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BLOCK 1
- INTRODUCTION
Modules

1-1 COURSE DESCRIPTION AND TRAINING OBJECTIVES
1-2 DEVELOPMENT OF PAVEMENT DESIGN
1-3 DESIGN CONSIDERATIONS IN OVERALL PAVEMENT MANAGEMENT

This block conveys an appreciation for the scope and content of the
course as a whole. It introduces the topics which the participant should
have a working knowledge of when they complete the course. Upon completion
of this block, the participant should be able to answer the objectives listed
for each module, specifically:

1. Describe the historical development of pavement design procedures
and how they influence the procedures used today.

2. Describe the content of the 4 day course and discuss what they as
pavement design engineers should take away from the course when
completed.

3. Discuss the general objectives of pavement management and discuss
the detailed interaction pavement design plays in developing and
implementing a pavement management program.

Upon completion of this block the participant will be able to complete
the instructional objectives listed for the individual modules.
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MODULE 1-1
COURSE DESCRIPTION AND TRAINING OBJECTIVES
1.0 INSTRUCTIONAL OBJECTIVES

This module presents the contents of the course, its organization, and
scope of material. It tells the participants what they will be expected to
obtain from the course and how the information can be used in their work.

Upon completion of this module, the participants will be able to
accomplish the following:

1.  Obtain general knowledge about the course content and
organization.

2. List the course objectives.

3.  Be able to follow the flow chart of the pavement design process
and relate it to the course content during the presentations.

20 COURSE DESCRIPTION

This pavement design course presents design concepts to the practicing
engineer who is currently involved in designing pavements, or who desires the
detailed background to be able to design pavements more economically. It is
intended to familiarize engineers who are knowledgeable about one or more
design methods (for example, AASHTO) with the philosophy of other methods.
With improved testing and design methodology there has been increased
emphasis on overlay design using deflection and mechanistic approaches which
are described in this course. Other design considerations such as shoulders,
drainage, pavement type selection, and pavement management are also
discussed.

The course is organized into 7 major blocks of instruction. These
blocks are contained in the schematic of the pavement design process outlined
in Figure 1-1.1. While each block of instruction is fully developed to
include the complete technical background of each topic in this notebook, the
instructors will adjust their class presentations to fit the experience and
desires of the class. Members of the class are encouraged to discuss design
methods used by their agencies and to subjectively assess their experiences
with these methods and to share their experiences with the class.

The course follows the process detailed in Figure 1-1.1. Each topic is
a building block for the sections which follow. The major blocks of
mstruction are:

1. Introduction.
Introduction and Course Objectives
Development of Pavement Design
Pavement Design in Overall Pavement Management

2. Initial Considerations in the Pavement Design Process.
Roadbed Soils
Resilient Modulus
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Paving Materials

Drainage Design

Pavement Performance

Vehicle Characteristics and Traffic
Variability and Reliability

3.  Flexible Pavement Design.
Basic Principles of Flexible Pavement Design
AASHTO Method of Flexible Pavement Design
Other Methods for the Design of Flexible Pavements
Design Considerations for Flexible Shoulders

4.  Rigid Pavement Design.
Basic Principles of Rigid Pavement Design
AASHTO Method of Rigid Pavement Design
Other Methods for the Design of Flexible Pavements
Design Considerations for Rigid Shoulders

5. Overlay Design.
Selection of Rehabilitation Alternatives
Types and Functions of Overlays
Overlay Design for Flexible Pavements
Overlay Design for Rigid Pavements

6.  Evaluation of Design Alternatives, Life-Cycle Costs.

7. Workshop.
Flexible
Rigid

The following paragraphs give a brief description of the content of
each block of instruction.

Block 1.  This block shows how pavement design has evolved over time,
and how the design process interacts with the pavement management.

Block 2. This block introduces the engineer to the basic information
that serves as background material to assist the engineer in understanding
that the factors of Subgrades, Materials, Drainage, Pavement Performance,
Traffic and Variability are more than just input values to the pavement
design process. These quantities are more correctly considered as data
elements that indicate potential structural sections that should be
investigated as capable of performing satisfactorily in service.

Blocks 3 and 4. These blocks contain the structural evaluation and
pavement design procedures for flexible and rigid pavements respectively.
After the initial cross sections have been developed through consideration of
input parameters, the determination of a final thickness for each layer can
be accomplished using the procedures in these blocks for flexible and rigid
pavements respectively. The application of existing design procedures to
shoulder design are also presented. While emphasis is placed on the AASHTO
Design Guide, suitable material is presented in order to develop an
understanding of the basic assumptions of several design procedures. This
understanding is critical to allow the engineer to compare different design
procedures on a consistent basis.




Block 5. This block presents information about the increased emphasis
on rchabilitation and the selection of overlay as the most appropriate
rehabilitation scheme. The overlay design procedures use many of the same
concepts as the pavement design procedures with suitable adjustments for
application over an existing pavement.

Block 6. This block relates pavement design and the resulting pavement
performance to pavement management. The design and resulting performance of
both new pavements and overlays are crucial components of a pavement
management system which blends original pavement design with planned
rehabilitation at specified intervals. A thorough understanding of pavement
design principles is needed to design overlay strategies and calculate life
cycle costs for comparisons of the different pavement structural designs.

Block 7. Within each module of the course there are sample problems
for the participants to work which reinforce the material presented in that
module. Comprehensive pavement design problems for flexible and rigid
pavements in Block 7 summarize the entire pavement design process developed
during the course.

3.0 TRAINING OBJECTIVES

The course provides the participants with an understanding of the
following items:

1.  Engineering fundamentals of pavements and the theory of stress
distribution in all types of pavements induced by both vehicular
and environmental factors.

2. Objectives, theory, strengths, and limitations of empirical
(AASHTO) and theoretical rigid design methods such as stress ratio
and fatigue. This includes plain, reinforced, and continuously
reinforced concrete pavements and their respective design details.

3. Objectives, theory, strengths, and limitations of empirical
(AASHTO) and theoretical flexible design methods such as fatigue
and rutting.

4.  Effects of design input factors on pavement performance. These
design input factoss include loading, materials, construction
practices, soils, environment, etc.

5. Objectives, theory, strengths, and limitations of testing
procedures for soils and materials. This includes relating test
values to design and performance.

6.  Objectives, underlying principles, and methods of providing skid
resistant surfaces.

7. Overlay design using the AASHTO and other methods.

8. The steps required in rehabilitation selection and design.




4.0 SUMMARY

This course is prepared for the engineer with experience in pavement
design who is currently designing pavements. The material in this course
will also provide background information for pavement design engineers who
want to broaden their knowledge of available design procedures for both new
pavements and overlays. Application of the new AASHTO Design Procedure
(1986) is highlighted in the instruction.
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MODULE 1-2
DEVELOPMENT OF PAVEMENT DESIGN
1.0 INSTRUCTIONAL OBJECTIVES

This module presents a brief historical review of pavement design
procedures and concepts. Pavement design has evolved over the years into the
design procedures which are in use today. The principles in these procedures
lay the foundation for design procedures to be developed in the future.
Pavement types are introduced and the differences discussed as a preview to
how pavements perform, which is a major design consideration.

Upon completion of this module the participants will be able to
accomplish the following:

1.  List the advantages and disadvantages of conducting a road test.

2. Describe the AASHO Road Test and contrast the results obtained
with this empirical approach with a general mechanistic design
approach.

3.  Describe the differences between a flexible and a rigid pavement
and list the important pavement types.

4.  List the material layers which may be found in various pavement
types and describe their impact on pavement performance.

2.0 HISTORICAL DEVELOPMENT COF PAVEMENT DESIGN
2.1 Pre-Road Test Design Methods

The historical development of pavement design dates back to the 1920°s
when design was accomplished primarily by rule-of-thumb, or by "precedent”
based on experience. Even though many satisfactory roads were designed using
rule-of-thumb procedures, this approach has limitations. For example, the
design factors appropriate for one set of soil, traffic, and environmental
conditions are not necessarily applicable under different conditions. The
rule-of-thumb design cannot adapt itself to these different conditions. This
approach is quite often uneconomic because pavements are being designed for
the worst conditions and are often overdesigned. These pre-road test design
approaches were often developed based upon geotechnical and/or soil mechanics
principles. For the most part, these procedures rely on protecting the
subgrade by placing sufficient thickness of material above the roadbed.

2.1.1 Group Index Method

The group index method uses the AASHTO method of soil classification to
calculate a numerical indicator for the quality of the roadbed soil based on
traditional soil properties (1). The group index will be described in Module
2-1, but it is a soil property indicating quality of soil. The higher the
group index, the lower the quality of the soil to carry traffic. The higher
group index requires a thicker pavement to carry the design traffic. This
design scheme does not allow much sophistication in material selection or
thickness design.




2.1.2 Pedological Methods

The underlying principle in pedological or soil forming classification
methods is that soils produced in a like manner, i.e., those from the same
parent rock, similar climate, age, weathering conditions, and topography
possess similar engineering properties (2). Various highway departments,
including those in Michigan and Wisconsin, have utilized geographic,
topographic, and agricultural soil maps to develop classification systems for
predicting soil conditions encountered in their given areas. The design
philosophy is similar to the group index method. Soils identified as having
lower quality properties require thicker pavements. ‘

2.1.3 Strength-Based Methods

Strength-based design methods use shear strength or load-deformation
characteristics of the roadbed soil. The test procedures used in these
design approaches will be explained in Module 2-1,2-2, and 2-3. The strength
tests indicate the relative quality of the roadbed materials.

California Bearing Ratio (CBR)

The California Bearing Ratio method of pavement design (3) uses the
load-deformation characteristics of the roadbed soils, aggregate subbase, and
base materials, and an empirical design chart to determine the thickness of
pavement, base, and other layers. The CBR value is an estimate of the
quality of the material as compared to that of an excellent base material,
for which the CBR is assumed to equal 100 percent.

Hveem

The Hveem stabilometer was developed in California and is predominately
used by Western states as a replacement for the CBR method (4, 5). It
measures the horizontal pressures developed as a result of vertically applied
load. The greater the resistance to vertical pressure, the better the load
carrying capability of the material. The thickness of pavement structure is
related to the R (resistance) value of the roadbed material.

Load-Defermation

This design methodology recognizes that pavement performance is highly
dependent on the load-deformation characteristics of roadbed soils, and not
just the ultimate strength. The plate bearing test is one such procedure
where the subgrade is loaded through a rigid plate 12 to 30 inches in
diameter and the vertical deflection of the plate is recorded. The thickness
design is based on the correlation of plate deflection with pavement
performance related to allowable load repetitions for a measured
load-deflection relationship.

Triaxial

The triaxial is a strength test that uses confining pressure in a cell
to simulate confinement conditions which exist in a pavement structure.
Triaxial tests have been used to provide strength comparisons of roadbed
soils that might be encountered 1n the field (3). These strength P
relationships are correlated with a required thicknesses of base and pavement i
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to protect the roadbed soil through empirical equations or charts. The
Kansas (6) and Texas (7, 8) Highway Departments have used the open triaxial
systems for thickness design.

2.2 Road Test Designs

The period from the mid 1940s to the 1960s can be described as the
period of Road Test Design Methodology. During this time, highway engineers
sought to better understand the significance of the vehicular effects on
pavement performance with the goal of developing data showing how pavement
condition changes over time for different situations. Confronted not only
with the effect of changing traffic load regulations and with the need to
establish policies on vehicle size and weight, the American Association of
State Highway Officials (AASHO) conceived and conducted road tests in
Maryland, Idaho, and Illinois during this time.

2.2.1 Maryland Road Test

The 1950 Maryland Road Test was conducted on a 1.1 mile section of
existing U.S. 301 located approximately 9 miles south of Laplata, Maryland
(9). The principal objective of this road test was to determine the relative
effects of four different axle loadings using two vehicle types on a specific
concrete pavement design. The loads employed were 18,000 pounds and 22,400
pounds on single axles, and 32,000 pounds and 44,000 pounds on tandem axles.
These loadings were selected to represent conditions expected to be
encountered in the foreseeable future on the existing roadway network.

2.2.2 WASHO Road Test

In 1953 to 1954 the Western Association of State Highway Officials
(WASHO) sponsored a test road consisting of a mile of specially built
flexible pavement in Malad, Idaho (10). The vehicular loadings were similar
to those of the Maryland Road Test and the expected results from the test
were similar.

2.2.3 AASHO Road Test

The AASHO Road Test was the last of the major road tests in the United
States (13), conducted from 1958 to 1960 near Ottawa, Illinois about 80 miles
southwest of Chicago. This site was chosen because the soil within the area
is uniform and is representative of that found in large areas of the
country. The climate is typical of that found in the northern United States
and much of the earthwork and pavement construction would be used ultimately
as part of Interstate 80.

The actual road test facility consisted of four large loops numbered 3
through 6 and two smaller loops numbered 1 and 2. Each loop was a segment of
a four-lane divided highway with tangent parallel roadways which were
connected by turnarounds. The tangents were 6,800 feet long in loops 3
through 6, 4,400 feet long in loop 2, and 2,000 feet long in loop 1. All
vehicles assigned to any one traffic lane of loops 2 through 6 had the same
axle loads and types. No traffic operated over loop 1. In all loops the
north tangents were surfaced with asphalt concrete and south tangents with
portland cement concrete. All the variables for pavement studies were

11



concerned with pavement thickness design, load magnitude, and environmental
effects. Pavement sections varied in length with a minimum of 100 feet and
were separated by a short transition section in order to separate the design
effects for statistical analysis. The actual designs used in Loop 4 are

shown in Figure 1-2.1.

The AASHO road test introduced the concept of serviceability into the
thickness design process. During the two years traffic was on each loop, a
survey panel rode over each pavement section every other week to rate its
ride comfort on a scale of zero for failed to five for perfectly smooth. A
present serviceability rating (PSR) curve was developed for each pavement
section as shown in Figure 1-2.2. With this curve the number of loadings to
reduce the ride comfort (PSR) to a failure level (terminal serviceability
level) could be determined for each pavement section. This empirical data is
the basis for the structural design equations developed from the road test
which will be presented in Block 3 and 4 for flexible and rigid pavements
respectively.

224 Extensions

The AASHO road test was the most comprehensive of the road tests, yet
it was still limited to the influence of only the environment of Central
Illinois, the roadbed soil of Central Illinois, and the materials of Central
Illinois which were used to construct the pavement sections. One immediate
concern was to develop expanded criteria which would allow different
conditions and materials to be considered in the design process. Components
of the design procedure requiring local verification are:

1.  Regional Factor (Climate).
2. Soil Support Value (Roadbed soils).
3. Structural Layer Coefficients (Material Properties).

A series of "satellite studies"” were to be conducted throughout the
United States to extend the road test findings to the individual states.
Unfortunately, this comprehensive effort was never fully implemented which
left the design guide with limitations in:

1. Verification.
2. Inadequate statistical data base.
3. No true definitions of failure.

The basic principles established and validated by the road test still
serve as the basis for a large number of performance-based design procedures
being used in the United State today. The AASHTO Interim Guide design for
rigid and flexible pavement, Corps of Engineers, Louisiana, Utah and Kentucky
designs are among a large family of pavement design techniques which were
primarily developed on the basis of field performance taken from the Road
Test. Their popularity indicates the usefulness of the data collected on the
road test.
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Loop 4
Axle Load
Lane 1 Lane 2
18,000-S 32,000-T
Main Factorial Design
Design 1
Surface Base Subbase |Factorial|Test Section No.
Thickness|Thickness|Thickness| Block {Lane 1lLane 2

4 1 633 634
0 8 2 607 608
19 3 571 572
3 569 570
3 4 2 599 600
3 8 3 573 574
12 1 617 618
4 3 585 586
(9) 8 1 623 624
12 2 601 602
4 3 583 584
0 8 1 619 620
12 2 603 604
4 1 627 628
2 589 590
4 3 8 2 597 598
12 3 575 576
4 2 595 596
6 8 3 577 578
12 1 625 626
4 2 605 606
0 8 3 587 588
12 1 621 622
4 3 579 580
5 3 8 1 631 | 632
12 2 593 594
4 1 629 630
6 1 615 616
8 2 591 592
12 3 581 582

Figure 1-2.1.

Pavement Sections Constructed on Loop 4 of the
AASHO Road Test.
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23 Mechanistic-Empirical Methods

Mechanistic pavement design procedures are based on mechanics of
materials equations that relate an input such as a wheel load to an output or
pavement response such as stress, strain or deformation. Laboratory testing
is often included to provide a relationship between loadings and failure.
Empirical design methods typically relate observed field performance to
design variables, such as a road test. Mechanistic-empirical design
approaches combine the theory and physical testing with the observed
performance to design the pavement structure.

The basis of a mechanistic design procedure is an analytical program to
calculate the stress or strain. The pavement response values calculated by
these programs are input for a second program using transfer functions to
predict distress resulting from the response. Transfer functions can be
developed from laboratory test data or they can be based on observed
performance data collected in the field. Dependence on observed performance
is the empirical nature of this design approach. VESYS is an example of a
program that uses empirical transfer functions which are based on the AASHO
road test performance data.

As more distress survey data becomes available theoretical models may
be more accurately calibrated to represent observed performance models.
Calibration with field performance is a necessity for accurate designs as
theory alone has not proven sufficient to design pavements realistically.

24  AASHTO Design Guide - 1986

Given the limitations of the 1972 Interim Design Guide, extensive
revisions have been made to include more fundamental concepts (some
recommended in mechanistic approaches) and extend the applicability of the
design procedure. These revisions include:

1.  Replacement of Soil Support Value and the modulus of subgrade
reaction with the Modulus of Resilience for both flexible and
rigid pavements.

2. The inclusion of design reliability.

3. The use of resilient Modulus testing to select layer coefficients
for flexible pavements.

4. Drainage has been included through recognition of the impact of
drainage on performance and suitable adjustments to material
properties.

5. Improved environmental design has been included for frost heave,
swelling soils, and thaw weakening.

6.  Subbase erosion can be accounted for in rigid pavement designs.
7.  Load Transfer can be designed for in rigid pavements.

8. Life-cycle cost information has been included for use in
evaluating alternate designs.

15




Other items in the design guide which have been included or expanded
include rehabilitation, pavement management, load equivalency factors,
traffic considerations, and low volume road design. Guidance is even Py
provided on mechanistic-empirical design. These items will be expanded upon s
in the appropriate section of the course.

3.0 GENERAL PAVEMENT TYPES

Pavement design is generally concerned with the design of flexible or
rigid pavements. These two pavement types are characterized by the different
mechanics of distributing loads to the subgrade and resulting construction
details required for acceptable performance. The typical structural layer
arrangement for each pavement type is shown in Figure 1-2.3. The rigid
pavement, by virtue of the stiff slab action of the portland cement concrete,
spreads the wheel load over a large area producing a low stress on the
subgrade. The flexible pavement, by virtue of the flexibility of the asphalt
concrete, deforms more than the portland cement concrete, and produces a
higher stress distribution on the subgrade. These different stresses and how
they are produced are the reason pavements perform differently and require
different design procedures. These differences will be detailed in later
sections of the course.

Rigid pavements can be subdivided into three separate designs:
1.  Jointed Plain (JPCP).
2. Jointed Reinforced (JRCP).

N

3. Continuously Reinforced (CRCP).

Jointed plain pavements are characterized by short joint spacings of 13
to 30 feet with no reinforcing steel in the slab. The joints are typically
dowelled for load transfer. Jointed reinforced pavements are characterized
by long joint spacings of 27 to 120 feet with reinforcing steel in the slab
to hold the shrinkage cracks tight. Continuously reinforced pavements have
no joints and contain a greater percentage steel to control cracking as the
concrete shrinks during curing.

Flexible pavement types are differentiated by the material used in the
individual layers. The most significant difference is when the granular base
is replaced with asphalt stabilized material to make a full-depth asphalt
pavement. This is still a flexible pavement because the stress distribution
resulting in the pavement is not at all similar to that in a rigid pavement.

The differences between these two pavement types necessitates very
different design considerations which will be developed in the remainder of
this course.

4.0 SUMMARY

The historical development of modern day pavement design methodologies
can be divided roughly into four periods representing awareness or
application of different design methodologies. These periods are:

,ﬂw"%ﬁ»\\
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1. Pre-Road Test Design Procedures.
2 Interim Road Test Design Procedures. L,
3. Mechanistic-Empirical Procedures.
4 AASHTO Design Guide 1986.
This course is designed to develop an awareness of the different design
methodologies, their advantages, or drawbacks, and the critical items which
should be present in any design procedure.
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MODULE 1-3
DESIGN CONSIDERATIONS IN OVERALL PAVEMENT MANAGEMENT
1.0 INSTRUCTIONAL OBJECTIVES

This module provides an introduction to the role pavement design should
play in overall pavement management activities. Pavement design is the most
critical activity in pavement management in terms of affecting both initial
and life cycle costs.

Upon completion of this module the participants will be able to
accomplish the following:

1. Briefly describe overall pavement management activities and goals.

2. List the major changes that have taken place in the national
highway system in the past decade that have caused an increased
concern for improved pavement management.

3. List the reasons why pavement design is a critical aspect of
pavement management in terms of life-cycle costs.

4. Describe how the information gained from monitoring pavement
performance can be used to improve pavement design.

20  OVERALL PAVEMENT MANAGEMENT PROCESS

Pavement management has existed in some form ever since the first
highway departments were organized in the early 1900’s. This section
presents an overall view of pavement management as it has evolved today.

2.1  Large Pavement Investment

Massive highway construction over the past 30 years means that
g%vements now represent one of the most costly of all public investments.
ere are 3.9 million centerline miles of roadway in the U.S. Approximately
two million of these miles are paved and over one million miles are either a
high type flexible or rigid pavement (5).

This large paved mileage can be studied by breaking it down into
individual projects. If a typical length of project is three miles there are
nearly 700,000 individual "design projects” that require continual planning,
design, construction, maintenance and rehabilitation. The adequacy of each
of these pavement management activities will result in a stream of costs that
will go on for as lonﬁ as the roadways exist. This stream of costs is
greatly affected by the adequacy of the planning, design, construction,
evaluation, maintenance and rehabilitation for each project. These are the
major activities which should be improved by overall pavement management.
Cost-effective management of such a vast pavement network can only be
accomplished through an integrated and comprehensive management approach.

