-hoc procedures to treat. the nonlinear response of
materials to stress.) The materials in each layer are characterized by
their thickness (h;), elastic or Young's modulus (E;), and Poisson's ratio
(vy). Some methods also consider the unit welght of the layer materials,
however, most assume the layers are weightless

Loads applied to the pavement surface ate assumed to have circular
contact areas with uniform contact pressures. Most methods can only

11
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simulate vertical loadlng, however, there is at least one that permits
tangential surface loads. Many of the avallable methods also permit the
¢onsideration of multiple surface loads (usually up to '10). Most methods
also assume that there is full friction (i.e., no slippage) at the
interfaces between the layers, although there is at least one method that
does permit variable friction at the layer interfaces.

As illustrated by the diagrams in figure 2, a variety of normal and
shear stresses can be computed on the faces of a three-dimensional
differential element anywhere within the structure. Corresponding strains
and displacements due to load can also be determined. Some models even
provide for the computation of maximum principal stresses and strains using
a Mohr's circle-based procedure. For those that permit the use of multiple
loads, the prin01ple of superpOSLtlon is used to combine the effects at any
designateﬁ point.

'Fot one-, two- and three- layer structures, hand/graphical solution
techniques have been developed through an evolutionary process by a
multitude of researchers. These equations and nomographs have been
assemfibled and published under one textbook.‘’3-) These methods do, however,
have some problems (see appendix A). ’

By far, the quickest and most accurate way to develop solutions is
through the use of the computer programs that are currently available.
These computer programs make use of integral transform procedures and are
based on the solutions originally developed by Burmister: (431 ’

¢  BISAR.(%:®
. CHEV . (63.2)

. ELSYM, (72-1
. PDMAP . (77-5)
e  VESYs. V%2
e CHEVIT.Y®:®

Table 2 provides a summary comparison of the capabilities of each of these
multilayered elastic analysis'programs.

Although these computer programs are relatlvely fast compared to some
-of the other more complex methods, there are occasions (particularly on
microcomputers) where even faster operational speeds are desirable. This
and the need to study the statistical significance of many of the
independent variables has led to the development of regression equations
that simulate the output of the analytical prdgrams. Appendix A provides
some examples of these kinds of approximation functions.

Multilayered elastic solid based modeling procedures have been used for

the analysis of both rigid (PCC) and flexible pavements. However, they do
have their weaknesses for both pavement types:

13
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. For PCC pavements, the procedures are unable to treat the effects
of discontinuities that may exist in the structure (i.e., cracks,
joints, non-uniform support, etc.). Direct computation of

 stresses, strains and dlsplacements is only possible for interior

. load and full support conditioms. ‘Edge and corner loads, voids and

 variable load transfer at joints/cracks must all be treated by
applying an adJustment factor derived by some other analytical

')means such as finite element idealizations.

e  For flexible pavements, there is a limitation when analyzing
) layered systems consisting of unbound granular layers. Because of
their lack of cohesion, these materials have little capability to
~withstand the levels of tensile stress that might be generated by
~one of the theoretical elastic layer models. ' (This problem is less '
‘profound in rigid pavements since the PCC slab carries most of the
stress.) The likelihood of prediction of this unrealistic
. condition is greatest when the ratio of elastic moduli between
" adjacent layers exceeds a practical value (generally between 1.5 ,
and 4.0). To treat this phenomenon, some "ad hoc" procedures have
been developed that essentially adjust layer moduli to ensure that .
significant tensile stresses are not developed in the unbound
layers.

B -Elastic Plate on Dense Liquid SubErede

H M. Westergaard developed the original plate theory for pavements in
1925,  He presented prediction models for stresses in slabs of uniform
.thlckness resulting from loads and the effects of slab curling subJected to -
temperature gradients.!?®'1) Modifications to his models based on
experimental findings have been suggested by various investigators but his
basic considerations remain unchanged. Westergaard’s original work provided:
equations (shown 'below) for the computation of deflections and stresses for
interior, edge and corner loading of rigid slabs. No equations were
presented for strain. (701, 8.6

Interior Defleetion: o ‘ v - ‘ ,
DEFI = 0.125%P/(k*L%) : : S (@)
Edge Deflection: : ~ ' o ‘ : ‘ : S
DEFE = 0.433%P/(k*L?) ‘ (3).
Corner Deflection: o | 3 L ;
‘DEFC = [1.1 - 0. 88*(2/L)]*P/(R*L2 : ‘ SR D)

Interior Stress,(v~= 0.15):
SIGI = 0.316%P*[4%log;,(L/b) + 1.069]/h? (5

Edge Stress” (v = 0.15): | ‘ .
SIGE 0. 572*P*[4*10gm(L/b) + 0. 359]/h2‘ : (6)
* This equatlon has been corrected by Westergaard (48.1) :
Corner Stress”

SIGC = 3%P[1 - (a,/L)°5]/h? B NG
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Following are definitions for each of the variablés in these equations:

= load magnitude (pounds).

modulus of subgrade reaction (p01)

= radius of relative stiffness (inches).