19




2.2 Major Changes In Highways

The following major changes have taken place in the national highway o,
system during the past few years: '

1. Rising costs.

2 Reduced revenues.

3.  Increased utilization (particularly trucks).
4

A changing emphasis from highway expansion to modification and
preservation (25).

Such changes have resulted in highway agencies reassessing their management
practices, particularly with regard to pavements.

It must be recognized that highways are the overall product of highway
agencies, and pavements represent the end product of the highway system that
daily affects the lives of millions of users (2). Therefore, the goal of
pavement management must be to improve the product in a cost-effective
manner.

2.3  Pavement Needs
Pavements represent the major cost activity in providing highways. The

following funding levels have been estimated as necessary to maintain the
existing conditions on the United States highway system through the year

2000: : -
1. | Interstate 4R - $64.3 billion.
2. Primary - $93.3 billion.
3.  Secondary - $46.6 billion.
4.  Urban - $72.7 billion.

Because it is unlikely that all of the needed funding will be available
the importance of efficient pavement design becomes even more critical in
controlling the flow of costs. To provide for the efficient use of such
large amounts of funds, improved management and engineering practices and
training of personnel are required in every aspect of the pavement management
process.

24 Pavement Management Definition

The AASHTO Guidelines on Pavement Management provides the following
definition:

Pavement Management (PM) is the effective and efficient
directing of the various activities involved in providing and
sustaining pavements in a condition acceptable to the
traveling public at the least life-cycle cost (Q{
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The AASHTO Guide for Design of Pavement Structures 1986 adds that:

Pavement Management in its broadest sense encompasses all of
activities involved in the planning, design, construction,
maintenance, evaluation, and rehabilitation of the pavement
portion of a public works program (1).

Pavement management activities involve many different interrclated
aspects as illustrated in Figure 1-3.1. Recognition of the fact that these
activities are interrelated 1s critical. For example, poor design results in
large maintenance costs and rehabilitation costs. Good design with poor
maintenance results in shortened pavement life and higher costs. Poor
construction causes even an excellent design to fail prematurely resulting in
increased maintenance, rehabilitation, and user costs. Thus, all pavement
management activitics must be considered as a system in order to improve the
overall product, i.e. pavements, in a cost-effective manner.

3.0 DESIGN AND REHABILITATION CONSIDERATIONS OVER THE LIFE CYCLE

Pavement design is a critical aspect of pavement management. Poor
design practice will reflect itself throughout many years in higher pavement
maintenance and rehabilitation requirements. Figure 1-3.2 shows which
decisions have the most influence over the expenditure of funds during the
life-cycle of a project (7). The preliminary and final design phase have by
far the greatest effect on life-cycle costs as they are decisions which must
be made early in the life of a pavement project.

Figure 1-3.3 shows an example of the relative costs for various design
alternatives for a given pavement. The initial design affects not only the
initial construction cost but also has an impact on all other costs such as
maintenance, rehabilitation, salvage, and user. This figure illustrates that
pavement design can improve the pavement management process through the
consideration of different design strategies and all associated costs over
the design analysis period. This is commonly referred to as life-cycle
costing of different design alternatives.

Recent developments in pavement technology such as improved testing
equipment and increased microcomputer availability provide the pavement
designer with more "tools" to use in the evaluation of the consequences of
pavement design alternatives to estimate their life-cycle costs.

4.0 FEEDBACK OF PERFORMANCE MONITORING DATA TO IMPROVE DESIGN

Improvement of any product comes about essentially through the feedback
performance information that relates to design and construction. This
feedback concept for pavements is illustrated in Figure 1-3.4. Perhaps the
weakest link in the pavement management process has been the lack of feedback
of critical performance monitoring information, and its use to improve
planning, design, construction, maintenance and rehabilitation procedures.

Until recently, there have been limited pavement monitoring and
evaluation activities in highway agencies. A number of agencies are
beginning to monitor their pavements for planning and programming purposes,
but there is still a general lack of performance monitoring and use of the
feedback data to improve other pavement management activities, particularly

21
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Figure 1-3.1.
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Figure 1-3.2. Decision Makers Influence Costs (7).
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Cost Per Mile, Dollars ( Present Worth )

LEGEND
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Figure 1-3.3. An Example of the Relative Costs for a Given

Pavement Design (4).
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design. Because design plays such an important role in determining overall
life-cycle costs, feedback is essential to improve the design process.

A pavement monitoring program should provide at least the following
performance information:

1.©  Distress (detailed cracking, joint deterioration, rutting, etc.)
2. Roughness.

3. Deflection.

4.  Friction characteristics, particularly at high accident locations.
5.  Traffic loadings through weigh-in-motion scales.

This information is considered essential to the development of a
comprehensive database. Such a computerized database is essential to aid in
the management and analysis of such a comprehensive amount of data. The
database must also include key design, materials and construction data so
that the pavement monitoring data can be related to traffic, design,
construction and materials characteristics. This database becomes the
"heart" of the overall pavement management system as shown in Figure 1-3.5.

The importance of using feedback performance data to improve pavement
technology is shown in the importance being given to the "Long-Term Pavement
Performance" (LTPP) program which is part of the Strategic Highway Research
Program (SHRP). The LTPP research program proposes to monitor approximately
3,000 in-service pavement sections over a 20-year period to obtain
comprehensive performance data. The development of empirical and mechanistic
pavement design procedures and performance models from this data is one of
the major objectives of the LTPP study.

5.0 SUMMARY

This module has discussed overall pavement management and the
importance of pavement design to this management process. Specific items of
concern to the pavement designer are as follows:

1.  Pavements represent a large public investment, and therefore,
comprehensive management systems and tools should be used to
insure that all of the pavement management activities are
accomplished effectively.

2. Pavement design is a critical aspect of pavement management in
terms of affecting a stream of costs over many years.

3.  The weakest link in the pavement management process has been the
lack of feedback of critical performance monitoring information.
this information could be used to improve planning, design,
construction, maintenance and rehabilitation. Lack of this data
has resulted in many design errors being perpetuated.
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Figure 1-3.5. The Database Becomes the "Heart'" of the Overall Pavement
Management System (3).
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6.0

4.  Pavement Management includes pavement design as a major element.

5.  The importance of pavements in the context of highway
transportation can be summed up as follows:

a.  Highways are our product. For those we serve, this means one
thing and one thing only -- PAVEMENTS.

b.  Right-of-way, grading, drainage, and subbases are all
engineering and procedural requirements to build good
pavements. Good signing, good geometrics, effective
guardrails, and good delineation are all needed to aid safe
use of our pavements. Safe and well designed PAVEMENTS are
our end product -- what our consumers want, use, and pay for.
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Initial Considerations
in the Pavement
Design Process
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Modules

2-1
2-2
2-3
2-4
2-5
2-6
2-7

BLOCK 2

INITIAL CONSIDERATIONS IN THE PAVEMENT DESIGN PROCESS

SUBGRADE SOILS

RESILIENT MODULUS

PAVING MATERIALS

DRAINAGE DESIGN

PAVEMENT PERFORMANCE

VEHICLE AND TRAFFIC CONSIDERATIONS
VARIABILITY AND RELIABILITY

This block presents the important items required for the overall
pavement design process. These items are needed by the engineer in order to
betgin to select typical cross sections to handle the many variables which
affect the performance of a pavement. If these items are not fully
considered, the final thicknesses calculated for the proposed cross section
may not be economical, or they may fail prematurely. The block is structured
to relate these topics to the design process and the selection of typical
cross sections capable of performing adequately.

Upon completion of this block the participants will be able to complete
the instructional objectives listed for each module.
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MODULE 2-1

ROADBED SOILS
1.0 INSTRUCTIONAL OBJECTIVES

This module presents the physical and engineering dproperties of roadbed
soils. Test procedures and classification systems are introduced to

establish an understanding of the composition of a soil. Material property

and strength test results are discussed as they relate to pavement design
procedures for both rigid and flexible pavements. Special emphasis is placed

on interpreting test results and correlating an existing test result with

other methods of characterizing materials.

Upon completion of this module the participant will be able to
accomplish the following:

1. List the steps required in classifying a roadbed soil and relate
the classification to an indication of roadbed soil support.

2. List the common tests performed on roadbed soils and describe the
significance of the test result and its relationship to roadbed
soil support.

3. Describe the differences in the role of a roadbed soil on the
performance of a flexible and rigid pavement.

4, Be able to correlate different roadbed soil tests and relate to
resilient modulus.

2.0 INTRODUCTION

Since the early days in the development of pavement design, it has been
recognized that the properties of individual pavement components have a great
impact on the performance of the pavement. In the 1940’s, the pavement
design concept was primarily based on the physical and engineering properties
of roadbed soil upon which the pavement was constructed. The properties of
importance included soil classification, plasticity, shear strength, frost
susceptibility and drainage.

Since the late 1950’s, more emphasis has been placed on the fundamental
properties of roadbed soils, and test methods have been developed for better
characterization of these soils. Test methods using static or low strain
rate loading conditions such as the California Bearing Ratio (CBR),
unconfined compressive strength, etc., have been replaced with dynamic and
repeated load tests such as modulus of resilience which more realistically
simulate stresses and strains developing in the actual pavement, but these
tests are still being conducted and used in pavement design.

The subjects discussed in this module relate to pavement design, and
will broaden the pavement designer’s appreciation for the requirements of a
roadbed. Specifically:

1. Suitability of roadbed materials to be used for construction.
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2. Design input requirements for roadbed material.

The material properties to be presented in this module are divided into
the following:

1. Physical properties: These properties are most often used for the
material selection, construction specifications and quality
control.

2. Engineering properties: These properties provide an estimate of
the design potential of the pavement materials. The design
potential of the roadbed soils can be related to the primary
response parameters which are modulus of resilience, Poisson’s
ratio, soil support value, modulus of subgrade reaction (K) value,
etc., some of which will be discussed in Module 2-2, Resilient
Modulus.

3.0 PHYSICAL PROPERTIES OF ROADBED SOILS
3.1  Inmitial Soil Properties

The pavement design process requires properties of the roadbed soil for
design because the roadbed soil represents a design quantity that cannot be
changed in the design, and it must be characterized very thoroughly. This
characterization involves extensive sampling of the soils along the
right-of-way of the proposed highway. The samples are brought to the
laboratory,and the tests described in this module are conducted on the soils
collected. The testing program must be designed to provide an indication of
the variability of the soils along the length of the l;();oject. This
variability will have an influence on the final thickness and even on the
pavement type selected for construction. ;

Before extensive field sampling and testing is performed, there are a
number of published reports on soil properties which should be consulted.
The most comprehensive of these is the county soil map published by the
Agricultural Extension Services and the Soil Conservation Service. These
maps are prepared from extensive field sampling and testing and the
information is plotted on aerial photographs with a scale of 1 inch to 5000
feet. The different soil types are indicated along with the existing
‘appurtenances, as is shown in Figure 2-1.1 which is taken from a county soil
map in Illinois. Also indicated on this figure are some of the typical
material properties which can be obtained in the publication. Each soil type
with its number is identified in the report, and detailed information is
supplied. These maps provide a ready source of information on properties and
potential variability along the project length. This information can help
avoid excessive testing costs by providing initial data on soils in the area.

3.2  Soil Classification

The engineering classification of soils is the most universally
accepted indicator of the physical property of a naturally occurring soil.

The AASHTO method of soil classification is the method most commonly accepted

by engineers in the highway field. This procedure relies on the grain size
distribution and the plasticity characteristics of the soil to differentiate
between soils based on their potential to perform as a roadbed under a
pavement structure.
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The AASHTO classification system (AASHTO M145) breaks the grain sizes
into the following ranges delineated by U.S.A. Standard Sieves:

1.  Gravel, Three inch to No. 10 Sieve. -
2 Coarse Sand, No. 10 to No. 40 Sieve.

3. Fine Sand, No. 40 to No. 100 Sieve.

4 Silts and Clays are all passing the No. 200 Sieve.

The break-point between coarse and fine-grained soils is the amount of
material passing the No. 200 sieve. In the AASHTO procedure a fine-grained
soil has more than 35 percent passing the No. 200 sieve. Thus roadbed soils
will commonly be either A-4, A-5, A-6, or A-7 soils as shown in Figure
2-1.2. One coarse-grained soil classification with similar characteristics
to a fine-grained soil is the A-2 classification because it may have nearly
the samf, amount of material passing the No. 200 sieve as the fine-grained
materials.

With similar gradations, the plasticity characteristic of the soil
particles smaller than No. 40 sieve have a large influence on the performance
of the soil (AASHTO T89 and T90). The plasticity characteristics are
determined by the Atterberg Limit tests. These tests are the Liquid Limit,
LL, the Plastic Limit, PL, and the Plasticity Index, PI. The PI is equal to
the LL minus the PL. These limits are the moisture content at which the soil
exhibits a change in behavior from liquid to plastic to elastic respectively.
~ These limits are affected primarily by the clay particles in the soil and
relate closely to the potential performance of the soil. o,

The plasticity limits for each soil classification are indicated in the
classification chart given in Figure 2-1.2, and are shown graphically in
Figure 2-1.3. Higher limits generally indicate poorer performance when used
as a roadbed soil, but even within a particular classification there will be
variability in both plasticity and gradation which are not differentiated in
the general classification. To provide this differentiation, the "group
index" was developed. The group index is an empirical equation based on the
service performance of many soils that indicates the relative amount of fine
silts and clays and the plasticity characteristics of a soil. It provides a
more detailed description of the soil and its performance potential. The
equation to calculate the group index was given in Figure 2-1.2 ‘

There are other soil classification schemes in use by other agencies,
including the Unified Soil Classification System. The Federal Aviation
Administration (FAA) Classification System, Pedological Classifications, and
the United States Department of Agriculture Classification System are
examples other agencies are using.

The classification of a soil is an important input for the pavement
design process. Relationships that have been developed which correlate soil
classification and structural design properties are an easy method for
developing input for the initial selection of pavement structures without
extensive testing.

M&"i\\
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Granular Materials Silt-Clay Materials
General Classification (35% or less passing No. 200) (more than 35% passing No. 200)
A-7
A-l A-2 A-7.5
Group Classification A-la A-1-b A-3 A-24 A-2-5 A-2-6 A-2.7 A4 A-5 AS A-7~6.
Sieve analysis, % passing:
No. 10 50 max B e i R LR B I R
No. 40 30 max SO0max {SImin | ...... | eeeine eron b einnii] ceveen b e e
No. 200 15 max 25 max | 10 max | 35 max 35max | 35max | 35 max | 36 min 36 min | 36 min | 36 min
Characteristics of frac-
tion passing No. 40:
Liquidimit |  ...... ..., 40max | 41 min | 40max | 41 min | 40max | 41 min | 40 max |4l min
Plasticity index 6 max N.P. 10 max 10max | 11 min | 11 min | 10 max 10max | 1! min [ 11 mint
Usual types of signifi- Stone fragments, Fine Silty or clayey gravel and sand Silty soils Clayey soils
cant constituent ma- gravel and sand
terials sand
General rating as sub- Excellent to good Fair to poor
grade

* Reprinted by permission of the American Association of State Highway and Transportation Officials from AASHTO Materials, 12th edition, 1978.
#7™ Plasticity index of A-7-5 subgroup is equal to or less than LL minus 30. Plasticity index of A-7-6 subgroup is greater than LL minus 30.

Group Index = (F-35) [0.2 + 0.005 (LL - 40)] + 0.01 (F-15) (PI-10)

F = percentage passing the No. 200 sieve, expressed as a whole number.
LL = liquid limit (whole number)
PL = plastic limit (whole number)
PI = plasticity index = LL - PL
Notes:

1. If the calculated group index is negative, report the group index
as zero (0).

2. If the soil is nonplastic, and when the liquid limit cannot be
determined, report the group index as zero (0).

3. Report the group index to the nearest whole number.

4. For A-2-6 and A-2-7 subgroups, use only the PI portion of the formula.

Figure 2-1.2. AASHTO Soil Classification.
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3.3 Moisture-Density

The moisture content and density relationship (AASHTO T99 or T180) for
a soil is a critical factor affecting the strength and deformation properties
of any prepared soil. Careful laboratory testing to establish this
relationship is critical for its use in specifications to ensure adequate
quality control of the material used in construction to provide the desired
structural capacity in the roadbed material for the pavement design. The
laboratory data is critical for accurately monitoring a project during
construction and for knowing the compacted density at aI|l times. This
importance extends beyond design requirements to determining density and
moisture values of the roadbed material anytime rehabilitation is planned
because these values will exhibit seasonal variation.

A Proctor compaction curve is shown in Figure 2-1.4 indicating the
maximum density and optimum moisture content which are the two principal
output values from this test. It must always be remembered that each soil
has an individual relationship that must be established in the laboratory.
Figure 2-1.5 contains typical compaction curves for a variety of soils. It
is critical to select a moisture density specification that ensures a
specific level of physical performance in the soil and to perform sufficient
tests to ensure that these values are obtained in the field. The moisture
density state of a compacted soil affects the strength and deformation
characteristics of the soil in the pavement which is related to its
structural adequacy. Figure 2-1.6 shows the influence of moisture and
material type on the CBR values of compacted materials.

With any design procedure, it is important to recognize the
relationship between the moisture density relationship of a soil and the
resulting design when the moisture or density changes. One drawback of the
traditional strength testing is that they require a specific testing program
which relies on specific moisture density conditions and does not allow
design variability. The resilient modulus provides a means to fully describe
a soil’s design potential.

With the new design procedures relying on an accurate determination of
the resilient modulus, the control of density becomes more important because
a statistical selection of a minimum value will not be allowed as they were
in the old design procedures. Previously, the average strength value for
design minus two standard deviations was used in the design process. The new
design guide uses only the average value, and variability must be accounted
for separately. The importance of moisture density control will be shown in
subsequent sections which describe test procedures and results for various
soils.

4.0 SOIL STRENGTH PARAMETERS FOR HISTORICAL DESIGN PROCEDURES

Various tests have been used to measure the ultimate response of
roadbed soils and to evaluate the ability of the roadbed to adequately
sustain traffic loads. The most common strength tests are:

1. California Bearing Ratio (CBR) (AASHTO T193).

2. Resistance Value (R value) (AASHTO T190).

39



R =N

122

\ \
120 \ \
&, W 041 0.29
\ \
g \ % Mg | —joes —jo30
O
= / \ \ \e o
Z 116 \ . 2 z
N / Wo \-w\ \| —0465 —032¢
7]
S °/ \% \ \ oas —o3s
T2 x
a / \ \
110 —A] \ —Josz o34
)
108
4

6 8 10 12 14 16 18 20
Water content, w, in %

Figure 2-1.4. Typical Proctor Moisture-Density Curve.

40



SOIL TEXTURE AND PLASTICITY DATA
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Figure 2-1.5. Typical Compaction Curves for Different
Soil Types.
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3. Modulus of Subgrade Reaction (k value).
4. Triaxial.

Each test was developed for a specific purpose and met a need at the
time it was developed. Few of these tests provide a rational analysis of
basic soil properties such as the resilient modulus (Mp ), permanent
deformation, or volume stability under traffic loading.

4.1 CBR

The CBR (California Bearing Ratio) test measures the resistance of the soil
to penetration. A piston with an end area of 3 square inches is pressed into
a six inch diameter, five inch tall soil specimen in a steel compaction mold

at a standard rate of 0.05 inches per minute. The load required to force the
piston into the soil is measured at given penetration intervals. The

resulting penetrations are compared to the penetration recorded for a
standard, well-graded crushed stone to get the bearing ratio as a percentage
of the standard. CBR curves for a wide range of soils are pictured in Figure
2-1.7. Because this test is arbitrary in nature, it has many limitations.

An advantage is the relatively simple equipment needed and the large amount
of historical data available for correlating results with field performance.

A major disadvantage is that the test method is very sensitive to the method
of specimen preparation. There have been significant modifications to the
original CBR method to improve its applicability.

In Figure 2-1.8 the interrelationship between strength, as measured by
CBR, density and moisture content are shown. The CBR "as molded" will
gradually decrease for samples compacted at the higher moisture contents.
However, CBR values after a four-day soaking period show a peak similar to
that of moisture-density curves. If a swelling soil is compacted below the
optimum moisture content, upon soaking, its strength is substantially lost.
The relationship between CBR, moisture and density does provide valuable
information for the designer. For pavement design purposes, an estimate of
soil CBR can be obtained from Figure 2-1.9 and Table 2-1.1.

4.2 R Values

The R value (resistance value) is derived from a test conducted in a
stabilometer as shown in Figure 2-1.10. A cylindrical sample (4 inches in
diameter, 2-1/2 inches tall) is enclosed in a membrane and loaded vertically
over the full face of the sample to a given pressure. The resulting
holrizontal pressure is measured and used to calculate the resistance (R)
value.

The R value method of test developed by F. N. Hveem and R.M. Carmany of

the California Division of Highways (1) has been used most frequently in the
western states. The procedure actually involves two separate tests:

1. The thickness (weight) of cover required to resist expansion of
the soil is determined by the expansion pressure test.

2. The R value test evaluates the soil’s relative ability to sustain
loads.
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Table 2-1.1 Approximate Ranée of CBR and K Values for Soil Groups of the
Casagrande Soils Classification as Used by Corps of

Engineers, Department of Army.

Major Soil groups and typical description CBR Approximate
Div. Range of
k-values
Well-graded gravel and gravel-sand
mixtures. Little or no fines 80-100 500-700, greater
Well-graded gravel-sand-clay
mixtures. Excellent binder. 80-100 400-700, greater
Gravel
and Poorly graded gravel and gravel-
gravelly sand mixtures. Little or no fines 30-60 300-500
oils
Gravel with fines, very silty gravel
clayey gravel, poorly graded gravel-
sand-clay mixtures 30-60 250-500
Well-graded sands and gravelly sands
Little or no fines. 25-60 250-575
Well-graded sand-clay mixtures :
Sands Excellent binders. 25-60 250-575
and
Sandy Poorly-graded sand. Little or no fines 15-25 200-325 -
Soils
Sand with fines, very silty sand,
clayey sands, poorly graded sand-clay
mixtures 10-25 175-325
Silts (inorganic) and very fine sands,
Fine rock flour, silty or clayey fine sands
grained with slight plasticity 5-25 150-300
soils
with Clays (inorganic) of low to medium
low to lasticity, sandy clays, silty clays,
medium ow plasticity clays 5-15 125-225
compress- :
ibility Organic silts and organic silt-clays
of low plasticity 3-10 100-175
Micaceous or diatomaceous fine sandy
Fine and silty soils, elastic silts 1-5 50-175
grained ( S or gl
soils Clays (inorganic) of high plasticity,
with fat clays 1-3 50-150
high
compress-  Organic clays of medium to high
ibility plasticity 1-3 50-125 P
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For design purposes, the R values for various soil types have been
correlated with the Group Index, CBR and other soil properties. R values for
different soils were presented previously in Figure 2-1.9.