= [(E*h®)/(12%(1L-v?)*k)]%-23,

= PCC modulus of elasticity (psi).

= slab thickness (inches). |

Poisson's ratio. i

= modulus of subgrade reaction (pci).

= load radius (inches).

a, = distance from center of load to corner of slab; normally
— (2*3.2)0.5.

a; for a > 1.742%h (ordinary theory) or

= (1.6%a% + h®%> - (0.675%h); for a < 1.742%h (special theory).

H = -
[}

B R4 D
1

5
|

o
]

More recent studies by Ioannides based on the use of finite element
analyses have further enhanced these equations. (848, 85.6)  Appendix A
summarizes these equations which have also been 1ncorporated into a computer
program called WESTER. (%% : J

The Westergaard idealization is presented in figure 3. The pavement
structure is represented as a "medium-thick" elastlc plate resting on a
dense liquid (Winkler) foundation. Assumptions of this theory include the
following: f

) Surface forces act normal to the surfaces (i.e., there is no
shear).

. The PCC slab is of uniform thickness, stiffness, and elasticity.

¢  There are no (axial) forces in the plane of the slab (such as
compressive stresses due to thermal expansion).

) There are no vertical deformations in the slab.

. Perpendicular planes remain perpendicul@& after bending.

. All materials have linear stress-straingéurves.

e  There is no strain in the x-y plane. |

. The interface between the PCC slab and uhe underlying materlal is

assumed to be frictionless.

|

. The slab is uniformly supported. ;

Representing the PCC slab as a medium-thick %1astic plate produces
essentially the same responses as if it were modeled as an elastic layer.
Thus, the major differences between plate theory and elastic layer theory
for rigid pavements is in the representation of the remainder of the
structure. '

!

16 i




/

ﬁﬁﬁ-a-.Uniform Circular ;
Load ' I
oa S Sale®

..
00

Top Layer of

Pavement A
(=

@i\
—> (TN

All other pavement layers
idealized as fluid (spring)
foundation of stiffness.

Qi)

Figure 3. Illustration of plate theory idealization.
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The Winkler foundation is described by a bed of closely-spaced,
independent linear springs, each representing the effects of support
provided over a unit area. Each spring deforms in response to the stress
applied directly to it while neighboring sprlngs‘remaln unaffected. Thus,
it is assumed that the deflection at any point is directly proportional to
the contact stress at that point on the surface. Support is quantified by a
spring constant, k, called the modulus of subgrade reaction, which is the
ratio of pressure on the unit area divided by the resulting deflection.
Representing support conditions with a single layer of material does present
drawbacks in the analysis of multilayered support systems, particularly when
one or more support layers are especially rigid, as happens when a
stabilized base or concrete slab is present. Some researchers have
attempted to address these conditions with a very high k value, but the
validity of this approach is questionable.

‘ In the basic Westergaard idealization, only uniform, circular-shaped

load distributions can be handled. 1In his 1948 work, however, Westergaard
did present an equation for an elliptically 1oadéd area.“® 1) Procedures
have also been developed by Pickett, et al., and Pickett and Ray to handle
uniform pressure distributions of any shape. These graphical procedures
permit analysis with multiple wheel loads as well as single wheel

loads. (51.1,51.2) ’ 2

The Westergaard model does provide a means of analyzing free edges and
corners. The slab bending stress, vertical deflection and foundation
reaction pressure can be computed at or near the free corner or edge of a
slab that is semi-infinite horizontally. It candot however, handle more
than one slab at a time. This prevents the dlreat analysis of stress
reductions that result from various levels of 1oad transfer across
transverse joints and cracks or support prov1ded5by PCC shoulders.

Empirical adjustments to the free edge responsescan be made to account for
the reduced deflections due to support provided by adjacent slabs.
Equations have also been developed that provide a means of taking into
account stresses caused by thermal gradients in @he slab, (381
Finite Element Idealizations |
|
z

The development of the finite element metho@ has produced analysis
capabilities that far exceed those of plate theory. There are some trade-
offs, however, in that increased attention is requlred in data preparation
and output 1nterpretatlon

i ,

For analysis by this method, the body to be analyzed is divided into a
set of elements connected at their joints or nodél points. The cylinder
shown in figure 4 is an example. The continuous variation of stresses and
strains in the real system is replaced by an assumed linear variation of
displacements, and hence constant stresses and s;ralns within each element.
This assumption satisfies the requirements of compatibility of displacements
between elements. For a given element geometry and constitutive equation,
the stiffness matrix rélating displacements and loads at the corners of each
of the basic triangular elements is established. | The four triangular
elements forming one rectangular element are genérally combined, eliminating
the common nodal point. Combinations of the element stiffness matrices
yields the symmetric banded matrix for the entire structural assembly, which

18
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Figure 4. Finite element idealization of a cylinder.
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!
is medified using known displacements at bound axes. Solution of this
system of linear equations yields all nodal point displacements, from which
the element strains and stresses are computed. The average of the stresses
in the four triangular elements gives the best estimate of the stresses at
the centroid of the rectangular element. |

| .