4.3 Modulus of Subgrade Reaction

The modulus of subgrade reaction, K value, is determined from a plate
loading test set up as indicated in Figure 2-1.11 (2). A thirty-inch
diameter plate is loaded to a given pressure (usually 10 psi) at a specified
rate and the resulting deflection is measured. The K value is calculated as
the unit load on the plate divided by the deflection of the plate. The test
must be conducted in the field and requires expensive equipment.

The modulus of subgrade reaction, K, is given by
K=p/A

where p = unit pressure on the plate, typically 10 psi
A =vertical deflection of the plate, in

Since determining the K value is a field test procedure, it cannot be
conducted at various densities and moisture contents to approximate different
service conditions. It is recommended that the field K value be adjusted for
the most unfavorable roadbed condition. This correction factor is obtained
as a ratio of deformation at 10 psi pressure of unsaturated soil, given by d,
to that of saturated soil, given by "ds":

K =(d/ds) x Kypcorrected

The modulus of subgrade reaction, K, is also dependent on the plate
size. Thirty-inch diameter plates are used for rigid pavements; whereas
plate sizes for flexible pavements range between 12 and 18 inches.

The modulus of subgrade reaction can be estimated based on soil
classification data or using correlations with other soil engineering
properties such as CBR and modulus of resilience, as shown previously in
Figure 2-1.9 and Table 2-1.1.

44 Triaxial Compression Test

Triaxial testing is used by several states to evaluate the shear
strength of roadbed soils. The unsaturated, unconsolidated, undrained test
is most commonly used (3) although a saturated test is preferred. The soil
samples are compacted either statically or dynamically to near optimum
moisture and density in a cylindrical mold with a finished size of from 1.4 x
2.8 inches to 6 x 12 inches. The sample is then fitted with a flexible
membrane and placed in a triaxial cell capable of sustaining a confining
pressure around the sample as shown in Figure 2-1.12.

A confining pressure comparable to the in situ stress is applied to the
cell. A controlled rate of strain (usually 0.05 inches per minute) is
applied along the vertical axis of the sample, and readings of vertical foad
gstress) and total strain are made to plot a curve as shown in Figure
-1.13. A series of stress-strain curves are developed by testing similar
samples under various confining pressures. Using the maximum stress from
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each test, a Mohr rupture envelope is constructed, as shown in Figure

2-1.13. From the Mohr’s diagram, the cohesion and angle of internal friction
may be obtained as indicated. Figure 2-1.14 shows the Texas triaxial design
which classifies triaxial envelops into categories requiring differing
thicknesses for protection of the subgrade.

As with the other test procedures discussed, the method of compaction,
the moisture, and the density of the sample significantly affect the results
obtained. Since the shear strength is estimated using the failure stress of
each individual specimen, tested under different confining pressures, it is
essential that all specimens prepared for this determination have the same
initial moisture content and density. This necessitates some judgment in the
evaluation of test results.

These strength tests provide relative indications of quality which
relate, empirically, to a pavement thickness required to protect the roadbed
and provide a measure of performance based on previously observed pavements.
These tests have no relationship to theory, which limits their applicability
for use in new or innovative pavement designs. This is a major reason behind
the adoption of the modulus of resilience as the roadbed soil strength
parameter. It has a theoretical relationship which allows mechanistic
procedures to be used to evaluate new and innovative designs.

5.0 SOIL STRENGTH PARAMETERS FOR PAVEMENT DESIGN

The new AASHTO design guide replaces the old Soil Support Value (S)
with the resilient modulus (Mp ) which will be detailed in Module 2-2. The
Mg, value in the AASHTO design procedure is the average value for the
roadbed soil. This average is the average of all tests along the route of
the pavement, and points out the importance of testing samples at the density
and moisture content they will develop in service. This average value is
further adjusted in the design process for seasonal variability.

The traditional pavement design procedures which utilize the parameters
discussed in this module all require the use of an average value that is
adjusted to account for the statistical variability in the material along the
length of the roadway. This adjustment is typically the average value plus
or minus two standard deviations. The new AASHTO design procedure has been
structured to use only the average value for the materials. The use of
extreme conditions to represent minimum expected values must be judiciously
avoided in the future, and gives reason for improved testing procedures to
very accurately characterize the roadbed soil.

5.1 CBR

The CBR value represents the strength of a saturated soil as compared
to an excellent crushed stone base material. The design principle is that
the lower the CBR, the thicker the pavement material placed on top of the
roadbed to protect the roadbed soil from being overstressed. The design
curves using CBR have all been developed from field observation of actual
pavements under traffic and failure was related to CBR, pavement thickness,
and number of traffic loadings. A design curve utilizing CBR is shown in
Figure 2-1.15.
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5.2 Hveem

The Hveem test produces a number with the same relationship to
thickness requirements as the CBR test does. The nature of the test does
relate more directly to the loading mode of a pavement soil, in that the soil
is loaded, and the resistance to lateral deformation is used to calculate the
R value. The more resistance to deformation under load, the better the
roadbed soil is and the less pavement material that is required to carry the
design traffic. A design chart for the Hveem test is shown in Figure 2-1.16.

5.3  Modulus of Subgrade Reaction

The k value is a field test, and typically is conducted for airfield
pavements rather than highway pavements, and is limited strictly to design of
rigid pavements. The use of this test for highways is traditionally
developed from correlations with CBR or Hveem through limited field tests on
different soils, and design curves for rigid pavements can be found in the
AASHTO design guide and will be discussed in Block 4.

54 Triaxial

The failure envelops from the triaxial test shown earlier in Figure
2-1.13 represent levels of material quality. The lower curves indicate
weaker materials which could not sustain as high a load as the others. As
confining pressure is increased, the roadbed soils will increase in
load-carrying capacity in the triaxial mode of testing providing the upward
slope to the curves. The design principle with the triaxial test is exactly
the same as for CBR with the weaker materials requiring more pavement
thickness to protect the roadbed. The Texas triaxial design chart is shown
in Figure 2-1.14 with various classifications of material quality indicated.

6.0 CORRELATION CONSIDERATIONS FOR MODULUS OF RESILIENCE

With the introduction of the resilient modulus value into the AASHTO
design process it will become necessary for all states to conduct appropriate
testing to develop resilient modulus values for the soils in their state. It
is realized that not all states will have the necessary equipment to develop
the My, data required for immediate use in design projects. Therefore, some
gencrz?f correlations will have to be used to relate these common tests to the
resilient modulus of the roadbed soils before specific data are developed for
the state. These correlations will be discussed in Module 2-2.

6.1 California Bearing Ratio

The My, values for soils must be developed to take full advantage of
the AASHTO guide as well as the mechanistic procedures which rely solely on
the resilient modulus. In the same manner that the old Soil Support Value
was related to different soil tests, until these precise correlations are
developed some standard correlations can be used.

An accepted approximate correlation is:
Mg =B *CBR

For soils with a CBR equal to or less than 10 the value of B is 1500
although the value may vary from 750 to 3000.
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6.2 RValue
The relation for Hveem resistance is:
Mg = A+B (R-Value)

For R-values equal to or less than 20 the recommended A-value is 1000
and the B value is 555. A may vary from 772 to 1155 while B varies over the
range of 369 to 555 (1).

Figure 2-1.17 contains some commonly accepted correlations between
other tests and the resilient modulus. It is expected that each state will
develop individualized correlations specifically for their materials such as
that done in Ohio which is shown in Figure 2-1.18.

7.0 EXAMPLE PROBLEMS
7.1 Soil Classification

Classify the following soils by the AASHTO classification procedure:

Percent passing Plasticity
#10 #40 #200 LL PI
A- 371 21.1 8.6 12.3 NP
B- 100.0 96.3 75.6 33.7 8.9
Solutions:

Sample A - A-1a
Sample B - A-6

7.2 CBR Calculation
Calculate the CBR for this roadbed soil from the following data.

Penetration, inches Load, Pounds
0.025 112
0.05 200
0.10 300
0.2 380
0.3 435
0.4 460
0.5 470
Solution:

The CBR for this soil is (300/3000)*100 = 10

7.3 Triaxial Test

Plot the Mohr circle data and determine the Angle of internal friction,
and cohesion for this soil.

Confining stress (@3). psi Vertical Stress at Fggure @1 psi
0
15 75
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Solution:
The Cohesion is approximately 9 psi, and the angle of internal
friction is approximately 30 degrees.

7.4 Correlations
Find the value in Column A, given the value in Column B.

A B
1 SSv Mp =5,000 psi
2 Mp C]?R =3.5
3 Mp SSvV =5
4 Mp Group Index = 10

Solution:

The SSV for No. 1 is approximately 6.3. The Mp, for No. 2 is
approximately 3,300 to 5250 psi depending on the formula or chart used. The
Mg, for No. 3 is 6,300 psi. The Mp, for No. 4 is approximately 5,000 psi.

8.0 SUMMARY

This module presents the general physical and engineering properties of
roadbed soils. Classification of soils is discussed to develop an
understanding of the composition of a soil that can impact its performance in
a pavement.

Correlations have been presented that show relationships between the
old strength tests and the newer deformation test, the resilient modulus,
Mgp. The Mg, test is required for use in the AASHTO design guide to
represent roadbed soil structural adequacy. The need for accurate
characterization of the My, is demonstrated by the effect density, moisture,
and environment have on the My, value.
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MODULE 2-2
RESILIENT MODULUS

1.0  INSTRUCTIONAL OBJECTIVES

This module presents the physical and engineering properties of roadbed
soils as determined by the resilient modulus test for the AASHTO Design
Procedure. The test procedure is described in detail to provide an
understanding of the complexity of the test procedures and equipment
required. Test results are discussed as they relate to pavement design
procedures in the AASHTO Procedure. Emphasis is placed on interpreting test
results and correlating the more traditional test results with the resilient
modulus data for fine-grained soils and granular materials.

Upon completion of this module the participant will be able to
accomplish the following:

1.  List the steps required to perform the resilient modulus test for
fine-grained and coarse grained materials.

2. Understand the concept behind resilient modulus testing and the
importance of its inclusion in the AASHTO Design Guide and its
relationship to Soil Support Value.

3. Describe the differences in the role of a roadbed soil on the
performance of a flexible and rigid pavement.

4, Be able to correlate different tests and relate them to resilient
modulus values.

5.  Calculate resilient modulus values for use in pavement design from
laboratory data.

2.0 INTRODUCTION

The resilient modulus test was developed to provide a material property
that more accurately describes the behavior of the soil or other paving
material under the effect of a moving wheel. The response to a wheel load is
a deformation of the pavement whether the wheel load is moving or
stationary. The magnitude of the deformation, however, is very different
depending on the speed of the wheel load. The total deformation of the
pavement is a summation of the individual deformations of the individual
pavement layers. Traditional design procedures have been developed around
laboratory tests which were static, and which were merely strength comparison
tests which merely rank materials for their suitability of use. Very seldom
do the materials in an actual pavement receive loads which approach failure.
The performance of materials is very different at low load levels compared to
high load levels.

Unlike the tests discussed in Module 2-1, which are static or slow, a
moving wheel imparts a dynamic load pulse to all pavement layers and the
subgrade as shown in Figure 2-2.1. The moving stress pulse builds from a low
value when the wheel load is far from the point being investigated to a peak
load over a time interval that is related to the speed of the vehicle. A
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test procedure useful in pavement design should determine the properties of
the paving material under the conditions that will actually be experienced in
the field. This is the background for the development of the resilient
modulus test for paving materials which will be discussed in this module.

3.0 RESILIENT MODULUS TEST

3.1 General

The resilient modulus test as adopted by AASHTO (AASHTO T274-82) is a
modification of the triaxial test discussed in Module 2-1. The resilient
modulus test is not a strength test, and samples are not failed during
performance of the test. A cylindrical sample of soil or granular base is
confined in a triaxial cell as shown in Figure 2-2.2 which allows varying
confining pressures to be applied to the sample to model in-place
characteristics of the pavement. A suitable loading system is used to apply
arepeated load pulse of a fixed magnitude and fixed time duration to the
cylindrical soil sample. The deformation of the sample is recorded for
analysis.

3.2 Recorded Data
3.2.1 Loads

The load applied to the sample must be recorded for each test. The
confining pressure can be recorded easily with a suitable pressure gage. The
load applied to the sample must be monitored with an electronic load cell.
Both values are required to calculate the stress parameters discussed in
Module 2-1. For fine-grained roadbed soils, the deviator stress is the
stress parameter which must be calculated, while the bulk stress is required
for coarse-grained materials. The deviator stress is the numerical
difference between the maximum vertical stress on the sample and the
confining pressure. The bulk stress is the sum of the stresses and pressures
on the sample. These are depicted in Figure 2-2.3. The equipment to record
these values will be discussed in a subsequent section.

3.2.2 Deformation

The longitudinal deformation of the cylindrical sample is the response
to the dynamic repeated loads, and is analogous to the deformation of the
pavement layer under the dynamic wheel load. The general response to a
dynamic load is shown in Figure 2-2.4. The response of the sample to a
dynamic load is made up of several components as indicated in this figure.
Each component provides for calculation of a parameter that can be used in
design or performance prediction of the sample. The’components are:

1. Total Deformation - Total deformation under the load,é;.

2. Resilient Deformation - Deformation recovered when the load
is removed, €.

3. Permanent Deformation - Deformation not recovered when the
load is removed,ep.
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Figure 2-2.4. Response of Soil Sample in Resilient Modulus Test.
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The deformations recorded for each test are converted to strains for
use in the resilient modulus calculations. Strain is defined as the
deformation resulting from a load divided by the original length of the
specimen being deformed. For the cylindrical samples used in this test, the
original length is the original height of the specimen.

The use of these data will be described in detail in a later section of
this module.

33 Equipment

- The equipment setup recommended in the AASHTO Test Method is shown in
Figure 2-2.5. The basic components include:

1.  Repetitive Loading device.
2. Triaxial cell and pressure control.
3.  Electronics for data recording

These pieces of equipment can be very sophisticated or they can be very
simple depending on the data desired from the test and the materials being
tested.

331 Repetitive Load Device

The repetitive loading device can be an air actuated piston assembly
with electronic solenoid control, or it can be a sophisticated hydraulic
servo motor MTS type arrangement with precise control on the shape of the
load pulse being used. It is not known yet whether the stress pulse is
significant in modulus determination.

3.3.2 Pressure Control

Because the test will be conducted at several confining pressures for
granular materials, the pressure control must be capable of maintaining a
constant pressure on the sample. There are no specific requirements for this
system.

3.33 Data Recording

The determination of a resilient modulus requires that the total axial
deformation of the sample be recorded. Generally, this is done after a
prescribed number of conditioning cycles. The equipment to record these
deformations can be a simple digital meter such as a comparative peak reading
voltmeter which holds the peak deformation for the load cycle and the low
value after the load is released. More traditional devices are pen recorders
which record the deformation during the entire load cycle for later analysis.

The test procedure lends itself to analysis of permanent deformation as
well as resilient modulus. The analysis of permanent deformation requires
continuous monitoring of the deformations, with complete traces of specified
load cycles during the life of the test, which may be for several hundred
thousand load cycles. Use of microcomputers for data collection will make
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this process easier in the future by minimizing the different pieces of
equipment required.

The deformations of the soil sample are measured by LVDT assemblies
which clamp to the soil cylinder or loading ram as shown in Figure 2-2.6. An
LVDT is essentially an electric coil which senses the position of a metal rod
in the coil. As the soil sample deforms, the rod slides in the LVDT sending
an electric signal to the amplifiers and recorders. Calibration of the
voltage from the LVDT with known deflections is required to obtain the
deformation of the sample.

34 Resilient Modulus Test
34.1 MR Calculation

The deformation response to a load pulse was shown previously in Figure
2-2.4. The resilient modulus is calculated using the resilient strain from
the test. The resilient strain is the recoverable strain from any load
cycle. The resilient modulus is defined as:

MR =%/

where:
op = Repeated deviator stress.

€, = Resilient (recoverable) axial strain.
Mp = Resilient modulus, psi.

The resilient modulus is often termed the stiffness or elastic modulus
of the soil. The test procedure for the resilient modulus determination is
prescribed in AASHTO T274. The test procedure is designed to determine the
"stress dependency” of the soil. For fine-grained cohesive soils, the
resilient modulus decreases with increasing stress while granular materials
will stiffen with increasing stress.

342 Fine-Grained Soils

Two basic stress dependent behavior models have been utilized for
describing the stress softening behavior of fine-grained soils. One is the
linear model, and the other is a semi-logarithmic presentation of the same
date. While the arithmetic presentation of the data is most commonly used,
different design programs may utilize one model or the other. The schematic
variation of resilient modulus with deviator stresses is presented in Figure
2-2.77. The arithmetic model is demonstrated for some actual soils in Figures
2-2.8. The mathematical relationship for this stress dependency is:

Mg =K% 2

where:
9p= Deviator stress =oy -3, psi
o1 = Major principal (Verfical) stress, psi
o3 = Confining pressure, for unconfined compression test, =0
K1; Ky= Material constants
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Figure 2-2.6. Schematic of LVDT Used to Measure Deformation in
Resilient Modulus Test.
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In this arithmetic model, the value of the resilient modulus at the
breakpoint in the bilinear curve as indicated by E; in Figure 2-2.7 isa
good indicator of a soil’s resilient behavior. The slope values of K7 and
K, display less variability and influence pavement structural response to a
smaller degree than E]f(i' Thompson and Robnett (99) have developed

or

simplified procedures Tor estimating the resilient behavior of fine-grained
soils based on soil classification, soil properties, and moisture contents.

34.3 Coarse-Grained Soils

The stress sensitivity of coarse-grained non-cohesive soils is opposite
to that exhibited by the fine-grained roadbed materials. A typical resilient
modulus curve is shown in Figure 2-2.9 for a coarse grained soil. The
resilient modulus increases as the stress conditions increase. The model for
this behavior is:

Mp =K;¢3)%2

where:
63 = Bulk stress, or summation of the principal stresses.

K1, K5 = Material properties determined from the curve.
3.5 Permanent Deformation using Resilient Modulus Test Data

The test sequence for resilient modulus provides data with more
applications than calculating the resilient modulus. Continual monitoring of
the resilient modulus test over extended periods provides indications of the
permanent deformation potential of the roadbed soil. Figure 2-2.10 shows the
accumulation of permanent strain over one million load applications. Future
mechanistic design procedures will use these relationships in their programs
to predict the rutting in a flexible pavement. This testing will be required
in the future.

4.0 SOIL PROPERTY INFLUENCES

The resilient modulus test is highly sensitive to soil properties and
construction variables to a much greater extent than the strength tests
discussed in Module 2-1. A significant benefit for the resilient modulus
test is that it is a non destructive test that can be conducted on the same
sample for several stress levels, minimizing preparation of different samples
which may induce errors. The samples can be prepared to varying levels of
moisture content and compaction allowing the test to model behavior of the
roadbed soil in conditions which more closely model those which will be found
in the actual pavement.

4.1 Moisture

Figure 2-2.11 shows the relationship between Ep; for Illinois soils
and saturation. The modulus of the soils decreases substantially when
saturation increases, as would be expected. This points out the adjustments
required to modulus when the pavement becomes saturated during certain
periods of the year. Figure 2-2.8 showed the effect of varying the water
content at time of compaction above and below optimum on resilient modulus,
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P

indicating the control that should be exercised during construction. The
impact of different resilient modulus values on thickness design will be
shown more clearly in Blocks 3 and 4.

Figure 2-2.12 shows a similar relationship developed for soils in
Louisiana. These curves are for several different soils at different
moisture contents. The trend is obvious, and points out the need to
establish field conditions to be used in design and to control these field
values very closely.

4.2 Density

The level of compaction also influences the resulting resilient modulus
as shown previously in Figure 2-2.11. Here, the only difference is in the
percent of compaction at the level of AASHTO-T99. A five percent difference
can produce a drop in modulus of over 40 percent. This much variability in
an actual pavement structure would cause concern in the design reliability.
These items will be discussed in a later module.

4.3 Environment

The environment plays an important role in establishing the resilient
modulus beyond the moisture influence. Temperature cycling can alter the
modulus Freezing produces the changes shown in Figure 2-1.13 (6). The
stabilizing effect of lime on the environmental deterioration is also shown
in this figure for the same soil. The decrease in modulus caused by even one
freeze-thaw cycle can have a tremendous impact on the thickness design for
that soil.

4.4 Typical Values

It is very difficult to assign typical values of resilient modulus to
roadbed soils. This value is affected not only be construction variables,
but also by soil type, fines, clay content, and size of fine particles. Each
state must conduct research to validate any relationships for typical values
which they will use in design. Figure 2-2.14 contains effective resilient
modulus values for low-volume roads. The values vary with estimated drainage
quality and climatic region.