The element configuration must be carefully selected to optimize the

results. (See figure 5 for example.) Generally, the accuracy is improved
by the use of a finer mesh, particularly in areas of rapidly varying
stresses. However, the greater number of elements increases the
computational time and therefore the costs. Dehlen has suggested that an
optimum rectangular mesh has finer vertical subdivisions near the surface
and in both materials near layer interfaces; and finer radial subdivisions
both near the axis of symmetry and near the edge of the loaded area (see .
figure 5) .9

For PCC pavements, many types of finite element idealizations exist,
including plane strain, axisymmetric and prismatic solid elements. All of
these idealizations introduce certain constraints to the model. Special °
types of elements are used to model discontinuities (i.e., cracks and
joints), special interface conditions, reinforcing steel and dowel bars. o
Special computational techniques permit consideration of temperature and .
moisture gradients and voids within the pavement structure. Variable layer
properties (thickness and deformation propert1e$), nonlinear and nonelastlc
material responses can also be modeled.

|
| .
"Two- and three-dimensional finite element models are available.

Ideally, it is desirable to use three- dlmen51oné1 models to determine the
response of the pavement to changes in temperature, moisture, etc.
Unfortunately, the cost difference between two- and three-dimensional models
can be several orders of magnitude, particularly when very small elements
(fine meshes) are being used to increase the observed accuracy of
small-scale responses. However, with the advent of increasingly advanced
personal and micro-computers these problems arel becoming less critical.

- Finite element programs are available that arée capable of modellng the
following rigid pavement considerations:

i
i

|

o Various types- of joint load transfer s&stems, including dowel bars,
aggregate interlock, keyways, or any combination thereof.
/ . The effects of a stabilized base coursk.
) Placement of asphalt or concrete overlays with elther perfect
bonding or no bond.

° The effects of reinforcing steel on th? behavior of cracks.

° The effects of concrete shoulders withgor without tie bars.

. Concrete slabs of varying thickness ana moduli of elasticity.
° Subgrades with varying moduli of support, inéluding;voids.

R e
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Required program inputs generally include:

e~ - Geometry of the slab, base and overlay,

load transfer system.

. Elastic properties of the slab, base, or overlay, load transfer

system and subgrade.
] Boundary conditions and wheel loadings.

Outputs produced often include:

. Nodal stresses in the slab, stabilized base, or overlay.

. Vertical surface stresses of the subgréde.

. Dowel bar reactions.

. Shear stresses at the joints where aggregate interlock or keyed

joint systems are assumed.

Specific dense liquid finite element progr
include:

i .
|
ams that are available

R

. KENWINK (developed at the University of

?Kentucky).

. WESLIQID (an enhanced version of KENWIN& developed by the U.S. Army

Corps of Englneers Waterways Experlment

. FINITE.(7-®)

s Station). 7

|

|
i

e  ILLI-SLAB (developed at the University Qf Illinois and the most
flexible finite element analysis package available for

pavements) . (78-3)

-Elastic solid and elastic layer finite element programs include:

. "KENELS (developed at the University of Kentucky).4-1 74.2)

. WESLAYER (an extension of KENELS developed by the U.S. Army Corps

of Engineers Waterways Experiments Stat

ion). (817

. SOLID SAP (developed at the University of California at

‘Berkeley). (712

Good estimations of stress, strain and defl

ction can be obtained using

the finite element technique provided a sufficiently fine mesh of mostly
square elements is used with proper element properties and boundary
locations. Finite element techniques offer the most valid approach to

modeling the response of both flexible and rigid
loadings, climatic conditions and support conditi

22 .
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DISTRESS PREDICTION RELATIONSHIPS

This section is concerned with relationships (R2 in figure 1) for the
prediction of specific distress indicators from predictors that include
traffic factors, environmental factors, roadbed soil factors, and structural
factors. A high percentage of all existing rigid pavement distress
prediction relationships are identified in the 1984 FHWA cost allocation
study and/or in the 1986 AASHTO Guide for Design of Pavement Structures as
reflected in references 84.3, 86.3, and 86.4. Other sources of R2
relationships include an FHWA study on COPES and a 1977 FHWA study on
zero-maintenance design. See references 85.2, 84.2, and 77.3.

Although additional relationships have been reported elsewhere in the
pavement research literature, it is assumed that relationships in the
foregoing references will provide a substantial and adequate basis for:
determining the degree to which various types of rigid pavement distresses
depend on factors that are associated with the materials and construction of
rigid pavements.

A logical structure for the identification of distress relationships
and predictors is given in table 3 which is an extension of the R2 portion
of table 1. Distress indicators (class 21) are again listed in two
categories, one (class 211) for seven types of singular distress and one
(class 212) for three types of composite distress. Thirteen different
relationships have been selected from the references shown at bottom left of
the table, and provide at least one case for each distress type, except for
roughness (class 2121). This omission is not regarded as serious since
serviceability loss (class 2122) is almost entirely associated with
roughness. It is acknowledged that several distress types, most notably
cracking, could be further classified into still more specific subclasses.