Recent studies by Thompson and Robnett developed relationships between

the Ep; at a deviator stress of 6 psi and the volumetric moisture content,

W, (volume of water/volume of soil). They determined:

1.  For dry density less than 100 pcf.
ERj=27.06 - 0.526(w)

2. For dry density greater than 100 pcf.
ERj=18.18 - 0.404(w)

In these relationships the volumetric water content, w, is input in
percentage form, and the resilient modulus at a repeated deviator stress of 6
psiis calculated in ksi. These equations were developed from extensive
testing of roadbed soils throughout the state of Illinois.
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1 Sand R-2-4(0)
2 Sa/lo R-2-6(0)
3 Sa/Cl/Lo A-2-6(2)
4 Silt A-4-(8)
5 Si/Cl R-6-(12)
40 6 Hv/Cl R-7-6(20
35
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MI‘ 25
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)
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Figure 2-2.12. Variation in Resilient Modulus with
Moisture Content for Various Soils.
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Figure 2-2.13. Effect of Freeze-Thaw Temperature Cycling on
Resilient Modulus, (6).
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Relative Quality of Roadbed Soil

uU.s.
Climatic
Region Very Poor Poor Fair Good Very Good
| 2,800* 3,700 5,000 6,800 9,500
1] 2,700 3,400 4,500 5,500 7,300
i 2,700 3,000 4,000 4,400 5,700
v 3,200 4,100 5,600 7.800 11,700
\ 3,100 3.700 5,000 6,000 8,200
\Y| 2,800 3,100 4,100 4,500 5,700
*Effective Resilient Modulus in psi .

Figure 2-2.14. Effective Roadbed Soil Resilient Modulus Values, My (psi),
that may be Used in the Design of Flexible Pavements for
Low-Volume Roads. Suggested Values Depend on the U.S.
Climatic Region and the Relative Quality of the Roadbed Soil. oy
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4.5 Permanent Deformation

The same factors which affect the resilient modulus also affect the
permanent deformation behavior of the soil. Figure 2-2.15 shows the
influence of moisture on permanent deformation with a four percent increase
above optimum leading to failure Figure 2-2.16 shows the influence of
percent compaction on permanent deformation. Figure 2-2.17 shows the impact
of load level or stress level on permanent deformation. The influence of
moisture content is more pronounced for the permanent deformation than it is
for resilient modulus, which may indicate a design consideration.

5.0 RESILIENT MODULUS IN DESIGN
5.1 Use in Design

The resilient modulus of the roadbed soil is a direct input for
mechanistic programs which use elastic layer theory as well as for the AASHTO
Design Guide, 1986. The modulus of the roadbed soil exerts an extremely
strong influence on the structural requirements of layers placed over the
roadbed and hence the overall performance of the pavement.

The new AASHTO design guide replaces the old Soil Support Value (S)
with the resilient modulus (Mg ). The Mp, value in the AASHTO design
procedure is the average Valugfor the roadbed soil. This average is the
average of all tests along the route of the pavement, and points out the
importance of testing samples at the density and moisture content they will
develop in service. This average value is further adjusted in the design
process for seasonal variability. The use of extreme conditions to represent
minimum expected values must be judiciously avoided.

S.1.1 Effective Roadbed Soil Resilient Modulus

The AASHTO flexible pavement design procedure requires the input of an
effective roadbed soil resilient modulus, which accounts for the combined
effect of all seasonal modulus values. The computation of the effective
modulus is described below. This method should be used only for estimating
the modulus of soils under flexible pavements that are to be designed using
serviceability criteria.

Seasonal resilient modulus values must be determined to quantify the
relative damage a pavement is subjected to during each season of the year and
include this damage in the overall design. These values can be estimated in
any of the following ways:

1. Perform laboratory resilient modulus tests (AASHTO T274) on
representative soil samples in stress and moisture conditions
simulating those of the primary moisture seasons (i.e., those
seasons during which a significantly different resilient modulus
will be obtained). This will establish a laboratory relationship
between resilient modulus and moisture content which can be used
with estimates of in-situ moisture content of the soil beneath the
slab during various seasons to generate resilient modulus values
for those seasons.
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Figure 2-2.15. Change in Permanent Strain Under
Repeated Loading With a Change in
Compactigz Moisture (6).
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PERMANENT STRAIN, %
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-
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NUMBER OF STRESS REPETITIONS

N

1 10 100 1000

- QU = 17 PSI

FAYETTE *C"
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Qy = Unconfined Compressive Strength

Figure 2-2.17. Accumulation of Permanent Strain at Various
Stress Levels in the Resilient Modulus Test
on an A-4(9) Soil.
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An alternative is to back-calculate the resilient modulu§ for
different seasons using deflections measured on in-service
pavements.

Estimate "normal" or summer resilient modulus values from known
relationships between resilient modulus and known soil properties
(e.g., clay content, plasticity index, etc.) and use empirical
relationships to estimate seasonal variations (CMS). The spring
thaw modulus is typically 10 to 20 percent of "normal” or summer
modulus. The frozen subgrade modulus is typically two orders of
magnitude greater than the normal modulus. The "recovery” time
for the modulus to increase from the thaw value to 80 percent of
the normal value is typically 35 to 65 days.

2. Separate the year into time intervals during which the different
seasonal moduli are effective. All of the "seasons" must be
definable in terms of the selected time interval. It is suggested
that the one-half month should be the shortest time interval
used. Figure 2-2.18 presents a chart for estimating effective
roadbed soil resilient modulus that provides for entry of seasonal
roadbed soil moduli at half-month intervals.

3. The relative damage value (ug) corresponding to each seasonal
modulus must be estimated using the vertical scale or
corresponding equation shown at the right of Figure 2-2.18. For
example, the relative damage corresponding to a roadbed soil
resilient modulus of 4000 psi is 0.51. Each damage value is
entered in the appropriate box adjacent to the corresponding
resilient modulus.

4.  The relative damage values should all be added together and
divided by the number of seasonal increments (in this case, 24) to
determine the average relative damage.

5. The effective roadbed soil resilient modulus (Mp) is estimated
as the value corresponding to the average relative damage on the
Mp, - ugscale.

If the procedures described above cannot be accomplished, Figure 2-2.14
and Figure 2-2.19 provide guidelines (intended for use on low-volume roads)
for assigning effective roadbed soil resilient modulus values based on
climate zone and relative quality of subgrade soil.

6.0 CORRELATION CONSIDERATIONS FOR MODULUS OF RESILIENCE

With the introduction of the resilient modulus value into the AASHTO
design process it will become necessary for all states to conduct appropriate
testing to develop resilient modulus values for the soils in their state. It
is realized that not all states will have the necessary equipment to develop
the Mp data required for immediate use in design projects. Therefore, some

eneﬁeﬁ correlations will have to be used before specific data are developed
or the state.
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6.1 California Bearing Ratio

The Mp, values for soils must be developed to take full advantage of
the AASHTO guide as well as the mechanistic procedures which rely solely on
the resilient modulus. In the same manner that the old Soil Support Value
was related to different soil tests, until these precise correlations are
developed some standard correlations can be used.

An accepted approximate correlation is:
Mp =B *CBR

For soils with a CBR equal to or less than 10 the value of B is 1500
although the value may vary from 750 to 3000.

6.2 R Value
The relation for Hveem resistance is:
Mp = A + B (R-Value)

For R-values equal to or less than 20 the recommended A-value is 1000
and the B value is 555. A may vary from 772 to 1155 while B varies over the
range of 369 to 555 (1).

Figure 2-2.20 contains some commonly accepted correlations between
other tests and the resilient modulus. It is expected that each state will
develop individualized correlations specifically for their materials such as
that done in Ohio which is shown in Figure 2-2.21. Results assembled from
several studies are shown in Figure 2-2.22. These correlations must be
applied judicously as the resilient modulus is highly influenced by soil
properties, and general correlations suffer from the inability to compensate
for these property variations.

7.0 SAMPLE PROBLEMS

7.1 Calculate and plot the resilient modulus, MR,in Figure 2-2.23 and
give the Ep; for the soil from the given data.

Deviator Stress, psi Strain, in/in
3 0.000231
5 0.000833
8 0.00167
15 0.005

Solutibn, ERj is approximately 6,000 psi.
7.2 Figure 2-2.24 contains estimated resilient modulus values for reach of

the 12 months. Calculate the effective roadbed resilient modulus which will
be used in a design.
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8.0

SUMMARY

The resilient modulus, My, test has been described in detail to show o

the relationships between the old strength tests and this new deformation
test. The Mp, test is required for use in the AASHTO design guide to
represent roadbed soil structural adequacy. The need for accurate
characterization of the My, is demonstrated by the effect density, moisture,
and environment have on the My, value.
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MODULE 2-3
PAVING MATERIALS
1.0 INSTRUCTIONAL OBJECTIVES

This module presents the physical and engineering properties of the
various layers of a pavement structure. Test procedures and typical results
are presented and discussed as to how they relate to the design of a pavement
and its performance. Special emphasis is placed on developing structural
layer coefficients from test results. The different requirements for a base
course or subbase in flexible and rigid pavements are discussed.

Upon completion of this module the participant will be able to
accomplish the following:

1. List the tests typically conducted on paving materials and
describe the significance of the test result and its relationship
to structural capacity of the material.

2.  Determine optimum material property conditions for placement of
paving materials and describe the influence that variability in
these conditions can have on pavement performance.

3. Describe the different functions a base or subbase must perform in
a flexible and rigid pavement.

4,  Develop structural layer coefficients for the paving materials
used in flexible and rigid pavements and relate these specifically
to resilient modulus values.

20 INTRODUCTION

The influence of material quality on the performance of a pavement
structure has long been recognized. In the AASHO Road Test the quality of
the material used in each layer was quantified with the structural layer
coefficient, "a," used in the Interim Guide. The coefficients used by each
agency have been validated through extensive testing and performance
monitoring of constructed pavements.

With the development of mechanistic design procedures the use of the
resilient modulus, E, of each material gained importance. With the inclusion
of E values as the material quality parameter in the 1986 AASHTO Design Guide
the significance of material quality and testing is again an open question.
Specific modulus values must be developed for all materials and suitable
correlations established.

_This module will broaden the pavement designers’ appreciation for the
following basic material requirements:

1. Suitability for use in construction.

2. Design input requirements.
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3.  Composition and the relation to quality.

The materials to be discussed include portland cement concrete, asphalt
concrete, and granular base materials, both stabilized and unstabilized.

3.0 PORTLAND CEMENT CONCRETE
3.1 Composition

Concrete is a composite material composed of a coarse graded granular
material embedded in a hard matrix of material (cement mortar) that fills the
space between the particles and glues them together. The aggregates are
typically obtained from local sources and must meet strict quality and
gradation specifications. The cement binder is a specially manufactured
material. Without going into detail, the process consists of heating a
mixture of limestone, iron ore and clay to form clinkers which are finely
ground with 5 percent gypsum to form the cement. The term portland is a
trade name now commonly applied to normally available cements. There are
eight recognized types of cements:

1. Typel-Normal.
2.  Typela-Typel, Air entrained.

3. Type Il - Moderate heat of hydration, good strength gain, moderate
sulfate resistance.

Type Ila - Type 11, Air entrained.
Type III - High Early Strength.

Type I11a - High Early Strength, air entrained.

AN O

Type IV - Low Heat of Hydration - Low Strength Gain.
8.  Type V -Sulfate Resistant.

Of these, Types I, Ia, 111, and I1la are commonly available. Type 11
is prevalent in the Western United States. The remaining types are specialty
cements requiring special orders.

The quality of a concrete is principally a function of the volumetric
composition of the cement, aggregate, water, and air. The most common value
related to concrete quality is the water/cement ratio and entrained air
content. The ultimate strength can also be altered by changing aggregate
size, using special additives, or by altering the curing conditions.

3.2 Admixtures

The most common admixture is used to ensure air entraining. These
admixtures ensure a pore structure with microscopic air bubbles. The air 1s
necessary to provide freeze-thaw durability in the hardened concrete.

The next most common group of admixtures includes chemical admixtures
which function as water reducers, accelerators, retarders, and combinations.
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Water reducers produce high slump at low water/cement ratios which provides
good workability with high strength. The newest group of water reducing
admixtures are termed "superplasticizers" and they provide for water
reductions of 15 to 30 percent. Set accelerators and retarders alter the

rate of strength gain during curing. Retarding the initial set may be

desirable in very hot climates while accelerating it is desirable in very

cold areas or where early opening of the concrete pavement to traffic is
desired.

Admixtures should not be used unless approved. Additionally, mixes
with multiple admixtures must be fully tested to ensure design strengths are
being met and that the admixtures are compatible with each other and the
cement.

3.3 Curing

An adequate supply of moisture, a sufficiently high temperature, and an
appropriate period of time at that temperature level are required to ensure
that the design strength is attained in the pavement.

The cement will not hydrate (gain strength) when the level of moisture
drops below a certain value. This relationship is shown in Figure 2-3.1
which shows that the longer the concrete has access to moisture after
placement the higher the strength. Proper application of the curing compound
ensures moisture remains in the concrete rather than evaporating. Also shown
on this figure is the effect of time on the strength. Not only must
sufficient time be provided but the temperature during curing must be high
enough to provide for strength gain. The temperature influence is shown in
Figure 2-3.2. It will generally take longer to gain a specific strength when
the temperature is lower.

34 Testing

The tests normally run on cured concrete can be grouped into the
following categories:

1. Quality control and mix design.
Compressive strength.
Diametral tensile strength.
Slump.
Consistency.
Air content.

1o

Design.
Structural strength (Modulus of Rupture).

3. Mechanistic/Empirical.
Modulus of Elasticity and Poisson’s Ratio.
Coefficient of Thermal Expansion.
Fatigue Constants.

_ These test values are interrelated and conversions exist to allow
different test values to be approximated.
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3.4.1 Compressive Strength

The compressive strength of concrete is considered a universal measure
of concrete quality and durability. That is, a high compressive strength is -
an indicator of high quality concrete. The concrete compressive strength is
a function of aggregate size, aggregate type, coarse aggregate shape, cement
composition and additives incorporated in concrete as well as the
compositional factors mentioned.

The modulus of rupture (fr), tensile strength (ft”) and the modulus of
elasticity (Ec) can be related to compressive strength by the following
empirical relationships:

£, =0.60 (wx P )1/
po=1/3 (wxf)L/2
t ¢

E.=33wY2(p )12

where:
w = unit weight of concrete, pcf

. = compressive strength, psi.
Strength is related to a combined effect of time and temperature which

can be defined as maturity. Concrete maturity is a summation of the

integrals of time-temperature of the concrete above a selected datum

temperature. The datum temperature for maturity may be defined as the curing

temperature at which the strength of the concrete remains constant regardless

of age. Therefore, the maturity is calculated as the time of curing, in

hours, multiplied by the temperature, in degrees, above the datum

temperature. Experimental data indicates that the datum temperature equals

119F (-11 °C).

34.2 Tensile Strength
Tensile strength is not normally measured directly. A flexure or
indirect tension test is normally conducted. The indirect (splitting)
tensile test is most often used to determine tensile strength of concrete.
The modulus of elasticity can be determined from these tensile tests. The
indirect tensile strength is given by:
£, =2P/Dt

where:
¢ = Indirect tensile strength, psi

P = Applied load, pounds
D = Diameter, inches

t = Thickness, inches
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The indirect tensile strength and unconfined compressive strength have been
correlated. It has been shown that for concrete lpavcmcnt design purposes,
the tensile strength can be taken as 0.40 to 0.50 fr, where fr is the modulus

of rupture.

3.4.3 Modulus of Rupture (Flexure Strength)

For pavement design purposes, the allowable stress in a rigid pavement
is calculated using the modulus of rupture, which is the extreme fiber stress
under breaking load. The modulus of rupture is given by a flexural equation:

fr = Mc/1
where:

f; = Modulus of rupture, psi
M = Bending moment at breaking load, Ib-in

¢ = One half beam depth, inches

I=Moment of inertia, inchcs4

The test is conducted on a beam in third point loading shown in Figure
2-3.3. The modulus of rupture determined by any other configuration will not
be the same as that from the third point loading and suitable correlations
must be developed if another test is to be used. Such a correlation would be
the relationship between modulus of rupture and indirect tensile strength.

The AASHTO Design Guide, 1986, now requires that the average modulus of
rupture be used, not the old "working stress" that was commonly used.

3.4.4 Modulus of Elasticity

The rigidity of the pavement slab and its ability to distribute loads
is represented by its modulus of elasticity, E.. As shown in Module 4-1,
the rigid pavement deflections, curvature, stresses and strains are directly
influenced by the modulus of elasticity of the concrete layers. The tensile
stresses and strains developed in the concrete layer are also functions of
the modulus of elasticity.

In continuously reinforced concrete (CRC) pavements, the modulus of
elasticity along with the coefficient of thermal expansion, ag, and the
shrinkage coefficient of concrete, a, influence the state of stresses in
the reinforcement.

The modulus of elasticity will become more important as the mechanistic
empirical design procedures gain in popularity. The elastic modulus of the
concrete is a major input into the newer finite element programs for accurate
stress and strain calculations. The modulus of elasticity can be
approximated from the modulus of rupture data as:

f.=43.5(E/10°) + 488.5

where:
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Figure 2-3.3., Illustration of Third Point Loading to Determine the

Modulus of Rupture of Concrete Beams.
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f. = Modulus of rupture, psi.
E = Modulus of ¢lasticity of PCC, psi.
345 Beam Flexural Fatigue Test

Concrete fatigue properties are an important design input
consideration. The interrelationship between the flexural stress and the
number of load repetitions is shown in Figure 2-3.4 and can be given by an
equation of the form:

N¢= Kl@fr)4

where:
Ny = Number of load repetitions to failure

0= applied flexural stress, psi
f, = modulus of rupture, psi
K7 = material constant

The test uses a repeated flexural loading on beam specimens 15 inches
(37.5 cm) long, 3 inches (7.5 cm) wide and 3 inches (7.5 cm) deep. Loading
is generally applied at the rate of 1 to 2 pulses per second, with a load
duration of 0.1 second. This third point loading configuration applies a
constant bending moment over the middle third of the 15 inch long beam
specimen.

The extreme fiber stress in the beam is calculated and plotted against
the number of loads at that stress which produce failure, as shown in Figure
2-3.4. In these tests, it is generally recognized that concrete will not
fail in fatigue when the ratio of applied stress to modulus of rupture is
below approximately 0.5, although no real limit has been shown up to 10-20
million loadings (4, 5).

3.5 Fatigue Models

Factors which affect the modulus of rupture will also alter the fatigue
life. This relationship has been used to relate field performance to
laboratory data to develop design curves for rigid pavements shown in Figure
2-3.5. Each curve is design procedure specific and have been developed
entirely differently and separate from one another. Different curves must
not be used in the different procedures as the results will not be
predictable.

351 PCA Model
The PCA design curve can be described with the equation:
logNg=11.78 - 12.11¢/f;) for 0.5 <@f,) <1
log N¢>5.725 for (7f;) <0.5
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where:
N  =Number of load applications to failure

o = Applied stress, psi
f, = flexural strength (modulus of rupture) at 90 days

Upon examining Figure 2-3.5 it is seen that this model may be over
conservative as most of the data points fall above the design line. The
limiting design value of 0.5 is not substantiated by laboratory data.

3.5.2 Zero Maintenance Fatigue Model

o In the development of a "Zero-Maintenance" design procedure for plain
jointed concrete pavements, the following equation was developed to provide
for a 24 percent failure rate.

log N¢=17.61 - 17.61 (0/f})
Where the variables are as previously defined.
3.5.3 AASHTO/ARE Fatigue Model

In this model, all AASHO Road Test (8) slabs developing class 3 and 4
cracking were analyzed with elastic layer theory to calculate mid-slab
stresses. The equation is:

Ng = 23,440 (f4p>1 (R-squared = 0.83)
Where the variables are as previously defined.

Possibly because voids, partial contact, curling, and other factors
which increase the actual stresses, the design equation under-predicts at low
stress ratios, and over-predicts life at higher ratios.

354 AASHTO/Vesic Distress Model

Vesic and Saxena (7) analyzed the AASHTO Road Test data (9), and
developed another fatigue design equation:

Log N = 225,000 (f )"
Where the variables are as previously defined.

This analysis used Westergaard Plate Theory and the tensile stress
caused by the average placement of the wheel load. Failure was defined as
the number of loadings to produce a terminal serviceability of 2.5. Because
of these differences, the two AASHTO based equations are not comparable.
Further, they should be used with great care when using stresses calculated
from other analytical programs.
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3.6 Expansion and Contraction Properties

The expansion and contraction of concrete due to climatic effects, are
functions of the thermal properties of concrete. Mechanistic procedures
which calculate temperature gradients require Thermal conductivity, K,
Thermal diffusivity, 6, Specific heat, C, and the Coefficient of thermal
expansion or contraction, o.

The temperature gradient across the depth of the slab is usgd with the
coefficient of thermal expansion, which ranges between 3 to 8 x 10 per
degree F. The movement produces curling in the slab which can increase
stresses under load and which must be accounted for in the design process.

Concrete shrinkage is related to the water content of the mixture, as
well as the general mixture parameters and cement type. The placement of
concrete at high temperatures requires more water resulting in more
shrinkage. The curing conditions, such as relative humidity, temperature and
early concrete protection are also of great significance.

Shrinkage of concrete is a time-dependent process that occurs over an
extended period of time. The initial drying shrinkage might be assumed to
occur as early as the second day after placement. Prior to this time,
plastic shrinkage has taken place. A significant portion of the drying
shrinkage normally occurs within the first two weeks of placement. The
ultimate amount of shrinkage is typically 415 to 1070 x 107 in./in. Given
a long enough slab, this shrinkage can crack the concrete, which is a reason
for reinforcing steel in CRC pavements.

4.0 CHARACTERISTICS OF ASPHALTIC CONCRETE MATERIAL
4.1 Composition

Asphaltic concrete is a composite material composed of a carefully
graded aggregate embedded in a matrix of asphalt cement that fills part of
the space between the aggregate particles and binds them together. Asphalt
cement remains flexible and provides structural integrity through its
waterproofing and coating of the aggregate and its cohesive properties.
Because asphalt cement is semi-solid at normal pavement temperatures, the
quality and gradation of the aggregate are much more important to the
performance of asphaltic concrete than for portland cement concrete.

The asphaltic concrete mixture must have a precise amount of asphalt
cement to provide the necessary air voids in the mixture. Further, the
mixture must be constructed to meet tight specifications on density while
maintaining the desired air voids. Density and air void variability can have
a significant impact on performance. A pavement may be classified as
"failed" even though only the asphalt concrete has deteriorated because of a
poor quality mixture.

4.2 Asphalt Cements

Unlike portland cement, different types of asphalt cement are not
produced. Different grades are produced based on the fluidity as measured by
the viscosity of the material. The current grades and their viscosity ranges
are shown in Table 2-3.1.
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Table 2-3.1. Viscosity Grading for Asphalt Cements.

fh o 3381

TABLE 1 Requirements for Asphalt Cement, Viscosity Graded at 140°F (60°C)
Note—Grading based on original asphalt.

Viscosity Grade
Test -
AC-25 AC-5 AC-10 AC-20 AC-40

Viscosity, 140°F (60°C), P 250 £ 50 500 + 100 1000 + 200 2000 + 400 4000 + 800
Viscosity, 275°F (135°C), min, ¢St 80 110 150 210 300
Penetration, 77°F (25°C), 100 g, 5 s, min 200 120 70 40 20
Flash point, Cleveland open cup, min, °F (°C) 325 (163) 350 (177) 425 (219) 450 (232) 450 (232)
Solubility in trichloroethylene, min, % 99.0 99.0 99.0 99.0 99.0
Tests on residue from thin-film oven test: '

Viscosity, 140°F (60°C), max, P 1250 2500 5000 10 000 20 000

Ductility, 77°F (25°C), 5 cm/min, min, cm 100* 100 50 20 10

4 If ductility is less than 100, material will be accepted if ductility at 60°F (15.5°C) is 100 minimum at a pull rate of 5 cm/
min. |

TABLE 2 Reguirements for Asphalt Cement Viscosity Graded at 140°F (60°C)
NoTe—Grading based on original asphalt.

Viscosity Grade
Test
AC-25 AC-5 AC-10 AC-20 AC-40

Viscosity, 140°F (60°C), P 250 + 50 500 = 100 1000 * 200 2000 x 400 4000 = 800
Viscosity, 275°F (135°C), min, ¢St 125 175 250 300 400
Penetration, 77°F (25°C), 100 g, 5 s, min 220 140 80 60 40
Flash point, Cleveland open cup, min, °F (°C) 325 (163) 350 (177) 425 (219) 450 (232) 450 (232)
Solubility in trichloroethylene, min, % 99.0 99.0 99.0 99.0 99.0
Tests on residue from thin-film oven test:

Viscosity, 140°F (60°C), max, P 1250 2500 5000 10 000 20 000

Ductility 77°F (25°C), 5 cm/min, min, cm 100* 100 75 50 25

“ If ductility is less than 100, material will be accepted if ductility at 60°F (15.5°C) is 100 minimum at a pull rate of 5 cm/
min.

TABLE 3 Requirements for Asphalt Cement Viscosity Graded at 140°F (60°C)
NoT1e—Grading based on residue from rolling thin-film oven test.

Viscosity Grade

Tests on Residue from Ro}ling — T -
Thin-Film Oven Test:", AR-1000 AR-2000 AR-4000 AR-8000 AR-16000

Viscosity, 140°F (60°C), P 1000 = 250 2000 + 500 4000 + 1000 8000 + 2000 16000 + 4000
Viscosity, 275°F (135°C), min, cSt 140 200 275 400 550
Penetration, 77°F (25°C), 100 g, 5 65 40 25 20 20
s, min
% of original penetration, 77°F ... 40 45 50 52
(25°C), min
Ductility, 77°F (25°C), 5 cm/min,  100% 100% 75 75 75
min, cm
Tests on original asphalt:
Flzsi roint, Cleveland Open 400 (205) 425 (219) 440 (227) 450 (232) 460 (238)
Cup, min, °F (°C)
Solubility in trichloroethylene, 99.0 99.0 99.0 99.0 99.0
min, %

4 Thin-film oven test may be used but the rolling thin-film oven test shall be the referee method.
# If ductility is less than 100, material will be accepted if ductility at 60°F (15.5°C) is 100 minimum at a pull rate of 5 cm/
min.

s,

sy,




P

Grading viscosities are all measured at 60 °C (140 °F) on the
asphalt cement coming directly out of the refinery for the AC grades and on
the residue from the Thin Film Oven for the AR grades. The grade selected
for use in any area should be determined by the environment. When the
average temperature in an area is cold, lower viscosity grades should be
chosen to resist low temperature cracking. Likewise, in warm climates a
stiffer viscosity grade should be used to resist rutting. Experience will
indicate which grade is best suited for a particular area. Grade selection
is important in pavement design because it alters the stiffness of the
asphaltic concrete which is a very important design parameter in both the
mechanistic and the 1986 AASHTO Design Guide.

~

4.3  Aggregate 1

The coarse aggregate in all asphaltic concrete should be crushed
material. The fine aggregate may be natural sands if desired, but several

* agencies have found it necessary to require at least some manufactured sand

size material in mixes subjected to very heavy traffic. The use of these

. manufactured sands can produce construction problems, but the stiffer mix

that results can be beneficial to the overall design..

The gradation should follow the straight line on the 0.45 power
gradation paper as shown in Figure 2-3.6. As indicated on the figure, the
gradation used in the mixture should follow a smooth curve either above or

elow the line. The gradation should never lie directly on the line nor
should it be allowed to criss-cross the line, particularly for sizes near the
NO& 4015ie(\1'e, since this can produce mixes with low resistance to deformation |
under load.

44 Testing

The tests normally run on compacted asphaltic concrete samples can be
grouped into the following categories:

1. Quality Control and Mix Design.

Marshall Test.

Stability

Flow

Air Voids

Moisture susceptibility
Hveem.

Resistance

Cohesiometer

Air voids

Moistuie susceptibility

2. Design.
Resilient Modulus

3. Mechanistic.
Fatigue Constants
Rutting Parameters
Indirect Tensile Strength
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4.3.1 Mix Design Testing

The most common strength tests used in design to describe the
engineering characteristics of asphalt concrete are:

1. Marshall.

2.  Hveem.

3. Triaxial.
Marshall

This test, which was initially developed by the Corps of Engineers for
designing asphaltic concrete for airport pavements, has been adopted by a
majority of highway departments. Mixture stability at 140 °F and the
deformation under the maximum load (known as flow) are measured
simultaneously. For the design of an asphaltic mixture for a given traffic
condition, the initial development indicated that stabilities in excess of
500 pounds would be sufficient. Subsequent evaluation has periodically
increased the stability even though there was no indication in the initial
data that increased stabilities would be beneficial. Many states developed
their own supporting data for mix criteria modifications.

In addition to the strength and deformation characteristics the air
voids must fall within a narrow range of three to five percent. When these
are satisfied, the final mix must be tested for resistance to moisture
(stripping) by a suitable immersion test (ASTM D175).

Hveem

The Hveem test provides the relative stability, S-value, of asphaltic
concrete mixtures. A load is applied to the top of a 4 x 2.5 inch specimen
and the horizontal load developed in the fluid confining the sides of the
specimen is measured. Measuring the frictional resistance of the mixture is
carried out at 140 degrees F. Stability values in the range of 30 - 37 '
produce satisfactory mixes.

Cohesiometer

This test was developed to provide an indication of the tensile
strength of asphaltic mixtures. The same briquette tested in the
Stabilometer is transferred to the Cohesiometer where the specimen is
subjected to tension by bending it around a diameter of the base. The
results are expressed on an arbitrary scale; a zero value indicates no
tensile strength, and 700 compares to a very good bituminous mixture. Some
agencies have dropped this test from their mix design procedure due to the
lack of supporting data relating C to performance.

Triaxial Test

' Triaxial tests using either open or closed systems have been used on
bituminous mixtures. The open system is similar to that used on roadbed
soils. In the closed triaxial system, as the applied vertical load
increases, the external pressure on the ﬂuig confining the specimen also
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increases. In this test method one specimen can be used to develop an
interrelation between vertical load, V, and confining pressure, o;.. The
results are then used to calculate the cohesion, C, and angle of internal
friction, ® of the mixture. s,

4.3.2 Diametral Resilient Modulus

The test procedure for determining the diametral modulus of resilience
involves a repetitive loading test on disc-shaped specimens (typically
Marshall sized specimens). The stress and strain distribution developed
within the sample are identical to those developed in the indirect tensile
test described earlier (10). A setup is shown in Figure 2-3.7.

In this procedure a dynamic load is applied through a load cell across
the vertical diameter of the specimen, which measures 4" (10.16 cm) in
diameter and approximately 2.5" (6.35 cm) in height. The specimen is secured
in a sample collar and placed on its side beneath the load cell. Two Statham
UC-3 transducers are attached to the collar and they are adjusted until the
tips just touch the opposite sides of the sample.

The vertical load produces deformation across the horizontal diameter
of the specimen which is measured by the transducers. Horizontal movements
and vibration effects are cancelled out by the additive coupling of the
transducers.

The compressive load is applied at a frequency of 8 to 10 Hz,
corresponding to a vehicle speed of about 50 mph (80 kph), and is repeated
every three seconds. This gives a load duration that can range from 0.1 to
1.0 second repeated 20 times/minute. This range of loading tests the
specimens within their elastic range with a rest interval between loads to
allow substantial creep recovery.

The magnitude of the repeated load and the total deformation are
recorded during the test procedure, and the resilient modulus is calculated
using the following formula:

Mp = P ( 1#+0.2734)/At

where:
P = magnitude of dynamic load, pounds

K = Poisson’s ratio
A= total deformation, inches
t = specimen thickness, inches
Poisson’s ratio is generally taken as 0.35. Dynamic load amplitudes of
40, 50 and 60 pounds with a load duration of 0.1 second applied every three
seconds are typical. The test is generally conducted at three temperatures,
40, 70 and 100 degrees F to generate design values over the range of

temperatures normally encountered for pavement design. The resilient modulus
of asphaltic concrete is a temperature dependent parameter. Figure 2-3.8

114




*939J0U0)
o117eUdSY JO SNINDOW JUSTITISOY SJNSESH 07 JUSWRBUBJJY JSONPSUBIY */*g-7 2In8T4

132Npsubi

diyyg buusyua)y woyjog

smaing  buidwo|)

dil 193npsupig

uawidadg uo 3YoA

Buijuno 0} 13p|o
UQUNOW 10} J3PIOH —_| bury

|~ uoyaiig uojjay

INN %207

[ a0,

diy 432npsuDniy

ajdwpsg

NN %207

”
i,

A

115




MODULUS OF RESILIENCE (PSI) x 10°

300.
A OBSERVED
MR = 6,294,000 EXP(-0.034 T)
A WHERE 32<T<140
250.-‘}
A
200 .=
150, =
100.~
A
50. =
A
A
0
| 1 ) 1
30.00 60.00 90.00 120.00 150.00 180.00

TEMPERATURE °F

Figure 2-3.8. Modulus of Resilience as a Function of Temperature.
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shows the relationship between temperature and the resilient modulus of an
asphaltic concrete mixture. This variation in modulus will have an impact on
the design of the flexible pavement. This dependence shows the importance of
including the seasonal temperature variation in the design process as the
modulus of resilience is a major design factor for the asphalt concrete

surface.

The resilient modulus test can also be carried out on cylindrical,
triaxial specimens. The testing procedures are similar to resilient modulus
testing on soils where the modulus is defined at the ratio of axial deviator
stress, gy, to the recoverable axial strain, €,.

%stimates of the resilient modulus can be obtained from other sources
such as the Heukelom and Klomp nomograph procedures (12) or regression
equations such as that in The Asphalt Institute Design procedure (13) can be
used:

LogE" = 5.55338 +0.02883(P/f-17033) - 0.03476(v,) +

0.5
0.070377(n~ F,106)+0.000005[tp(13;0-;"91825L0g(f)l’ac ]
-0.00189[tp(1'3+O-49825L0g(f)(Pac a i

0.931757(1/0-02774)

where:
E = dynamic modulus, psi

P00 = - #200 material
o~ f = Frequency, Hz
Vy, = Air voids
N7 E,106 = Absolute viscosity at 70 F x 106
Pac = Asphalt content by weight of mixture
t, = Temperature, F.

P

These two procedures, and others, require knowledge of specific asphalt
cement properties and mix parameters, which may make them difficult to apply
in the design process.
4.3.3 Dynamic Stiffness Modulus

The dynamic stiffness modulus of asphaltic concrete can be obtained
from flexural fatigue tests. The flexural stiffness, E,, is calculated
after 200 repetitions, and is given by:

E, = Pa (3L? - 4a2)/481A

R
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where:
Eo = Flexural stiffness, psi

P = Dynamic load, pounds
a=(1-4)2

L = Reaction span, inches

I=Moment of inertia, in#

A= Dynamic center deflection, inches
f = Frequency

Typical values of the dynamic stiffness modulus of asphaltic concrete at
different frequencies are shown in Table 2-3.2.

4.3.4 Indirect Tensile Strength

The ultimate strength of asphaltic mixtures is typically expressed as
the tensile strength of the mixture. The tensile strength is most easily
determined in the indirect tensile test procedures on disc-shaped specimens
with 4" (10.16 cm) diameter and approximately 2.5" (6.35 cm) height using the
procedures mentioned earlier for concrete cylinders.

For asphaltic concrete specimens the load is applied at a constant
deformation rate of 2.0 inches per minute at a standard 72 F temperature.
This mode of loading produces a horizontal tensile stress along the vertical
axis as shown in Figure 2-3.9. There is also a static compressive load
acting parallel to and along the vertical diameter. The testing equipment is
the same as used for other indirect tests with the only difference being the
addition of curved one-half inch wide steel strips for load distribution.

For most engineering materials, the initial failure occurs by tensile
splitting along the vertical diameter. The indirect tensile strength of
material can be calculated from:

t= ZPmax/”Dt

where:

P hax = Maximum applied load, Ib.

m

D = Specimen diameter, in.
t = Specimen thickness, in.

This test may be supplemented with vertical measurements of the
vertical deformation of the loading head and of the horizontal deformation
resulting from the load. With these measurements of load and deformation the
elastic properties of the mixture under this load may be calculated from the
data shown in Figure 2-3.10 (15). This information, particularly the tensile
strain at failure, is useful in analyzing the low temperature behavior of the
asphaltic concrete. Mixes which are brittle at cold temperatures will fail e
with very low tensile strains. The tensile strength of mixes at low
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Table 2-3.2. Typical Asphalt Concrete Modulus Values.

Load Frequency (Hz.)
Temperature
f=1cps f=4cps f=16cps

40 mean 1200 16.0 18.0

range (6.0-18.0) (9.0 -27.0) (10.0 - 30.0)
70 mean 3.0 5.0 7.0

range (2.0-6.0) (4.0-9.0) (5.0-11.0)
100 mean 0.07 1.0 1.6

range (0.5-1.5) (0.7-2.2) (1.0-3.2)

* Value of modulus x 10° psi.
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Static Properties

) S
. . - _Fail | A
(1) Tensile strength ST , Psi T 0
DR -A, + B
. : JE SS———
(2) Poisson's ratioc v * DR “K, + B,
S
, i o= oAy - veay)
(3) Modulus of elasticity E , psi h 3 4
- V 3
. As 6
(4) Tensile strain ¢g Xp A - VA,
(5) Compressive strain €g . [33 - v 'Bb]
= Y et ————————
T B1 -V BZ
P““ = tocal load at failure (maximum load Pm“ or load at first
inflection point), pounds
P * ,applied load or repeated load, pounds
h = height of specimen, inches
YT
DR = deformation ratio < (the slope of line of best fit* between
T
vertical deformacion Y‘l' and the corresponding horizuntal
. deformation X, up to failure load)
X = total horizontal deformation, inches
YT = total vertical deformation, inches
SH = horizontal cangent modulus L (the slope of the line of

best f£ic* between load P and horizontal deformation \Lr
for loads up to fatlure load)

HRI N V“ * (nstantaneous resilient horizontal and vertical deformations,
respectively

Diameter, A A A A
inches 0 1 2 3 AA As A6 Bl BZ 83 84
4.0 -
156 .0673 L2694 .2692 ~.9974 .03896 -.1185 -.8954 ~.0156 -.1185 .03896

Figure 2-3.10. (Calculation Procedures for Indirect Tension Test.

121




temperatures is also a variable which helps explain performance in cold

climates. Typical stress and strain values at low temperatures are shown in

Figure 2-3.11 for several asphalt concrete specimens illustrating different i,
low-temperature behavior (16). |

Recent research results have indicated that fatigue coefficients can be
calculated from the indirect tensile strength test data (17). This work by
Maupin clearly shows that dense-graded asphaltic concrete mixtures with
paving grade asphalt cements can be characterized for fatigue from the
indirect tensile test by the following equations:

CONSTANT STRAIN
N =Ky(1/e)"

where:
N¢ = Number of loadings required to reduce the dynamic
stiffness modulus by one-third

¢ = Radial tensile strain in the asphalt concrete layer
K, = 10(7.92- 0.0122 S;4)

n = 0.0374S;; - 0.744
S;¢ = Indirect tensile strength, psi

CONSTANT STRESS

where:
N¢ = Number of loads to collapse of the sample

S = Applied radial stress in the asphalt concrete layer
n = 11.6 - 0.000396E;;

Eit = Stiffness at 3/4 of the failure strain

K = exp(lIn(12.65; -558))

S;¢ = Indirect tensile strength, psi

The constant strain representation of fatigue data is most widely used
for normal fatigue testing in conjunction with thin pavement sections. The
constant stress test is useful for testing and designing for thicker
surfacings, due to the stress/strain distributions. In the design process,
the constant strain representation is most commonly used owing to the ease of
testing as will be discussed in a subsequent section.

Poisson’s Ratio

Poisson’s ratio is defined as the ratio of the lateral strain to the
axial strain. For most pavement materials, the sensitivity of Poisson’s
ratio to testing variables is relatively small. Poisson’s ratio for asphalt -
concrete varies from 0.3 at low temperatures to 0.4 at high temperatures with
0.35 being a good average value to use. .
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Figure 2-3.11.
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4.5 Fatigue Testing

Fatigue cracking is one of two major load-associated failure modes for
asphaltic pavements. This distress involves the progressive formation of
cracks under repetitive loadings. As the number of loads increases, the
crack propagates through the pavement layer, producing a crack in the
pavement. Failure in fatigue is generally defined as the point when a given
percent of the surface area becomes covered with the fatigue cracking.

There are many different test methods for determining the fatigue
properties of asphaltic mixtures in the laboratory. The most commonly
accepted procedure called for in most rational methods uses third point
loading on asphaltic concrete beams (2) as shown in Figure 2-3.12. Other
testing methods use indirect tensile loading with repetitive loading, loading
of beams resting on elastic (rubber) foundations, testing of diaphragms
(slabs) resting on specific foundations, and testing of trapezoidal
specimens.

4.5.1 Flexural Fatigue Tests on Asphaltic Concrete Beams

This procedure has been outlined in the VESYS User’s Manual (3) and
many other rational design methods. It employs third point load testing on 3
x3x 15 inch (7.62x 7.62x 38.1 cm) simply-supported asphaltic beams. The
specimens are first brought to the required testing temperature. Then
repeated loadings in the form of haversine loads at a frequency of two cycles
per second was applied, with aload duration of 0.1 second and a rest period
of 0.4 second between loads.

The applied load is selected such that the extreme fiber stress will
produce failure somewhere between 1,000 to 1,000,000 load cycles. The beam
center point deflection and the applied dynamic load are measured after
approximately 200 load repetitions and are used to calculate the extreme
fiber strain from beam bending theory. The test is then continued at the
constant load level until the sample is fractured. Eight to 12 tests are run
for each temperature. Different loadings are used to vary the number of load
cycles over the desired range for a good characterization.

The data from the test is analyzed by plotting the initial strain
against the number of cycles producing failure on log-log paper. Typical
fatigue curves for several asphalt concretes samples are shown in Figure
2-3.13 (18). The fatigue data are analyzed by determining the least squares
equation for the straight line. The fitted relationship is of the form:

N¢=Kq(1/e)K2

where:
N¢ = Number of load repetitions to failure

e = Initial strain at 200th load repetition
K1,K2 = Regression coefficients

In Table 2-3.3, typical K; and K, values for different asphaltic concrete
mixtures are presented.
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Figure 2-3.12.
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Figure 2-3,13.
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Table 2-3.3. summary of Laboratory Fatigue Data
Generated from other Sources
Data s Test
- K
Source Mixture Asphalt Temp. Ky 2
Texas A&M  Laboratory  AC-10 68°F 6.0 x 1076 2.864
Standard
Recycled Salvaged AC
Texas A&M California + Recycling 68°F 2.5 x 10-6  3.205
Valley Agent C
Recycled Salvaged AC 5
Texas A&M  California  + Recycling 68CF 5.2 x 107 2.682
Valley Agent B
Recycled Salvaged AC
Texas A&M  WVoodburn, + Recycling 689F 1.1 x 1075  3.150
Oregon Agent C
Crushed Rock 8%
Pell Rock and 45 pen. 68°F 8.8 x 1071°> 5.10
Sand
Monismith Granite B% 68°F 6.1 x 10~ 3.38
40-50 pen
. . Coarse 6% -5
B o .2 2.4
ritain Granite §5-100 pen 68°F 3 x 10 9
. . Fine 6% o -7
Calif . 2.
alifornia Granite 85-100 pen 68°F 8.9 x 10 85
. . Medium 6% -6
c ° . .
alifornia Granite 85-100 pen 68°F 2.9 x 10 2.83
. . Medium 6% o -7
California Granite 60-70 pen 68~F 1.1 x 10 3.26
. . Medium 6% le] -10
C
alifornia Granite 40-50 pen G8™F 1.0 x 10 4.01
. . Medium 6% o =7
C
alifornia Granite 60-70 pen 68~F 1.3 x 10 3.22
Gonzales 6% o -8
Field Shale 85-100 pen 68~F 2.1 x 10 3.60
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4.5.2 Fatigue Tests on Asphaltic Concrete Cores

In this procedure Marshall sized specimens can be made in the
laboratory or obtained from existing pavements by coring. In using field s,
cores, specimens can be cut from field cylinders to the required 2.5 inches ‘
thickness to produce the desired plain strain condition in the test. The
fatigue test set-ups are very similar to the method used for diametral
modulus of resilience. The dynamic load is applied using a haversine
function at a frequency of two cycles per second, with 0.1 second load
duration and 0.4 second rest period. Different stress levels are selected to
yield different numbers of fatigue lives (Ny). The fatigue life value is
defined as the total number of cycles at which the sample is completely split
into two pieces or the number of cycles to produce a decrease in the
resilient modulus of 50 percent. The data is presented in the same manner
used for the beam fatigue tests.