Appendix B contains details for a number of primary relationships that
have been selected from the research literature. Some of the appendix B
relationships are not included in table 3 because each is more or less
redundant with one or another of the other selected relationships. To the
 fullest possible extent, appendix B details include specific prediction
equations, the size of the data bases from which the equations were derived,
and measures of the closeness of fit between the equations and the data base
observations. Two such measures are the multiple R square and the standard
deviation of prediction errors, i.e., the standard error of estimate (SEE).

Distress predictors are listed in the right-hand column of table 3 in
seven major classes; 221 through 227. The <first two classes are for
traffic, age, and environmental factors that affect pavement distress,
performance, and therefore pavement design, but do not relate specifically
to M&C variables. They must, however, be included in the present study so
that assessments can be made of the relative effects of traffic, :
environment, roadbed soil, and structure on any particular type of distress.

Primary structural variables are listed in some detail under surfacing
(class 223), base/subbase (class 224), and roadbed (class 225) factors.
More specificity for these factors, especially those that involve PCC, will
be given in a later section.
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Table 3. Distress prediction variables and se

lected relationships.

21. DISTRESS INDICATORS 22. DISTRESS PREDICTORS
Dependent Variables Rel.! Independent|Variables Rel.?
211. SINGULAR DISTRESS 221 . TRAFFIC FACTORS AND AGE
2111. Pumping A 2211. Loading Characteristics M
2112. Cracking B,C,G 2212. No.| of Loadings All but
G,J,L
2113. Faulting H,I 2213. Age B,G,L,0,R
2114. Joint Deterior. N e e
2115. Other Slab Distress K 222. ENVIRONMENTAL FACTORS
2116. Swells & 2221. Moisture/Pre-
Depressions L cipitation A,L,0,R
2117. Skid Resistance 2222 Temperature/ H,J
Loss M Freezing O,R
212. COMPOSITE DISTRESS 223. SURFACING FACTORS
2231. PCC Thickness All but J-M
2121. Roughness 2232. PCC Strength B,C,G,I,N,O,R
2122. Serviceability 2233, PCC Stiffness b,c,g,i,N,0
Loss N,O 2234. PCC Durability J,0
2123. Condition Rat- 2235. Other PCC Factors G,R
ing Loss R 2236. Reinforcement
Factors G
2237. Joint/Dowel
Relationship References, and Factors B,H,I,J,N,O,R
Appendix B Codes 2238. Shoulder Factors H
2239. Initial Profile N
224, BASE/%UBBASE FACTORS
. 2241. Type Material B,H,L,0
Ref. Abbreviated 2242. Thickness b,c,g,i,0
No. Citation Rel.l 2243, Stiffness b,c,g,i,0
2244, Drainage A,J,N
77.3 Zero-Maint., FHWA G  225. ROADBED SOIL FACTORS
‘ . 2251. Type/Gradation A,B H
84.2 Qual. Control, FHWA R 2252. Strength L,R
2253. Stiffness b,c,g,i,N,o0
84.3 Cost Alloc., FHWA L,M B e L R
226, STRESS INDICATORS
85.3 COPES, NCHRP A,B,H,J,0 2261. Defllections
2262. Strains
86.3 AASHTO Guide, Vol. 1 N 2263. Stresses B,C,G,I,0
86.4 AASHTO Guide, Vol. 3 G,I 227 . AUXILIARY DISTRESS INDICATORS
2271. Pumping B,H,0
81.6 CRCP Distress K 2272. D-Cracking J,0
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The last two predictor classes are for stress. indicators (class 226)
and auxiliary distress indicators (class 227) that are used as predictor
variables in certain distress relationships, .

The final column of table 3 shows which relationships are associated
with each predictor class. Uppercase letters are used for relationship
codes in which the predictor appears explicitly in some term of the
prediction equation.

‘Any distress relationship that includes a stress indicator as an
explicit predictor implicitly includes the predictors that are required to
predict stress. This situation is represented in the final column of table
3 by the use of lower case letters for relationships that include stress
indicators and therefore implicit structural predictors. For example, the
cracking prediction relationship B includes edge stress (as part of the
RATIO term) which, in turn, depends upon PCC thickness (class 2231), PCC
modulus (class 2233), and the stiffness of subsurface layers (classes 2243
and 2253). Thus, the code letter b appears in table 3 opposite each of the
relevant implicit predictors associated with cracking relationship B.

The final class of distress predictors (class 227) includes forms of
distress other than the distress indicator that is predicted by a given
relationship. Thus, for example, cracking relationship B, faulting
relationship H, and serviceability relationship O, all include pumping
(class 2271) as an explicit predictor of cracking.

All but one of the selected relationships are truly distress prediction
equations in that their distress indicators can cover a range of values.
The remaining relationship (C) is anomalous in that it does not predict any
particular amount of cracking, but rather predicts the number of stress
applications at which fatigue cracking will occur. This special type of
relationship will be discussed in the section that follows.

PERFORMANCE PREDICTION RELATIONSHIPS

For the purposes of this study, pavemeﬁt performance will be defined as
the amount of ‘acceptable service that the pavement provides before major
rehabilitation is required. v

It is assumed that one or more distress indicators, D, are used as
criteria for the level of service that is provided at any point in time, and
that for each indicator there is an unacceptable (or terminal) level, D%,
that represents the need for rehabilitation. For simplicity, it is assumed
that all distress indicators have zero values at the beginning of any phase
of the pavement’'s life cycle. Thus, level of service is represented
symbolically by:

Acceptable Service Levels: 0 < D < D%
Unacceptable Service Levels: D > D%
where it is understood that D represents one or more distress criteria such

as cracking, faulting, or serviceability loss.
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Amount of acceptable service will be defined

applications carried by the pavement during the pe

If the loading characteristics (class 22
the symbol N will be used £

levels.
for all applications,

}
i

{as the number of load

riod of acceptable service
1 in table 3) are constant
r the number of

constant-stress applications that correspond to any acceptable level of D.

The symbol N* will be used to denote the number

applications that have accumulated when D reaches

If, as in normal highway operations, stress
vehicle to vehicle and from time to time for any
stress condition can be defined to be a standard
number of loading applications at stress level S,
whenever D is less than D*, When D = D%, the cor
standard stress appllcatlons is N* (S )

For any non- standard stress 1evel S;
which D =
standard and non- standard appllcatlons is defined

For: D D¥*, SER N‘* (S Y/ Nj*® (S )

If all stress determinantsxother»than axle load (
roadbed soil modulus) are at the same levels for

correspondlng SER ‘is a load equ1va1ence ratio (LEI

For D = D¥, LER N * (SAL)/ N,* (AL, )

the nu
D* is Ny* (S;), -and the stress equivalen

of constant-stress
its terminal level, D¥*.

levels (S) vary from

given application, then one
stress level, S,. The

will be denoted by N,
responding number of

mber -of applications -at
ce ratio (SER) between
as follows: :

(8)
e.g., PCC tnickness‘orl
both §, and §;, the
R) defined as follows:

(9)

where SAL is a standard axle load and AL, is the axle load for stress level

S

i

Conventionally, SAL is taken to be an 18, OOOle (8,172 kg) single axle

load, but other load factors such as tire pressure, 1atera1 placement etc.

must also be spec1f1ed ‘for the standard loading.

. |
Since highway traffic is comprised of many 'd;

when D =
for i

1, 2,

It is conventlonal to assume that any distr

i

ifferent axle loadings,

D* the pavement will ‘have received N; applicatlons of axle load AL,
..., but it is not expected- that any N; will have reached Ny*.

ess 1eve1 D that is’ reached

after N; applications of AL; would also be reached by some number of standard

axle appllcatlons that is a multiple of N;.

The multiplier for N; is called

the load -equivalence factor for AL; and is assumed to be the 1oad

equivalence ratio given by equatlon 9. Thus,

by
LEF, = N % / N,*

and is relative to D, D%, SAL, AL,,

deflnltlon,

i

(10)

and other stréss determinants.

For any particular axle loading (AL;) and corresponding number of

applications,
(ESAL;) is defined by:
- (N %/ N;*) x N,

ESAL; = LEF; * N;

The total number of equivalent applications for Ni appllcatlons of AL,,

=1, 2,
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N;, the equivalent number of standard axle load appllcatlons

|
i

17(11)

for 1

., will be denoted by W and is given by either of the follow1ng




i

W = T ESAL, = X (Nj%/N;%) * N, o | 1)
or

W/No*___ziz (Ni/Ni*) L . ) - . . (13)

Terms on the right side of equation 13 are often called load cycle
ratios. It can be seen that W = N ¥ when the summation of these ratios is
unity. For- this reason, the symbol W* will be used to denote the number of
equivalent standard axle load applications at which D = D*.

Equation 13 is one form of Miner’s hypothesis where terminal distress
(D*) will be reached when the load cycle ratio summation is unity. Because
of the duality of equations 12 and 13, the use of Miner's hypothesis. for
aggregating mixed stress applications is algebraically identical to the use
of load equivalence factors and equivalent load applications for the same
purpose. It is therefore easy to show that Miner'’s original analyses of the
fatigue failure of aluminum specimens: would have produced the same results
had he defined a standard stress level, then calculated equivalent
applications for all other stress levels used in the studies.

One obv1ous flaw in the ESAL summation approach is that the deflning
relationship (equation 11) holds strictly only for relationships in which D
increases linearly with N. For relationships that are quite non-linear, it
must be supposed that there can be considerable divergence between W¥
computed from mixed applications and the actual number of standard load -
applicatlons (N *) that would be observed when D = D¥, :

Other uncertalntles associated with the use of ESALs stem from the fact
that LEFs are generally not the same for different distress indicators (D)
and have generally unknown dependencies on the non-load determinants of
_stress levels. If, as is usually the case, LEFs are derived algebraically
from distress prediction equations, then the LEF values can be highly
dependent upon the form of the equatlon, 1 e., the mathematical model that
is used. for D. S :

In splte of probable shortcomlngs of LEFs and ESALs, the accumulated
equivalent axle load applications variable, W, and its terminal level, W¥,
will be used as primary performance 1nd1cators for the derivation of -
performance -related specifications.