4.5.3 Fatigue Models for Flexible Pavements

The fatigue cracking of asphaltic concrete has been studied by numerous
investigators, both in the laboratory and from field performance data. The
resulting test data all confirm the linear relationships shown previously.

In this relation, K1 and K2 may or may not be temperature dependent,
depending on whether or not the test data shows a temperature modulus
dependence; the literature is about equally divided between temperature
dependent and temperature independent fatigue equations.

Laboratory determined fatigue relationships generally predict failure
much sooner than is observed in field performance studies. To compensate for
this discrepancy, a "shift factor" is normally applied to K1 with the o,
justification that laboratory tests predict crack initiation. In a pavement, 1
the cracks start at the bottom, take some time to reach the surface, and
exist as a crack for some time before they have deteriorated to the point
they are recognized as a distress crack (19).

Most field performance models are based on the AASHTO Road Test data
and use elastic layer theory to compute the radial tensile stress/strain at
the bottom of the asphalt concrete layer. The actual traffic history is
converted to equivalent 18 Kip axle loads using the AASHTO relationships, and
a regression equation is developed between Nf and the critical strain. These
analyses have assumed that average annual temperature conditions exist
throughout the year so that the layer properties can be considered to be
constant for the test duration.

The AASHTO/ARE fatigue equation is given by:
N¢= 9.73x 1071 (ep)>16

This model was developed using linear elastic layer theory with two
circular loads to represent the two-tire wheel. The layer moduli were
determined from laboratory tests on samples with confining pressure
corresponding to that expected in a pavement structure but were assumed to be
stress-independent in the regression analysis.

There are two areas of concern in the development of this model: the
critical strain used in the above equation is not the maximum strain, and the !
base/roadbed soil moduli are assumed to be stress-independent. The strain
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used in the ARE equation is the strain parallel to the axle which causes
longitudinal crack formation. However, the true maximum strain occurs
perpendicular to the axle, producing transverse cracking. Both laboratory
and field test data indicate that the moduli of granular materials and
cohesive soils depend on the state of stress as was discussed previously.

Majidzadeh and Ilves (19) developed a similar performance-related
distress function from the AASHTO Road Test data using the same assumptions
as were used by ARE, except that the base and roadbed soil moduli were
assumed to be stress dependent. Gravity stresses resulting from the
self-weight of layers were included in stress, and the maximum critical
strain (in the direction perpendicular to the axle) was used in the
regression equation. The resulting equation is:

N¢ = 7.56 x 10"12(cg) ™68

In the mechanistic/empirical design procedures, the radial strain in
these equations is the strain calculated in a proposed pavement structure.
The equation calculates the number of loads the proposed pavement section is
capable of carrying. If the calculated number of loads exceeds the desired
traffic loadings, the pavement is sufficient. If the pavement is not
sufficient, thicknesses can be increased.

4.6 Rutting Distress

Rutting is the gradual accumulation of permanent deformation in the
pavement layers. Rutting models include the Shell Model, VESYS Model, PDMAP
Model, Monismith Model, DEVPAV, WATMODE, Herschek Model, and OSU Model. The
VESYS and PDMAP Models are probabilistic models that use the statistical
variation of material properties. The other models compute rut depth as the
sum of permanent deformations in each pavement layer except for the SHELL
Model which only examines the asphalt concrete layer. The rutting equation
used in PDMAP is the AASHTO Road Test Data, and WATMODE utilizes Brampton and
St. Anne Road Test results. All other models utilize permanent deformation
properties of pavement materials determined from laboratory tests. The
testing required by the Monismith Model is somewhat more complicated in that
repeated load triaxial tests are required. With the above mentioned
differences, the models are all very similar in that all but VESYS and DEVPAV
use elastic layer theory in analyzing stresses and strains in the roadway;
DEVPAV utilizes a Finite Element Method (FEM) program developed in Ireland
and VESYS uses elastic solutions altered with a superposition principle to
provide viscoelastic solutions.

The most common design model for roadbed soil rutting is based on an
allowable roadbed soil strain limit, given by:

Ng=1.365x 10 9(e,) 4477

where:
N¢ = Allowable number of load repetition

ey = Maximum vertical strain at the top of roadbed soil, in/in
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This procedure limits the vertical strain on the roadbed soil to a
value that will not overstress the soil, but it does not provide any design
for the upper pavement layers. Therefore, it is necessary that material
specifications be closely controlled to insure minimal deformations. g

4.8 Thermal and Moisture Characteristics
4.8.1 Low-Temperature Cracking

The temperature related characteristics of asphaltic concrete pavements
are not the same as for rigid concrete pavements. The asphalt concrete will
not curl under daily temperature gradients. Rather, as the temperature drops
during a day or during a season, the pavement contracts which builds up a
thermal tensile stress in the asphalt concrete. This thermal stress is
responsible for the transverse cracking seen in the Northern climates. This
cracking can also develop in more temperate locations when a stiff asphalt
cement is used. Numerous studies by McLeod (12) have addressed the problem
in the Northern areas. Studies by Shahin (20), Carpenter (21, 16) and Ruth
(22) have documented the potential for problems to develop in the Southern
states under daily temperature cycles. Asphalt concrete has a thermal
coefficient of contraction that is much larger than portland cement concrete,
and the stresses that develop are often sufficient to crack the asphalt
corg:rete. A typical contraction coefficient for asphalt concrete is 5 x
107 in/in/F. Procedures exist for evaluating the potential for asphaltic
concrete mixtures to develop low temperature cracking by calculating the
limiting stiffness temperature (23). These references should be consulted if
temperature cracking is expected in any area.

4.8.2 Stripping o

Asphalt cement aggregate combinations all have varying sensitivity to
the stripping phenomenon. Stripping is the separation of the asphalt film
from the aggregate surface in the presence of moisture. This separation
eliminates the bonding of the asphalt film which reduces the modulus, tensile
strength, and load-carrying capacity of the mixture. A pavement design
cannot be done with any degree of certainty if the quality of the mixture is
not satisfactory. Testing must be conducted to determine if any additives
should be considered to reduce the potential for stripping to develop.

The tests available include simple immersion tests, freeze thaw tests
on specially prepared samples (24) and complicated vacuum saturation freeze
thaw procedures designed specifically to model the development of stripping
expected to develop in the field. This last procedure developed by Lottman
can be used to determine the gradual decrease in load carrying capacity as
determined from the diametral resilient modulus test. If the modulus 1s
expected to decrease over the life of the pavement, the reduced modulus can
be used if desired.

There are additives which can be used if the testing indicates a
potential for stripping. These additives are commonly an organic compound
which alters the surface chemistry of the asphalt/aggregate combination to
better resist the penetration of moisture into the interface. Lime can also
be used as a filler that will increase the resistance to stripping (23).

None of these additives should be used without laboratory testing with the
materials to be used in the mixture.

130




4.9 Structural Layer Coefficients

The structural layer coefficient for asphalt concrete was used in the
Interim Design Guide to select asphalt concrete thicknesses. Figure 2-3.14
shows the relationships for asphaltic concrete, various tests, and the layer
coefficient. With the resilient modulus value being used more prevalently
now, the relationship shown in Figure 2-3.15 can be used to relate modulus to
coefficient. Different mixes will have different modulus values, and hence a
different effectiveness in the design process. Every mix should be
investigated to determine the relationship to be used in any particular
state.

5.0 CHARACTERISTICS OF BASE COURSE MATERIALS
5.1 Base Course

The characteristics of base and subbase materials vary depending upon
whether these materials are unbound, such as granular bases, or bound
materials, such as cement treated or asphalt treated materials. In this
section the test properties of the granular materials influencing the design
process are briefly reviewed for the different types of base materials which
could be used in construction of different pavements.

5.2 Soil Aggregate Mixtures

The design parameters for soil-aggregate mixtures are strength, modulus
of resilience, and permeability requirements.

5.2.1 Strength

The stability of a soil aggregate mixture depends upon the particle

size distribution, relative density, internal friction, and cohesion. The
%ranular base or subbase is designed for maximum stability and high internal

riction. The particle size distribution and grain to grain contact provide
the necessary shearing resistance. The strength of unbound base and subbase
materials is most often presented by CBR, triaxial tests or R values. The
CBR requirements for subbase and base course materials are presented in Table
2-3.4. The test procedures used on base materials are the same as described
earlier.

In the design process, the CBR of granular base is related to the CBR
values of the underlying roadbed soils as given by:

CBRp,5e = FXCBRgadbed soil

The relationship between F and roadbed soil CBR is shown in Figure 2-3.16.
5.2.2 Modulus of Resilience

The modulus of resilience of the granular material is highly dependent
on the state of stress. Just as the fine-grained cohesive soils of the
roadbed were altered by stress, the modulus of granular base materials is
stress sensitive but in the same manner as the coarse-grained roadbed soil.
The typical resilient modulus data for granular bases is given by:
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Table 2-3.4. CBR and Design Requirements for Base and Subbase s,

Maximum Permissible Values

Gradation Requirements

Max. Percent Passing
Material Design
CBR Size #10 #200 LL PI
Subbase 50 3" 50 15 25 5
Subbase 4o 3" 80 15 25 5
Subbase 30 3" 100 15 25 5
Select Matls 20 3 - 25 35 12
Base Type Design CBR .
Graded Crushed Aggregate 100
Water-Bound Macadam 100
Dry-Bound Macadam 100
Bituminousu intermediate and surface courses, 100
central plant hot-mix
Limerock 80-100
Stabilized Aggregate 80
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A.C. Modulus, ksi
1,800

600
270
150

10

Figure 2-3,16.

100 1000

CBR

Assumed Relationship Between
Subgrade and Base Modulus. (10)

135

10,000




Mp =K1 (63)%2
where:
63 = confining pressure, psi (often oy +oy+oy is used)

K1, K2 = regression constants

A typical resilient modulus curve for a granular soil is shown in
Figure 2-3.17. Typical confining pressure values range from low stress
levels of 5 psi to high stress levels of 50 psi depending on the loading and
layer thicknesses. This figure has the added feature of showing the effect
of base contamination by soil fines which can reduce the modulus of the base,
shortening the life of the pavement. Average material coefficients are:
K7 =9600 and K5 =0.55. Using these coefficients, the modulus for the
low stress condition is 23,265 psi, and 82550 psi for high stress levels.

The modulus of the base is dependent on the support provided by the
roadbed soil, and an average modulus can be selected using:

Epase = KX Epgadbed soil

where K values are as follows:

E (roadbed).psi
3,000
6,000
12,000
20,000
30,000 -,

M
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hovoo hin
] 1
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5.3 Cement-Treated Bases

Cement-treated bases are used under both asphaltic concrete and rigid
portland cement concrete pavements. The design of cement-treated bases are
based on minimum strength requirements and resistance to freeze and thaw.

The resistance to freeze and thaw is measured by the percent loss of
the sample after subjecting the specimen to 12 cycles of freezing at 18
degrees F and thawing for one day. The strength criterion is expressed as a
minimum 7 day compressive strength, as shown in Figure 2-3.18. The
compressive strength of cement-treated bases is influenced by the dust ratio,
which is defined as a ratio of the percent passing Number 200 sieve to the
percent passing Number 30 sieve. Such a relationship is shown in Figure
2-3.19.

5.3.1 Strength

The unconfined compression test has been adopted by many agencies to
ensure a durable cement-treated mixture. The minimum 7-day compressive
strength for these mixes can be estimated using the nomograph illustrated in
Figure 2-3.18

L
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5.3.2 Modulus

The modulus values for cement-treated bases are dependent upon the soil .
type, properties, and cement content. The modulus of these mixtures 1s k
independent of applied stress as these materials are linear elastic. The
modulus of elasticity will, over time, increase due to the pozzolanic
reaction. The modulus of elasticity of soil cement materials ranges from
50,000 gsi to 2,000,000 psi, while for cement-treated bases it ranges between
1,000,000 and 3,000,000 psi.

While these strengths can be determined from nomographs as shown, it is
recommended that laboratory testing be conducted with the actual soils and
additives to determine the average strength or modulus to be used in the
design.

54 Asphalt-Treated Bases

Asphalt-treated bases have been extensively used in all pavement types
(10). These materials are designed with consideration to increase structural
strength, resistance to pumping, and to provide drainage capabilities. The
principles underlying the design of these mixtures are the same as those
underlying the design of asphaltic concrete.

Asphalt-treated bases can also be constructed using emulsified
asphalts. The modulus of resilience of these emulsion aggregate mixtures
falls between granular and asphaltic concrete mixtures, ranging from 80,000
to 500,000 psi. The following equation can be used as an estimate for the
resilient modulus of these mixtures:

In(Mgx10°3) = 0.4+ 2.46(SF) - 0.015(Pen) - 1.13

where:
7= Density, pound per cubic foot

SF = Sand fraction, percent
Pen = Asphalt penetration at 77°F

For a mixture with 4 percent sand at 140 pounds/cubic foot density, the Mp
estimated by this equation is 200,000 psi.

These asphalt-treated mixes used as base courses must be carefully
evaluated for moisture resistance because they typically must function as a
drainage layer and be continually exposed to moisture.

5.5 Structural Layer Coefficients

The strength tests, and modulus values must be converted to structural
layer coefficients to be used in the AASHTO Design procedure. The modulus
values can be used directly in the mechanistic empirical design procedures.
The charts shown in Figure 2-3.20 and Figure 2-3.21 can be used to translate
any test value for these granular materials into a structural layer
coefficient.
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Scale derived from correlations from Wlinois.

Scale derived from correlations obtained from The Asphalt Institute, California, New
Mexico and Wyoming.

Scale derived from correlations obtained from Texas.
Scale derived on NCHRP project (3).

Suggested AASHTO Layer Coefficient Nomographs for Subbase
Material.
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5.5.1 Special Considerations for Rigid Pavements
\

The structural layer coefficients are used directly in the structural
number concept for flexible pavements. In a rigid pavement design, there is
no structural number calculation using the layer coefficients and
thicknesses. The roadbed soil and subbase are combined into an effective
support for the portland cement concrete slab termed a composite modulus of
subgrade reaction, k. The resilient modulus of the roadbed soil and the
resilient modulus of the subbase are required. The roadbed soil’s resilient
modulus can be determined as described in Module 2-2. The resilient modulus
of the subbase can be determined from the nomographs presented in Figure
2-3.20 and Figure 2-3.21 for a base material. The two modulus values can be
converted into the composite modulus of subgrade reaction using Figure
2-3.22.

Because of the necessity of having resilient modulus for the granular
subbase material, it is highly recommended that AASHTO T274 testing be
implemented to develor accurate modulus values to go along with the material
tﬁst values which may already be catalogued on the materials being used in
the state.

It must be recognized that the subbase under a rigid pavement must
contain different properties than a subbase or base material for a flexible
pavement. The subbase material must resist erosion which leads to a loss of
support. This loss of support is a critical element in the design procedure
for rigid pavements. Subbase materials for rigid pavements must not contain
fines which can be eroded. They should be free draining and/or stabilized to
resist pumping and faulting. This requirement typically calls for the use of
very different materials than have normally been used in the design of a
flexible pavement, increasing the importance of having accurate
characterization of the resilient modulus of the material.

6.0 EXAMPLE PROBLEMS

6.1  Dectermine the load applications to failure in a PCC pavement if the
modulus of rupture is 750 psi, and the tensile stress in the slab under load
is 540 psi using the PCA curve.

Answer: 100,000 loadings

6.2  Calculate the tensile strength for a AC-20 asphalt concrete mixture if
the load in the test is 2200 pounds. The sample has a diameter of 4 inches,
and a thickness of 2.5 inches.

Answer: 140 psi.

6.3  Determine the allowable number of loadings using the AASHTO/ARE fatigue
equation for asphalt concrete if the radial strain at the bottom of the
asphalt concrete is 0.0001 in/in.

Answer:  4.25x 100 loadings

6.4  Ifapavement is to carry 10 million loadings, what must the maximum
vertical strain on top of the subgrade be?

Answer: 0.000293 in/in
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Chart for estimating composite modulus of subgrade
reaction, k_, assuming a semi-infinite subgrade
depth. (For practical purposes, a semi-infinite
depth is considered to be greater than 10 feet be-
low the surface of the subgrade.)
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6.5 What modulus values would you use for asphalt concrete if you had
the following structural layer coefficients?

a. 0.44
b. 0.22
C. 0.46

Answer: a. 450,000 psi
b. 125,000 psi
C. 500,000 psi

6.6  What Marshall Stability would you expect with a structural layer
coefficient of 0.4?

Answer: 1700

6.7  What layer coefficient and resilient modulus would you expect to have
for a cement-treated base with a seven day compressive strength of 400 psi.

Answer: coefficient = .15
modulus = 600,000 psi

6.8  For a subbase modulus of 10,000 psi, what layer coefficient would you

expect to have.
Answer:  0.08

7.0 SUMMARY

This module has presented a summary of the properties of pavement
components that have an impact on pavement design and performance, including
the selection of materials for construction use, design input requirements
for each material, physical and engineering properties, and various response
parameters.

In concrete pavements, for design purposes, the allowable stress is
calculated using the modulus of rupture, which is taken as the extreme fiber
stress under breaking load. The rigidity of the pavement slab and its
ability to distribute loads is represented by the concrete modulus of
elasticity, Ec. Concrete pavement performance is directly influenced by this
property which is a function of the compressive strength and varies with
mixture variables, time and temperature.

Pavement distress is affected by many factors, such as loads and
stress, environmental conditions, material properties, construction and
maintenance methods. Fatigue cracking is one of the two major
traffic-associated failure distress modes for asphaltic pavements. Various
test methods for fatigue were described. In the review of pavement distress
manifestations, it was noted that distresses are related to governing
parameters in a very complex way and that the mechanisms are not well
understood. Predictive distress models have been developed, however, for
both rigid and flexible pavements.

N
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MODULE 2-4
DRAINAGE DESIGN
1.0 INSTRUCTIONAL OBJECTIVES

'This module presents the principles of drainage and the influence of
moisture on material performance. The interaction of moisture with materials
is presented with sensitivity analyses to show the impact of this interaction
on pavement performance and thickness design. An evaluation is presented
which allows the engineer to determine whether drainage will improve the
performance of a pavement or not. Design procedures are presented and the
requirements for constructing an effective drainage system are discussed.

The principles and reasons for incorporating subdrainage into the AASHTO
Design Guide are presented.

Upon completion of this module the participants will be able to
accomplish the following:

1. List the sources of moisture in a pavement and identify the
influence of moisture on different materials by describing
distresses which could result.

2. Describe different drainage systems and the sources of moisture
they are designed to remove.

3. Identify material requirements needed to ensure adequate
performance in the drainage installation.

4 List the steps required in designing a subdrainage system and be
able to use the subdrainage design manual to design the system.

5. List the steps in the procedure to calculate drainability of the
pavement system and select m for flexible pavements, or C 4 and
loss of support factors for rigid pavements.

2.0 PAVEMENT DRAINAGE CONCEPTS
2.1 Introduction

Water can produce detrimental effects on a highway in several different
ways. Most failures caused by ground water and seepage (1) can be classified
into two categories:

1.  Those which take place when soil particles migrate to an escape
exit, causing piping or erosional failures.

2. Those which are caused by uncontrolled seepage patterns and lead
to saturation, internal flooding, excessive uplift, or excessive
seepage forces.

Failures caused by surface infiltration generally result from continual
exposure to moisture, and can be placed in two categories:

1. Softening of foundation layers as they become saturated and remain
saturated for prolonged periods of time.
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2. Degradation of material quality from the interaction of an
increased moisture content with the environment, stripping and
D-Cracking.

A given pavement can be stable at a given moisture content but become
unstable if the soils become saturated. High water pressures can develop in
saturated soils when subjected to dynamic loadings. Subsurface water can
freeze, expand and exert forces of considerable magnitude on a given
pavement. Water in motion can carry soil particles, causing any number of
different problems, from clogging drains to eroding embankments. These
circumstances must be recognized and accounted for in the design of a
pavement.

In the design of a highway, a major objective should be to keep the
base, subbase, subgrade, and/or other specific paving materials from becoming
saturated or even exposed to constant high moisture levels which may be below
saturation. There are three approaches which should be considered for
controlling or eliminating the problems caused by moisture:

1. Seal the pavement properly and do not allow the water to enter the
pavement layers.

a.  Use proper sealing materials and techniques for concrete slab
joints and seal cracks in flexible pavements.
b Design utilizing impervious membranes.
C. Use impervious wearing surfaces, bases, subbases, and
impervious shoulders.
d.  Install interceptor drains to prevent moisture from entering
a pavement section. -

2. Use materials that are moisture insensitive and will not
contribute to moisture-related distress.

a. Use stabilized materials for granular layers (lime, cement,
bituminous).

b.  Select granular materials with low fines, and low plasticity
which resist the effects of moisture better than dense-graded
materials.

3. Provide adequate drainage to effectively remove any moisture that
may enter the pavement from the materials before damage can be
initiated.

a.  Design a drainage system which permanently lowers the water
table under a given pavement or adequately removes any
infiltration which is seen to enter the pavement system.

b.  Use pervious bases and subbases designed not only as
structural components but also as drainage layers. Water
which enters the pavement from above will drain in the
horizontal direction from beneath the highway rather than
continuing downward into the subgrade.

C. Add drainage blankets beneath embankment sections.
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It should be noted that the above solutions require adequate surface
water drainage facilities. To accomplish the second concept above, a
detailed understanding of material behavior as related to moisture must be
developed. There are a number of new materials which have reduced
susceptibility to moisture damage, which will be discussed in the following
sections. However, when working with local materials within a given economic
condition it is not always possible to justify the use of special materials.
Additionally, good maintenance practices to maintain an impermeable surface
are not always obtained. Thus, it is always recommended that adequate
drainage be provided if it can be demonstrated that drainage is required to
maintain a high level of performance in the pavement.

2.2 Moisture-Induced Pavement Distress

Surface infiltration, high groundwater, capillary rise, and excess
seepage water are primary causes of pavement distress. Moisture-related
flexible pavement failures are characterized by excessive deflection,
cracking, reduced load-bearing capacity, raveling, and disintegration. A
simplified description of moisture related distress in flexible pavements are
given in Figure 2-4.1 (14). Subgrade instability, pumping and the subsequent
loss of support, as well as deterioration of concrete due to the "D" cracking
phenomenon are common indicators of moisture-induced damage in rigid
Flav)ements. Distresses are presented in Figure 2-4.2 for rigid pavements

4).

The influence of moisture on the load-carrying capacity of subgrades
has long been recognized. The classical pavement design methods are based on
a saturated subgrade strength and the resulting loss of support due to the
excessive moisture. Pulsating pore pressures developed in a subgrade as a
result of moving loads significantly influence the subgrade’s load-carrying
capacity. According to Cedergren (1), it is possible that a saturated
subgrade might become supersaturated where the water holds the soil particles
apart, resulting in a complete loss of soil strength.

Studies of moisture-induced damage in flexible pavements (4) confirm
that the strength and moduli of asphaltic concrete mixtures are adversely
affected by the presence of moisture. Pavement structural evaluations
conducted at the University of Illinois (5) using a circular test tract have
similarly confirmed that wheel loads on flooded sections are many times more
damaging than those on a dry pavement.

Free water at the subgrade-pavement interface has been similarly
identified as a significant parameter contributing to pavement
deterioration. Cedergren indicated that the moving pressure waves created by
dynamicloads develop large hydrostatic pressures resulting in the movement
of soil particles at the pavement interface (1,2). Studies in Georgia
suggest that soil and subbase particles are indeed displaced at the pavement
interface and near joints under the effect of moving loads and that cavities
and void spaces are developed (3). Such a condition is visually observed in
pumping of subbase fines in a rigid pavement, an action that leads to loss of
support of the pavement slab, thereby allowing cracking and failure of the
pavement structure.
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DISTRESS

TYPE MOISTURE{  CLIMATIC MATERIAL LQAD STRUCTURAL DEFECT BEGINS IN
| MANIFESTATION|  PROBLEM PROBLEM PROBLEM ASSOCIATED [ SURFACE BASE | SUBGRADE
SPALLINS POSSIBLE NO NO YES NO NO
CHEMICAL
we | SCALING YES F-T CYCLING |  [NFLUENCE NO YES - FINISHING | NO NO
G | D-CRACKING YES F-T CYCLING | AGGREGATE NO YES NO NO
S| CRAZING NO NO RICH MORTAR NO YES - WEAK SURFACE | NO N0
BLOK-UP NO TEMPERATURE |  THERMAL NO YES NO NO
PROPERTIES
PUMPING YES MOISTURE FINES IN BASE YES NO YES YES
- MOISTURE
S SENSITIVE
ws | FAULTING YES MOISTURE- | SETTLEMENT YES NO YES YES
<& SUCTION DEFORMAT ION
S | CURLING POSSIBLE|  MOISTURE NO YES NO NO
AND TEMP.
CORNER YES YES FOLLOWS YES NO YES YES
PUMP ING
DIAGONAL CRACKING
TRANSVERSE YES POSSIBLE FOLLOWS YES NO YES YES
LONGITUDINAL MOTSTURE
o BUILDUP
=
% | PUNCH OUT YES YES DEFORMATION YES NO YES YES
=] FOLLOWING
o CRACKING
JOINT PRODUCES|  POSSIBLE PROPER FILLER NO JOINT NO NO
DAMAGE AND CLEAN
LATER JOINTS

Figure 2-4.2.

Moisture Related Distresses in Rigid Pavements.




2.3 Source of Moisture in Pavements

Moisture in the subgrade and pavement structure can come from many
sources. The water may seep upward from a high groundwater table, or it may
flow laterally from the pavement edges and shoulder ditches, as shown in
Figure 2-4.3. Capillary effect and moisture-vapor movement are also
responsible for water accumulating beneath a pavement structure.
Moisture-vapor movement is associated with fluctuating temperature and other
climatic conditions. The water in a pavement can also result from
infiltration through the surface. Joints, cracks, shoulder edges, and
various defects in the surface represent easy access paths for water.

Many highway engineers believe that groundwater and high water tables
are the primarly; causes of moisture-induced damage. This is evidenced in the
fact that most highway departments have a practice of installing underdrain
and drainage facilities primarily to remove the groundwater and lower the
water table (6, 7). Despite this common belief, it can be shown that surface
water is a major contributor to moisture accumulation in the subgrade. The
effect of the infiltration of surface water has been directly related to the
amount of precipitation and the pavement condition (7). The amount of
surface infiltration depends on the permeability characteristics of pavement
surface. Table 2-4.1 displays typical ranges of permeability of various old
and new flexible pavements. As shown in this table, the permeability of
ﬂe);iblc pavements decreases with pavement life as traffic seals the porous
surface.

According to Cedergren’s data (6), the permeability of rigid pavements,
taking into account joints etc., can be assumed as 0.20 inch/hour. The
permeability of flexible pavements, on the other hand, might be selected at
an approximate value of 0.50 inch/hour. The permeability and porosity of
each pavement layer, the base and subbase, similarly influence the outflow
and storage characteristics of the total pavement structures.

3.0 BASIC PRINCIPLES OF SUBSURFACE DRAINAGE DESIGN

The analysis and design of highway subsurface drainage systems involve
the consideration of subsurface water from a wide variety of sources. Itis
convenient to consider these sources of drainable subsurface water in two
broad categories:

1. Groundwater, which is defined as the water existing in the zone of
saturation at the water table.

2. Infiltration, which is defined as surface water that gets into the
pavement structural section by seeping down through joints or
cracks in the pavement surface, through voids in the pavement
itself, or from ditches along the side of the road.

Although free water from melting ice lenses commonly exists above the
water table, it is generally considered as groundwater. The water that feeds
the growth of ice lenses originates at the base of the capillary fringe
(i.e., at the water table); no frost action could take place without water
from this source.
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Table 2-4.1. Permeabilities of 0ld and New Asphalt Concrete Pavements (}9_).

SOURCE OF DATA PERMEABILITY, K, FT/DAY

NEW PAVEMENT:

AIR PERMEABILITY OF US 101, 150
BY KARI-SANTUCCI

US 101, LEFT WHEEL PATH 46
US 101, BETWEEN LEFT AND RIGHT 90
WHEEL PATH
CALIFORNIA DIVISION OF HIGHWAY SPEC. 40
CEDERGREN

OLD PAVEMENTS:

OLD PAVEMENTS, SOUTH AFRICA, 2.0
CRACKED SURFACES

OLD PAVEMENT, BELGIUM 7.0

OLD PAVEMENT, UNIVERSITY OF 4.4
CONNECTICUT, TRAFFIC LANE

OLD PAVEMENT, UNIVERSITY OF 7.0
CONNECTICUT, SHOULDER

155




(3 Through Permeable Surface
I [

#Pave) yment:

ir-

2 : E & 2
P T DT T LT &
7 Sargached Subtols ) ) Fro Eaqe
[ /

I ®Seepcge From
High Ground

!
I

|
:,@ Vapor Movements

I | Upward Movement
! I ? Of Water-Table

I
| I

(%) From Water-Table : s
I

e ————

-_Water- Table .

Figure 2-4.3. Sources of Moisture in Pavement Systems.

156




The infiltration of water into the pavement structural section would
appear to be a simple phenomenon. However, the interaction between the type
and frequency of openings permitting infiltration, the rate of water supply,
and the permeability and ambient moisture conditions of the underlying
materials is very complex. The interaction of moisture with different
materials has a complex influence on design which produces another
complicating factor if drainage analysis in the design process is to control
distress. Thus, the estimation of the amount of infiltration that must be
handled by subsurface drainage requires careful consideration.

Important considerations in the design of subsurface drainage include:

1.  Seepage - the movement, or flow, of water through a permeable
porous medium.

2. Porosity - the ratio of the volume of the pore spaces to the total
volume of the material. The extent to which porous media will
permit fluid flow is governed by the permeability of the material.

3. Permeability - the ease with which water passes through a media,
is dependent upon the size, shape, and extent to which the pore
spaces are interconnected (8, 9).

The coefficient of permeability varies over a very wide range,
depending on the nature of the porous media through which flow 1s taking
place. In natural deposits, and even in some compacted soils, it may be much
greater in one direction than in another (8, 15, 16,17,18). This
phenomenon should be considered, whenever possible in arriving at practical
solutions in highway subdrainage problems.

Movement of groundwater in the vicinity of a highway may be the result
of natural {Jhenomena and hydraulic gradients that are the direct outgrowth of
the controlling topographic, hydrologic and geological features in the area
of the pavement. More often than not, however, the highway construction
causes some kind of disruption to the natural pattern of moisture flow. For
example, a highway cut may intersect the existing water table, or a fill may
serve to dam the natural flow of groundwater. The installation of subsurface
drainage to control this groundwater results in a further alteration of the
flow pattern. The final configuration of the flow is dependent upon both the
initial groundwater flow conditions and the characteristics of the subsurface
drainage system that is installed.

The movement of infiltration within the pavement structural section is
governed by the permeability of the materials used in the pavement system,
the longitudinal grade of the roadway and the pavement cross (transverse)
slope. The general patterns of surface and subsurface flow associated with
infiltration are shown for a portland cement concrete Ipavement in Figure
2-4.4. Although the joint and crack patterns (points of inflow) are
different for a bituminous concrete pavement, the geometry and subsurface
flow are essentially the same as shown in Figure 2-4.4.
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3.1 Drainage Requirements

A rational design strategy that satisfies the requirements ofa
long-lasting subsurface drainage system should incorporate the following
design criteria:

1.  The pavement system including its shoulders and adjacent areas
should be designed and maintained as impervious as possible to
minimize the infiltration of surface, capillary and groundwater
into critical areas.

2.  To minimize moisture-induced damage the drainage facility should
be designed with a water-removing capability such that
infiltrating water can be removed in a very short period of time.

3.  The drainage system designed must be a structural member of the
pavement structure. It must not decrease the performance of the
pavement or require exceptional measures to compensate for
material problems.

The time considered adequate for a drainage system to remove water from

a pavement system depends upon the allowable severity of moisture-induced
damage and prevailing climatic conditions. These two factors represent the
intrinsic and extrinsic areas of study in drainage of a pavement. The amount
of water to be removed is the extrinsic factor, and the material properties
which impede or assist this removal of water are the intrinsic factors. In
areas with an expected freeze effect, the flooded pavements should be drained
within a half-hour to one hour period to minimize the long term effect of
moisture presence in the pavement system. As a comparison, a typical
{)avement structure without any effective drainage system generally require as

ong as 20 to 50 hours to drain.

For a pavement to satisfy its structural requirements, the drainage
system must be designed as an integral part of the pavement structure. This
requires that the structural properties of the materials used in the drainage
layer be carefully determined before they are used. Often the materials best
suited for drainage require special construction practices or material
handling precautions. The presence of a drainage layer should not adversely
affect the structural performance of the roadway, and should actually improve
its performance by decreasing the time the pavement will be exposed to
moisture.

The procedures for the determination of the total amount of water which
must be removed from a pavement section will be discussed in detail in a
later section of this module where specific design criteria will be
developed. Once the total quantity of moisture required to be handled by the
drainage system has been determined, the material properties must be used to
size the drainage layers to ensure they are capable of handling the water.
The material properties which are altered by the presence of moisture in a
pavement system, and the magnitude of this alteration, represent an area
where a great deal of uncertainty exists in current design philosophy. The
effect of water on design can be quantified only when the amount of water
entering the pavement can be quantified.
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3.2 Sources of Water Inflow
3.2.1 Groundwater

Groundwater may come from gravity drainage (q) or from artesian flow
(94)- These flow quantities can be computed by means of electric analogs,
hy%raulic models, numerical methods, or by graphical flow nets. The use of
flow nets illustrated in Figure 2-4.5 allows total seepage quantities to be
estimated from a series of equations. The use of flow nets is detailed in
the FHWA Highway Subdrainage Design Manual (20) which should be required
reading for any design problem.

3.2.2 Melt Water from Ice Lenses

In areas subject to deep frost penetration, the potential for frost
heave is great, and when certain soils are present, the amount of frost heave
can be significant. Frost heave is the result of water being drawn up from
the water table, through the soil to the freezing front at the depth of frost
penetration. When a winter is cold for extended periods of time, and the
frost line is stationary, the amount of moisture drawn up to the frost line
can be significant. As the water freezes, the pavement surface heaves. When
the water thaws during the spring there will be an excess of water which was
not there previously, and which should be drained away as quickly as
possible. The quantity of water that accumulates in the form of ice in a
pavement subgrade as a result of frost is a function of the subgrade soil
types, availability of groundwater and severity and duration of the freezing
temperature.

In the Highway Drainage Manual (20), it is shown that the amount of -
water from a melting ice lens, g, can be determined from Figure 2-4.6 and a
value of the heave rate or frost susceptibility classification shown in
Figure 2-4.7. The value?p in Figure 2-4.6 is the subgrade stress (pcf).

3.2.3 Vertical Outflow

Water that enters a pavement system will seep out of the pavement
layers through the underlying soil strata. The rapidity with which this
seepage occurs is a direct function of the permeability and moisture
characteristics of the subgrade soil. The flow (gy,) can be easily computed
through the use of an equation or estimated from a chart such as that shown
in Figure 2-4.8.

While the average hydraulic gradient can be expected to decrease
considerably from its initial value of unity, it can sometimes remain at a
relatively high value for some time following the initiation of flow. It
should be recognized that the effect of infiltration, other than that
introduced through the pavement, has been ignored. In reality, rainfall of
long duration, which could be expected to produce infiltration through the
pavement for prolonged period of time, would also produce downward
percolation through the surrounding soil. This percolation would raise the
water table reducing the outflow from the pavement section. Conse%uently, it
is recommended that caution be exercised in applying the above method to
estimate vertical outflow toward an underlying horizontal water table. Ifit
can be demonstrated with reliability that the water table will remain well o,
below the level of the pavement even during prolonged wet weather, then :
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vertical outflow of this type should be considered in design. However, in
the absence of such data, it is advisable for design purposes to consider
vertical outflow toward a horizontal water table to be negligible.

324 Net Pavement Inflow

Consideration of all the possible sources of water allows for the
determination of the net inflow (q;,). Combining various inflows and
outflows gives the following set of relationships:

qn=qi+qg+qa+qm+qv

The Highway Subdrainage Manual (10) recommends that infiltration flow
(q;) always be included in computation of net inflow.
3.3  Types and Uses of Highway Subdrainage

Systems of highway subsurface drainage can be classified in a variety
of ways according to:

1.  The source of the subsurface water they are designed to control.
2. The function they perform.
3.  Theirlocation and geometry.

It is important that these classifications be put in perspective and
that the associated terminology be understood.

A groundwater control system refers to subsurface drainage specifically
designed to remove and/or control the flow of groundwater. Similarly, an
infiltration control system is designed to remove water that seeps into the
pavement structural section. Often the subdrainage may be required to
control water from both sources. The physical features of the two systems
may be very much alike although the desired result is very different.

A subsurface drainage system may perform one or more of the following
functions:

1. Interception or cutoff of the seepage above an impervious
boundary.

2. Draw-down or lowering of the water table.

3.  Collection of the flow from other drainage systems.

Although a subdrainage system may be designed to serve one particular
function, it will commonly be expected to serve more than one function. For
example, an interceptor drain not only cuts off the flow from higher ground,
but it draws down the water table so that it does not break out through a cut
slope, for example.

The most common way of identifying subdrainage systems is in terms of
their location and geometry. Familiar classifications of this type include:
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1.  Longitudinal drains.

2. Transverse and horizontal drains
3. Drainage blanket.

4 Well systems.

It should be noted that these types of subdrainage may be designed to
control both groundwater and infiltration and/or to perform any of the
functions outlined above.

3.3.1 Longitudinal Drains

As the name implies, a longitudinal drain is located parallel to the
roadway centerline both in horizontal and vertical alignment. It may involve
a trench of specified depth, a collector pipe and a protective filter of some
kind, as shown in Figure 2-4.9. It may be less elaborate, as shown in Figure
2-4.10. The degree of sophistication employed in the design of longitudinal
drains depends upon the source of the water that is to be drained and the
manner in which the drain is expected to function.

Sometimes, systems of longitudinal drains of different types can be
employed effectively. An example of such an application is presented in
Figure 2-4.11, which shows a multiple drain installation in a superelevated
section of an expressway cut in a wet hillside. In order to intercept the
flow and draw down the water table below the left cut slope, it was necessary
to use two lines of relatively deep longitudinal drains. As shown in Figure
2-4.11, the collector drain &’)eneath the left shoulder) serves to drain any =,
water that may get into the base or subbase of the left lanes as a result of
infiltration or frost action. A similar function is performed by the shallow
collector drain along the left edge of the right lanes.

The combination of groundwater conditions and highway cross-sections
shown in Figure 2-4.9 and Figure 2-4.10 were such that the groundwater could
be intercepted and/or drawn down well below the pavement sections with no
more than two lines of longitudinal underdrains. However, this is not always
possible, particularly when the water table is very high and the roadwa
section is very wide, as shown in Figure 2-4.12. In this case, the flow o
groundwater might have saturaied the subgrade and the pavement structural
section over at least a part of its width if the third longitudinal drain had
not been installed beneath the median. Even more complicated roadway
geometries are possible, and more elaborate subdrainage configurations may be
required for modern highways, particularly in the vicinity of interchanges.

3.3.2 Transverse and Horizontal Drains

Subsurface drains that run laterally beneath the roadway are classified
as transverse drains. These are commonly located at right angles to the
roadway centerline although in some instances they may be skewed in the
so-called "herringbone" pattern.

Transverse drains have been used at pavement joints to drain
infiltration and groundwater in bases and subbases. This is gartlcplar_ly
desirable where the relationship between the transverse and longitudinal
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Figure 2-4.9. Longitudinal Drains.

167




*39ueTyg °98vurerig

*O0T"%-7 2an81j

punoin jeuibliQ

ad|d 1031990]10D
pejeiojied

.

e NS

M Eat

R IR R4

..h..‘.\ ......Q. Jee

(1exuejg ebeuiviqg) 8s4noH
oseqqng 10 aseg SNOJAldY

e L P A YT LS (CNCCX. AN

Aempeoy

S Ea o et ./

juswaaAed

4

168




‘TT°%-C 2an81g
“uoTjelTelsul utexg Jeurpnitbuorg ‘osodandtaTnn ‘otdrarnw IT°%-C _

A SN 7S SN &/l

uteiaqg xojdsoasjur

- jooapag

£ﬂ§ﬁ$f&¥%¥ﬂ§§

utexg I03937TT

WA
v
—~r—
C =~ =3 :
MHNMWMW!I!III — T " 9AIN) uMopMmeI(Qg
"I,.‘l //’, .
,}," /‘/
l//l ' / lﬂ
) /,I[[ /7
I/Illlflllrll
ssuerT 33O
saueT 3ybty oy
& -

Tt .

YaTqeizasizem 1eutbrIo

adoT1s 3n) pesodoag

punoxn teurbrap

169




OLT

Original Ground

Proposed Cut Slope Original Watertable

o — — e —— m————— e ———
’_\—‘— - - e
.. . S .
—_——~

B ¢ ¢

Drawdown
Curve

N:;) \\—-Drawdown Curve with Only
Drawdown Curve wit Two Outside Drains (Dashed
Three Drains Portion Shows Theoretical

Location of Phreatic Line
if Only Soil Were Present)

TTIH Loearock AN TSNS

Figure 1-4.12. Multiple Longitudinal Drawdown Drain Installation.

g



grades is such that flow tends to take place more in the longitudinal
direction than in the transverse direction. An example of this type of
installation is shown in Figure 2-4.13. In this illustration, the transverse
drains have been used in conjunction with a horizontal drainage blanket and
longitudinal collector drain system. This can provide a very effective means
for rapid removal of water from the pavement section.

P

Transverse drains may involve a trench, collector pipe and protective
filter, as shown in Figure 2-4.13, or they can consist of simple "french
drains" (i.e., shallow trenches filled with open graded aggregate), although
this is not generally recommended. As with longitudinal drains, the degree
of sophistication employed depends on the source and amount of subsurface
water and the function of the drain.

When the general direction of the groundwater flow tends to be parallel
to the roadway (this occurs commonly when the roadway is cut more or less
perpendicular to the existing contours), transverse drains can be more
effective than longitudinal drains in intercepting and/or drawing down the
water table. This application is illustrated in Figure 2-4.14.

Some caution should be exercised in the use of transverse drains in
arcas of seasonal frost, since there has been some experience with pavements
undergoing a general frost heaving except where transverse drains were
installed, thus leading to poor riding quality during winter months.

Horizontal drains consist of nearly horizontal pipes drilled into cut
slopes or sidehill fills to tap springs and relieve porewater pressures. In
ordinary installations, the ends of the perforated small diameter drain pipes

= are simply left projecting from the slope and the flow is picked up in

‘ drainage ditches. However, in more elaborate installations, drainage
galleries or tunnels may be required to carry large flows, and some type of
pipe collector system may be used to dispose of the water outside of the
roadway limits. An example of a drainage installation of this type, used in
connection with a landslide stabilization project is shown in Figure 2-4.15.

3.3.4 Drainage Blankets

The term drainage blanket is applied to a very permeable layer whose
width and length (in the direction of flow) is large relative to its
thickness. Properly designed blankets can be used for effective control of
both groundwater and infiltration, depending on the existing conditions.

The horizontal drainage blanket can be used beneath, or as an integral
part of, the pavement structure to remove infiltration or to remove
groundwater from both gravity and artesian sources. Although relatively
pervious granular materials are often utilized for base and subbase courses,
these layers will not function as drainage blankets unless they are
specifically designed and constructed to do so. This requires an adequate
thickness of material with a very high coefficient of permeability, a
positive outlet for the water collected, and, in most instances, the use of
one or more protective filter layers.

'Two types of horizontal drainage blanket systems are shown in Figure

2-4.16. Here, a horizontal blanket drain is used in connection with shallow
longitudinal collector drains to control both infiltration and the flow of
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%roundwater from the artesian source. Note that a protective filter layer

as been used to prevent the subgrade soil from being washed into and, thus

clogging the drainage layer. In Figure 2-4.16-b, a horizontal blanket drain

is used to remove water that has seeped into the pavement by infiltration

alone. In this case, the outlet has been provided by "daylighting" the

drainage blanket. This type of outlet typically becomes clogged and ceases

to function effectively. A more positive means of outletting the drainage

lz)lanlket would have been to use the longitudinal drain shown dashed in Figure
-4.16-b.