If D is any distress indicator in table 3, its relationship with
distress predictors may be written generally as: :

D = f (2211 ‘W, 2213, 222, 223, 224, 225 226) o (14)
where the predlctor varlables in function (f) are denoted by their table 3
codes, except for W (code 2212). At the terminal value of D = D%, the

’correspondlng value of W will be denoted by W* “Thus, for D¥* and W¥,
equatlon 14 becomes: ‘

D* = f (2211 W, 2213, 222, 223, 224, 225, 226) (15)
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and may be called an implicit performance predicti
equatlon 15 can be solved explicitly for W¥, then

,W* £ (D* 2211, 2213, 222, 223, 224, 225,
which is an explicit performance prediction equati

indicator D and its terminal value, D%,

A specific example of equation 16 is the AASE

pavement performance equation that may be written 'as

= (RHO) [G*(llBETA)] |
where RHO and BETA are functions of distress predi
exponent for G¥,

serviceability level after W equivalent standard 1
is a distress indicator for serviceability loss.
terminal level PW#, then G¥ is the corresponding t
distress indicator, G. For rigid pavements PO is
neighborhood of 4.5, and PW* is often selected to
values of PO and PW¥*, G* 2/3 in equation 17.

Nearly all table 3 relationships for distress

on equation for W¥. If

226) (16)

on, relative to distress

ITO Design Cuide rigid

.(86.3)

(17)

ctors and (1/BETA) is the

The variable G is defined by G = (PO-PW)/3, where PO is
the as-constructed serviceability (PSI) level, and

PW is the pavement’s

oad applications. Thus, G
When PW reaches a specific
erminal level for the
generally in the

be 2.5. Thus, for these

indicators have been

developed in the general form of equation 14 and ﬁrom statistical analyses

of particular data bases. Any of these distress p
can also be represented in the form of equation 15
becomes either an implicit or an explicit predicti
performance indicator W¥. Each such performance p
course, relative to a particular distress indicatg
level, D¥*. The mathematical forms (models) for th
(f) and the performance relationship (f') have muc
sensitivity of the the distress or performance in
changes in the predictor variables. ‘

" A special class of performance prediction rel
distress indicator (D) is defined by only the pres
terminal level D¥*,
pavement section or laboratory specimen (1 = yes,
there are no antecedent distress prediction relati

yrediction relationships
or equation 16 and, thus,
on equation for the
rediction equation is, of

r, D, and its terminal

e distress relationship
h bearing on the
dicators (D or W%) to

ationships arises when the
ence or absence of its

e.g., the presence or absence of fatigue cracking in a

the performance prediction relationships must be developed directly.

general form of these relationships does not include a term (D*) for the

distress indicator and may be written:

W =

In cases where either equation 16 or equatio

predict "applications to failure" at constant stre
applications, then load equivalence factors (or lo
must be used to apply the equations to mixed-traff
example is represented by relationship C (appendix
number of loading cycles to fatigue failure in con
prediction equations may be written as: '
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log N* = A - B(STRS/STRG) o e L (19)

where N* is the number of stress applications to beam failure through
fatigue, STRS is the constant flexural stress level for each application,
and STRG is the beam’s modulus of rupture.: The graph of equation 19 is thus
an S5-N curve for plain PCC beams.. :

If it is desired to use equation 19 to predict fatigue failure after N,
applications at stress level STRS;, N, applications at STRS,, etc., ‘a
standard stress level, STRS,, can be defined, and all applications can be
converted to equivalent number of stress applications. Thus, for STRS, and
for STRS;, :

log No* = A - B(STRS,/STRG), . _ , : S (20)

log N,* = A - B(STRS,/STRG), for i =1, 2,... ‘ (21)
The load equiﬁalence factor for converting N; applications to an
equivalent number of N, application is: :

LEF, = (N_*/N,*) = antilog[B(STRS,-STRS,)/STRG] ’ o - (22)

Across all stress levels, the accumulated number of equivalent standard
stress applications is:

W= = [(LEF,) N,] = (B/STRG) 3 [(SIRS,-STRS,) N,] | (23)

1

From equatlon 21, the predlcted number of equlvalent (standard)
applications at fallure is:

log W = A - B('STRSO/STRG) | : (24)

Thus, failure is predicted whenever the right side of equation 23 is equal
to the right side of equation 24. As has been stated, this equality
condition is algebraically identical to the load cycle ratio condition that:

S/ = 1 : ' | e

ROLE OF PRIMARY RELATIONSHIPS IN THE DEVELOPMENT OF PERFORMANCE RELATED M&C
SPECIFICATIONS

The main role of primary relationships in the development and
application of performance-related specifications is to provide a basis for
predicting pavement distress and performance for different pavement
structures within a given enviromment. For a given environment and design
levels (target levels) for M&C pavement variables, the primary relationships
will predict the extent of pavement distress after the pavement has reached
any particular age and has received a particular number of load ‘
applications.

29




If the as-constructed pavement has levels for one or more M&C variables
that differ from the corresponding target levels, the primary relationships
can predict any differences in distress or performance that arise because
the as-constructed M&C variables were not at their specified target levels.
Thus, the primary relationships can be used as a basis for construction’
incentives or penalties that are associated with pbrformance -related M&C
specifications. !

Based on an overall assessment, the following relationships from
chapter 3 and appendix B were selected for use as initial input for
algorithms that calculate distress/performance differentials associated with
variations between as-designed pavements and as-constructed pavements.

e Stress-Prediction | : ELSYM5 (chapter 3)

e Pumping Prediction -1 COPES (appendix B, relationship Aj‘
e (Cracking Prediction : COPES (appeﬁdix B, relationship B)
. ‘Faulting'Prediction ' : CQPES (appendix B, relationship'H)

e Joint Deterioration Prediction : COPES (appendix B, relationship J)
e CRCP Distress Prediction : : TXSDH (appendix B, relationship K)
* Serviceability Loss Prediction : COPES (appendix B, relationship 0)

o Performénce Prediction : AASHTO (appendix B, relationship ‘N)

The second role of primary relationships is to provide a basis for B
developing secondary relationships that relate M&C variables to one another
and to primary relationship predictors that are aﬁso M&C variables. The
development of secondary relationships is discussed in chapter 4.

A third role for primary relationships is to prov1de an objective bas1s»4
for estimating the relative changes in-distress and performance that are ’
induced by changes in the primary predictors. These so-called sen51t1v1ty
analyses can show, for example, the relative effects of load
accumulations, environmental factors, roadbed stremgth and structural
variables. ‘

Sensitivity analyses are discussed in chapter 5 for both prlmary and '
secondary relationships in connection with the secondary relationships that
are developed through laboratory studies. The sensitivity analyses reflect
not only the deterministic effects that are prov1ded by prediction
equations, but also the prediction errors that are a35001ated with any
primary or secondary relationship. : -
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. CHAPTER 4
SECONDARY RELATIONSHIPS AMONG M&C VARIABLES

Thls chapter begins w1th a review of M&C spec1f1cat10ns that are in
current . use by a number of States. Some of these specifications are for
variables that are predictors in prlmary relationships, but many are not.
Variables that are not primary distress and performance predictors, however;
may be predictors of the primary predictors. - Such M&C variables will be
called secondarv predictors of dlstress -and - performance

By,defln;tlon, a secondary relatlonshlp»among M&C wvariables is one that
shows how the variables are related to one another and to-at least one
primary predictor. Also, by definition, any M&C variable that is a primary
or secondary predictor is a performance-related variable. It follows that
M&C variables that do not appear in established primary or secondary
relationships are either not performance-related, or that the defining -
relationshlps have not yet been establlshed

A classification scheme 1is presented in this chapter for virtually all
M&C variables that have been associated with the surfacing layer of concrete
pavements. A major purpose for the scheme is to show simultaneously which
variables appear (1) in State M&C specifications, (2) as predictors in
primary relationships, (3) in established secondary relationships, (4) in
existing data bases that might produce new secondary relationships, and (5)
in a data base produced by a laboratory study.

In the final sectlons of this chapter existing secondary relationships
are discussed, and assessments are made of the potential for deriving new
secondary relatlonshlps from two ex1st1ng and avallable data bases.

SUHMARY OF CURRENT M&C SPECIFICATIONS

To evaluate and/or develop practlcal secondary predlctlon relatlonshlps
between materials and construction (M&C) factors and stress/distress/
performance (S/D/P) indicators, it was first necessary to review those M&C
factors that are currently specified and controlled by State specifications.
Using reviews of construction specifications from several States in
different regions of the country, it can be seen which M&C factors are
generally controlled by the States. - Different types of specifications
control these variables; upper and lower limits, qualitative, and ’
AASHTO/ASTM standard specifications are some examples. Occasionally,
penalties and incentives may accompany the specifications. The purpose of
this section is to present.and summarize M&C specifications that are
presently in use and relate them as a subset of the M&C factors to be
discussed in the next section. :

‘The State specifications reviewed represent four different Strategic
Highway Research Program (SHRP) climatic regions. Six States from the SHRP
Wet/Freeze Zone are included; Illinois, Minnesota, New Jersey, New York,
Ohio, and Pennsylvania. Two are included from the SHRP Wet/Non-freeze Zone;
Georgia and Louisiana. Two States represent the SHRP Dry/Freeze Zone; Idaho
and Colorado. The final two States, California and Texas, represent the
SHRP Dry/Non-freeze Zone. Table 4 summarizes current M&C specifications for
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Table 4. Summary of current M&C specificatiions in selected States.
[Caution: table not precise (see text)].

SHRP WET SHRP DRY SHRP DRY
SHRP WET/FREEZE ZONE NON-FREEZE FREEZE NON-FREEZE
ZONE ZONE ZONE #ST

M&C Specification | IL |MN| NJ|NY|OH
SURFACING
FUNCTIONAL CHARACTERISTICS
Profile
Skid Resistance
STRUCTURE CHARACTERISTICS
LAYER CHARACTERISTICS
Thickness
REINFORCEMENT FACTORS
Reinforcement Type
Amount of Reinforcement
JOINT FACTORS
lL.oad Transfer Devices
Joint Geometry
PCC CHARACTERISTICS
STRENGTH CHARACTERISTICS
Flexural Strength
Compressive Strength L LJ|LPI|L LP| {LP|LP L L{C 10
Tensile Strength
STIFFNESS CHARACTERISTICS
Elasticity Modulus
DURABILITY CHARACTERISTICS : L
Air Content uL UL JULB ULP| [UL[UL] [ULAJULP ] 9
Voids Ratio 0
Unit Weight 3 |
MIX FACTORS
Cement Content
Water/Cement Ratio ujujuju Uuiu u U {Ue 9
Slump UCJUL|ULJULJULIUL| JULIUL| [ULJULP| [ULIUL) |12
Cement Type IGAH QA | QBQBCOABQAR [[QA[QA| [QA[GB] [QB[GB| [ 11
Yield
COARSE AGGREGATE FACTOR
Aggregate Types
Gradation
Wear
FINE AGGREGATES
Aggregate Type
Gradation
Sand Equivalent
Fineness Modulus
ADDITIVES
Air Entrainment
Other
CONSTRUCTION CONSTRAINT
Ambient Moisture
Ambient Pour Temperature uL UL} L | LJUL QL! [uULjuUL L
Curing Temperature LiQLjqQLjaL| L | L L] L L |QL Li{L

PCC PVT MILEAGE (1000 miles) 4.2135/06(3.8|1.8|3.6] |1.1[16] [0.2]04] [29]3.1
% OF TOTALUS PCC 67/40(1.0|63]|29|59| {19(25]| [03]06| {4850

A = AASHTO Spaecification (may invoive Q, N, U, L below). P = Spudificati ied by | ponality for
B = ASTM Specification (may involve Q, N, U, L below). failure to meet pecificat
Ca SpoqﬁumupmvdodbyEngmmmdloreom&ucionpkm | = Spacificat panied by i ive for
Q = Qualitative Specifi {e.g.. p or of dowels) mesling specification tolerance(s).
N = Quaniitative Spoaﬁmhon for Targot Lwd (nu tdnnnco specified).
U = Upper Tol Limit for Qu ive Sp * Mix Design Requi t, butnot & pa: criteria,
L = Lower Tol Limit for Quantitative Specificati * Imphed, since d water content andmmimum

cement content arei specified.
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these States. Note that the PCC pavement mileage in these States represents
over 40 percent of all PCC pavements in the United States. Note also that
table 4 was prepared to take a reading of what State practices have been
receritly in terms of M&C specifications. The table is pot exact and may be
incomplete for some factors. - '

The 12-State specification review considered only those specifiable M&C
factors that relate to functional and structural characteristics for
surfacing. Each of the M&C factors fit into at least one of four
categories: (1) explicit predictor of S/D/P (figure 1, box B4), (2)
surrogates for explicit predictors (figure 1, box Cl), (3) control factors
for explicit predictors and surrogates (figure 1, box C2), and (4) process
control factors (figure 1, box C3). As shown in table 4, the structural
characteristics are broken down into the two subgroups of layer and PCC
characteristics.

Several types of specifications were noted during the review of State
PCC pavement specifications. Many M&C factors were controlled by a
combination of one or more specification types. The following specification
classes are currently being used in the States reviewed:

e AASHTO Specifications.

e ASTM Specifications.

¢ Specifications as provided by Engineer and/or on construction plans.
e Qualitative specifications (e.g., presence or absence of dowels).

¢ Quantitative specifications for target levels:
- upper tolerance limit.
- lower toletrance limit.
- upper and lower tolerance limit.

e Contractual penalty for failure to meet tolerance specifications.
e Contractual incentive for meeting specification tolerance(s).

Excluding a few special exceptions, all State PCC pavement specifications
were made using one or more of the above specification types.

v Of the specifications generally reviewed, profile and skid resistance
are the only functional characteristic factors that are controlled by
current State specifications. Profile, the relative amount of longitudinal
roughness, has governing specifications in 6 of the 12 States.. Three of
these were accompanied by contractual penalties for failure to meet
tolerances. Of the 12, only California places a lower limit specification
on skid resistance, the resistance of a pavement surface to the sliding or
skidding of a vehicle. ‘

At present, there are five major factors controlled by State
specifications relative to structural layer characteristics. The first and
most obvious is PCC pavement thickness. All 12 States specify controls over
thickness. With the exception of Idaho, thickness specifications are made
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|
using lower quantitative limits and penalties for

specified tolerances. 1In the case of New Jersey,
also specified for thicknesses exceeding the spec*

Most States have specifications controlling r
majority of the specifications are qualitative an
AASHTO or ASTM specification. The amount of PCC i
by the engineer and/or con