{
T,

Additionally, the subbase has been designed as a filter in this
instance to prevent intrusion of the subgrade soil into the base course under
the action of traffic. When the longitudinal grade is large enough to
control the direction of flow, transverse drains may be required to outlet
the drainage blanket as shown in Figure 2-4.13. Drainage blankets can be
used effectively to control the flow of groundwater from cut slopes and
beneath sidehill fills.

Examples of these uses are illustrated in Figure 2-4.17. As shown in
Figure 2-4.17-a, the drainage blanket used in connection with longitudinal
drain can help to improve the surface stability (relieve sloughing) of cut
slopes by preventing the development of a surface of seepage and by its
buttress action. The blanket drain shown in Figure 2-4.17-b prevents the
trapping of wet weather flow beneath the fill and minimizes the buildup of
high porewater pressures that can lead to slope instability.

3.34. Well Systems
Systems of vertical wells can be used to control the flow of -
groundwater and relieve porewater pressures in potentially troublesome
highway slopes. In this application, they may be pumped for temporary
lowering of the water table during construction or simply left to overflow
for the relief of artesian pressures. More often, however, they are provided
with some sort of collection system so that they are freely drained at their
bottoms. This may be accomplished by the use of tunnels, drilled-in pipe
outlets or horizontal drains. Typical well drainage systems that were used
to help in the stabilization of wet slopes were shown in Figure 2-4.15.

Sand filled vertical wells (sand drains) can be used to promote
accelerated drainage of soft and compressible foundation materials which are
undergoing consolidation (the squeezing out of water) as a result of the
application of a surface loading such as that produced by a highway
embankment. An installation of this type is illustrated schematically in
Figure 2-4.18. The design and construction of sand drains for foundation
stabilization is a rather specialized undertaking requiring detailed
consideration and understanding of the three-dimensional consolidation
process. When used, this form of drainage is very expensive, and other
materials may be installed such as geotextile wick drains for water removal
for a more cost-effective drainage installation. This aspect of highway
subdrainage is considered to be outside the scope of this course and will not
be given further consideration.
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3.3.5 Miscellaneous Drainage

Frequently, during the course of highway construction and maintenance
operations, local seepage conditions are encountered which require subsurface
drainage to remove the excess moisture or relieve porewater pressures. These
conditions may require small drainage blankets with pipe outlets,
longitudinal or transverse drains or some combination of these drainage
systems. Although subdrainage of this type is highly individualized, its
importance should not be minimized and its design should be approached with
the same care as the design of more elaborate subdrainage systems.

4.0 FHWA HIGHWAY SUBDRAINAGE DESIGN MANUAL
4.1 Content

The Highway Subdrainage Design Manual was prepared to present a
comprehensive approach to evaluating moisture in a pavement and designing
drainage to remove this moisture in pavements. The manual contains the
following chapters:

1. General Considerations.

2 Data Required for Analysis and Design.
3 Pavement Drainage.

4, Control of Groundwater.

5 Construction and Maintenance

The content of this manual provides nomographs, charts, flow nets, and
other relationships to determine the inflow of water into the pavement
system, lay out the drainage system to effectively remove the water which
must be removed, and size the drainage system to ensure it removes all the
water entering the pavement system. A detailed example problem is presented
in the example problem section of this module to illustrate a complete
drainage design.

5.0 DRAINAGE MATERIALS

When the drainage system has been analyzed and sized to handle the
appropriate amount of water that will infiltrate the pavement, the materials
must be selected carefully to ensure that the properties in the layers
promote drainage and do not interfere with the flow of the water. The
necessary components of the drainage system must function in unity for the
system to be effective. These components include the portion which
intercepts the water, the component which collects the water to a central
point, and the component which removes the water from the pavement system so
that it cannot do any damage.

5.1 Drainage Pipe
Presently, several different types of drainage pipe of various lengths

and diameters are being used in pavement subsurface drainage. Some of these
are as follows:
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1. Clay tile.
. Concrete tile and pipe.

. Vitrified clay pipe.

2
3
4. Perforated plastic bituminous fiber pipe.
5. Perforated corrugated-metal pipe.

6

. Corrugated plastic tubing.

The clay and concrete tile can be obtained in 1 to 3 ft. (0.3 to 0.9 m)
lengths. Metal and fiber pipes are usually manufactured in lengths of 8 ft
(2.4 m) or longer. The thick-walled, semi-rigid plastic tubing may be
obtained in about 20 ft. (6 m) lengths. The corrugated plastic tubing is
manufactured in rolls about 200 to 300 ft. (61-91 m) long. For subsurface
drainage, the pipe diameter generally ranges between 4 in. and 6 in. (10 and
15 cm). However, the California Department of Transportation has used
slotted plastic pipe with an inside diameter of 2 inches, and has recently
gone to 3 inches.

Most of the newer drainage pipes are flexible conduits rather than
rigid conduits such as clay, concrete, or metal conduit. The flexible
lastic drains can fail as a result of excessive deflection if inadequately
installed. For this reason, the load-deflection characteristics are
important considerations when this material is being used in subsurface
drainage design. Impact resistance is also important from the standpoint of
damage to the pipe while it is being placed. —

5.2 Drainage Filter or Envelope Materials
521 Envelope Material

When considering open-graded transverse drains, longitudinal drains,
drainage blankets, and drainage wells, it is necessary to evaluate the filter
or envelope material. The primary functions of the envelope material around
subsurface drains are as follows:

1.  To prevent the movement into the drains of soil particles which
might settle and clog the drain.

2. To provide material in the immediate vicinity of the drain
openings which is more permeable than the surrounding soil.

3.  To provide a suitable bedding for the drain.
4.  To stabilize the soil in which the drain is being laid.

Until recently, the most commonly used envelope materials were
naturally graded coarse sands and gravels. There is a considerable range of
gradations used for drainage envelopes. Fi%ure 2-4.19 shows a comparison of
the range that can be found between two different state transportation
departments. The general procedure for designing the drainage envelope for a
given soil is to make a mechanical analysis of both the soil and the proposed
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Figure 2-4.19. Gradations of Filter Materials.
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envelope material, compare the two particle size distribution curves, and use
Terzaghi’s (6) gradation matching criteria to determine whether the envelope
material is satisfactory.

The piping criteria are written as:
D15(drain)/Dgs(filter) < 5
Dsq(filter)/Dgp(subgrade) < 25

D15 (subgrade) < dy5(filter)< Dgs(subgrade

These requirements result in a filter that is sandwiched between the
subgrade soil, and the drain material. The function of the filter material
1s to protect the drain from clogging with fines moving out of the subgrade
soil.

_ To prevent the entrance of filter material into slots and holes of the
drainage pipes, the following requirements have been recommended:

For pipes with slots:
Dgs(filter)/(Slot Width) > 1.2
For pipes with circular holes:
Dgs(filter)/(hole diameter) > 1.0

According to Cedergan’s report, the Bureau of Reclamation requires -
that:

Dgs (filter)/(Max opening of pipe) > 2

It should be noted that one of the important considerations in filter
performance is the local condition. As an example, the aggregate segregation
and construction variables during material placement could significantly
affect the performance of the drainage system.

5.2.2 Filter Fabric

A recent innovation that has been widely used in highway subdrainage is
the use of filter, or geotextile fabric. These fabrics are either woven or
non-woven mats constructed of polypropolene or nylon fibers. The fabrics
take the place of the graded filter material. They serve the very same
function as the filter material. As such, fabrics have the same
considerations in matching the fabric to the subgrade soil. Fabrics have an
"Equivalent Opening Size" (EOS) which is much the same as a particle size.
The EOS must be matched to the subgrade soil to ensure that the fabric will
prevent piping of the soil fines out of the subgrade (12). ASCE and ASTM are
in the process of publishing guidelines for selection of EOS for fabrics.

The elimination of the granular filter material reduces the cost of the
drainage installation, offsetting the increased cost of the fabric. Fabrics
have been used to allow innovative drainage installations. Pipe canbe .
covered directly with the fabric and installed in a trench. Vertical fin Y
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drains have been designed using fabric wrapped around a supporting plastic
core. Their selection is not a matter of chance, and should be selected and
analyzed very carefully.

6.0 SUBSURFACE DRAINAGE EVALUATION TO IMPROVE INITIAL DESIGNS

As a part of a design process the drainage existing in functioning
pavements should be carefully evaluated to determine if it is performing up
to expectations. If the drainage is to be counted on for increased support
during the life of a pavement, the drainage must be functioning. This
evaluation must consist of two parts, a field evaluation of the existing ,
drainage characteristics of the pavement, and a laboratory evaluation of the -
materials in the pavement. The relative field performance can be used to
assist the engineer in selecting drainage designs which will function best.

6.1 Visual Survey

The visual survey must include a determination of the moisture related
distress on the pavement. This will show the engineer what assumptions in
the design are not being used in the field. The functioning of any existin
drainage must be established. This includes an evaluation of any subdrainage
which may be functioning poorly, and an examination of the drainage ditches
along the roadway which serve to remove water from the pavement system
proper. The integrity of the surface must be evaluated. Cracks and joints
that are not adequately sealed will increase the need for appropriate
drainage considerations in new design which may require good sealing.

6.2 Material Survey

Subsurface drainage should be designed and constructed with long term
performance and maintenance in mind. Procedures for cleaning collector pipes
and maintaining outlets are necessary. Drainage systems require periodic
inspections to check performance. Outflow measurements when first
constructed and at later periodic intervals will indicate whether the drain
is functioning properly.

Climate factors, such as rainfall precipitation, frost depth and
temperature are among the most important parameters affecting pavement
performance. The influence of precipitation on pavement performance is
reflected by the changes in weakening of the pavement support condition and
moisture-related damage in various pavement component layers.

Surface water infiltration, high ground water, and capillary rise in
the pavement structure contribute significantly to the pavement distresses.
The damaging effects of adverse drainage on pavement performance have been
documented, and show that if a pavement system is expected to perform well
over its expected design life, an adequate drainage system should be designed
and installed.

The infiltration of excess water into a concrete pavement system can
result in several distresses which would significantly reduce the life of the
pavement. The fact that moisture problems may appear in any layer emphasizes
the necessity of having a logical procedure for determining where the problem
is most likely to be originating from so that it may be addressed in new
designs. The amount of moisture in a pavement and the impact of that
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moisture on performance are primarily due to climatic factors. A large
number of climatic variables have been studied and catalogued for nearly
every region in the United States. FHWA studies have provided guidelines to
identify climatic regions for the United States. These regions provide areas
of similar expected pavement performance based on moisture availability in
the roadbed soil and the influence of temperature. There are nine distinct
moisture zones as shown in Figure 2-4.20, which have been divided into six
for the AASHTO pavement design Guide.

The different zones are based on a yearly average values, and some
discrepancies may exist in a local area. These should be checked by
performing the calculations for any particular locality.

It has been recommended that in regions where relatively high annual
rainfalls exist or where significant groundwater exists, consideration should
be given to providing subsurface drainage systems. In a study by Cedergren
et al. (1) on subsurface drainage, it was recommended that a subsurface
drainage system is required if:

1. The average annual precipitation is more than 10 inches,
(254 mm).

2. The pavement is expected to be subjected to more than 250, 18
Kip (80 kN) equivalent axle loads per day during the design
life of the pavement.

6.3 Drainability of Base Course

Relative times for a base course to drain water is a direct indication
of the ability of the base to resist the detrimental effects of moisture on
pavement performance. The procedure to perform this calculation is
presented,and the DRAINIT spreadsheet program is used to perform the
calculations (15).

The form presented in Figure 2-4.21 must be filled in to calculate the
drainability of the granular layers. First, the pavement cross sectional
properties must be recorded. These include the following, which should be
recorded in the appropriate place on Figure 2-4.21:

1. Longitudinal Slope, gl, ft/ft.

2. Transverse Slope, gt, ft/ft.

3. Thickness of Drainage Layer, H, ft.

4. Width of Drainage Layer, D. ft.

Sections having different cross-section properties must be analyzed
separately. The terminology used to differentiate each pavement section
should be recorded in the appropriate block. Three calculations must be
performed as indicated in Figure 2-4.21 for the cross-sectional properties.

1. Le = effective length of drainage = D (ge/gt)2 +1

2. ge = effective slope of drainage path = gl2 + gt2
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3. S = Slope Factor = H/(Le x ge)

The next material which must be examined is the roadbed soil. The

gradation and plasticity characteristics must be known. These can be

obtained from construction records, tests run on core samples, or county soil
maps. Initial results can be developed from construction records, but final
recommendations for rehabilitation or drainage work must be based on actual
core data. New designs must be done with material specifications or actual
data from similar materials used in the field. The information to be

recorded includes:

1.
2.

e,

Percent fines (- #200).
Types of fines

a.  Inert- Substantially below "A" line in Unified
Classification system, PI below 1.

b.  Silty - Material plots near "A" line. PI above 1, but below
"A" line.

C. Clay - Material has high PI, it plots above the "A" line in
the Unified System.

D, effective grain size with 10 percent of the material
passing this size, mm.

Dry density, pcf and gm/cc.
Specific gravity of solids, G¢. This may be obtained from

construction records and initial material tests, and will not vary
from section to section.

These should be recorded in the appropriate blank in Figure 2-4.21.

The next section to be completed on Figure 2-4.21 involves calculation
of drainability properties of the pavement section. This section performs
some calculations as follows:

1.
2.
3.

AR,

Assume Ws =1.0.
Calculate Vs = Ws/Gs.

Calculate Vv =1 - Vs = Nomax (= B). Nemax is the volume of
water that completely fills the voids in the material.

From Figure 2-4.22 select the estimated water loss, C. Consult
plasticity and grain size data for the material.

Calculate the specific yield, Ne = (N.max) x C/100 = (Bx
C/100). d (Ne

Calculate X, X = (Ne x Le)/(H xk) k, the permeability may be
estimated from Figure 2-4.23, the spreadsheet automatically
calculates permeability from material properties supplied.

These data are used to calculate drainage times and saturation levels.
The slrreadsheet automatically performs these calculations as shown in Figure

2-4.2

The procedure is as follows:
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DRATNAGE TIME CALCULATION
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Figure 2-4.24. Calculation Screen for DRAINIT Spreadsheet to
Calculate Drainage Times.
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1.  From Figure 2-4.25 select a time factor T for every value of U.
The slope factor, S, previously calculated is used to select the
proper curve.

2. Calculate the drainage time, in hours, for Column 3. (Column 2) x
Xx 24 =hours.

3. Specificyield, Ne, time U gives the amount of water drained
during this time. Record this in Column 4.

4.  Subtract Column 4 from N max (labeled B). This is the amount of
water remaining in the sample and goes in Column 5.

5.  Column 5 divided by Nemax (labeled B) time 100 gives the
saturation level of the sample and is recorded in Column 6.

The values of t in hours and the percent saturation should be plotted
on Figure 2-4.26 to determine the suitability of the granular layer for
drainage purposes. This classification will be either acceptable (a),
marginal (m), or unacceptable (u). These times can be altered to match the
AASHTO design requirements for a specific level of saturation.

If very different materials are being used, each section with a
different granular material should be evaluated separately. Each section
will receive a separate rating for granular drainability. Areas which
receive similar ratings may be combined. The areas of granular drainability
should be noted on a strip map of the project to show their locations.

6.4 Drainability of Subgrade

The first step in evaluating the subgrade for potential contribution to
moisture damage is to determine the type and distribution of subgrade
materials present under the project. The first choice to obtain this
information is the USDA County Soils Map discussed in Module 2-1, which will
provide a very detailed picture of the soils present. A second choice would
be to use soil test results taken from construction records which were used
to delineate soil types for the original design.

When the county soil maps are available, subgrade boundaries and types
can be marked directly on a strip map of the project. The drainage class of
each subgrade type can be noted from the soils map information and the
Natural Drainage Index value selected from Figure 2-4.27. When using only
soil classification data, the approximate relationships in Figure 2-4.28 can
be used to determine the Natural Drainage Index. The problem of extensive
reworking of soils during grading, for example, will not produce a change in
the NDI which will develop over several years once the pavement is
completed. When a pavement is being investigated for rehabilitation, the
intermixing will have been negated and the altered soils will have assumed
the properties of the undisturbed underlying soil. Thus, the soil maps will
very likely still accurately reflect the soil under the pavement. Extensive
cuts or fills, greater than 4-6 feet (1.2-1.8 m) may take much longer to
agproach the condition of the original soil. For these localized areas, they
should be examined individually and assigned an average value indicating
whether the cut or fill improved the material present under the roadway and
improved the position relative to the water table.
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_ These two parameters to describe the granular material and the subgrade
provide information which can describe the potential for the pavement to
perform well without drainage or require drainage for good performance.

7.0 INFLUENCE OF DRAINAGE ON PAVEMENT DESIGN

Properly designed and installed drainage should remove water from the
pavement materials. This water removal increases the support capacity of the
roadbed materials which prolongs the life of the pavement. The relationship
between resilient modulus and saturation has been shown previously in the
Modules 2-1 and 2-2. If a pavement can be drained adequately, the thickness
selection should reflect a decreased requirement with a more reliable design
to resist moisture.

The AASHTO Design Guide recommends the following drainage times be
considered for pavement design:

Quality of Drainage Water Removed Within
Excellent 2 hours
Good 1 day
Fair 1week
Poor 1 month
Very Poor (Water will not drain)

The calculation time procedure demonstrated in the previous section can
be used to generate relative comparisons of drainage potential. Selection of
a specific level of saturation to be achieved in drainage (85 percent
recommended) will alter the actual magnitude of the time increment used to
select the specific quality of drainage. Table 2-4.2 presents the
recommended values, m, to use to adjust structural layer coefficients in the
flexible design procedure. Table 2-4.3 shows the recommended drainage
parameters, Cq to be used in rigid pavement design. These tables require a
quality of drainage to be selected based on the ability of the base to drain
freely, and the level of moisture to which the pavement will be exposed.

The calculation schemes presented in this section can be grouped to
provide an agproximate indication of the quality of drainage as shown in
Figure 2-4.29. This chart provides a means of usintg material properties and
soil information to arrive at a rational indicator of drainage quality to be
used in pavement design. One further consideration not directly shown here
is the amount of water available in the pavement system. The greater period
during the year in which the pavement is exposed to saturation levels of
water, the greater the deterioration in performance. Table 2-4.4 contains
recommendations as to the period of the year in which the pavement structure
will have water present. These can be used with the calculations previously
shown to select the drainage coefficients shown previously which are used in
the pavement design process to modify material properties. The smaller the
drainage coefficient, the worse the drainage in the pavement, and the greater
the need for some means to remove water in a positive manner.

This material evaluation to establish the drainage factor is important
in establishing the long term performance of the pavement. A thorough
understanding of the soil-moisture interaction is required to select the
appropriate factor. The selection of increased thickness must not be used in
place of selecting the appropriate drainage factor. Local pavements can be
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Table 2-4.2. Recommended mj Values For Modifying Structural Layer Coefficients
of Untreated Base and Subbase Materials in Flexible Pavements.

Quality of Percent of Time Pavement Structure is Exposed
Drainage to Moisture Levels Approaching Saturation
Less Than Greater Than

1% 1-5% 5-25% 25%
Excellent 1.40 - 1.35 1.35 - 1.30 1.30 - 1.20 1.20
Good 1.35 - 1.25 1.25 - 1.15 1.15 - 1.00 1.00
e Fair 1.25 - 1.15 1.15 - 1.05 1.00 - 0.80 0.80
Poor 1.15 - 1.05 1.06 - 0.80 0.80 - 0.60 0.60
Very Poor 1.05 - 0.95 0.95 - 0.75 0.75 - 0.40 0.40
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Table 2-4.3. Recommended C4q Values for Modifying Structural Layer Coefficients
of Untreated Base and Sub-base Materials in Rigid Pavements.

Quality of Percent of Time Pavement Structure is Exposed
Drainage to Moisture Levels Approaching Saturation
Less Than Greater Than
1% 1-5% 5-25% 25%

Excellent 1.25 - 1.20 1.20 - 1.15 1.15 - 1.10 1.10 e

Good 1.20 - 1.15 1.15 - 1.10 1.10 - 1.00 1.00

Fair 1.15 - 1.10 1.10 - 1.00 1.00 - 0.90 0.90

Poor 1.10 - 1.00 1.00 - 0.90 0.90 - 0.80 0.80
Very Poor 1.00 - 0.90 0.90 - 0.80 0.80 - 0.70 0.70
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Table 2-4.4. Suggested Seasons Length (Months) For The Six
U. S. Climatic Regions.
‘Season (Roadbed Soil Moisture Condition)
u.s.
Climatic Winter Spring-Thaw Spring/Fall Summer
Region {Roadbed (Roadbed (Roadbed (Roadbed
Frozen) Saturated) Wet) Dry)
I 0.0* 0.0 7.5 45
I 1.0 0.5 7.0 35
] 25 1.5 40 4.0
v 0.0 0.0 4.0 8.0
\" 1.0 0.5 3.0 7.5
vi 3.0 1.5 3.0 45

*Number of months for the season.
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evaluated to assist the design engineer in establishing the parameters of
drainage as they exist on his pavements by evaluating existing pavements.

8.0 EXAMPLE PROBLEM

The pavement is located in Central Illinois. It is to be a four lane
divided Interstate pavement. The pavement type will be plain jointed with 15
foot joint spacing. The subgrade soil is predominantly A-6 (19%. The
topography is level with a water table depth of 4-6 feet which seasonally can
be as high as the pavement surface for a structure at grade. The cross

section of this pavement is shown in Figure 2-4.30.

The granular base proposed for this pavement will have the following
properties:

Crushed Stone Base Gravel Base

Top Size 1.5 inches 1.5 inches
-#200 material 11 percent 9 percent
Plasticity Index NP 3.5
Compacted Density 139 pctf 140 pcf
Gradation
Sieve Size Percent Passing

1.5 100 100

1 90 98

3/4 80 -

172 68 74

#4 50 49

#40 21 23

#200 11 9

The subgrade is an A-6 material with a group index of 19. The
topography is flat with no relief.

8.1 Drainage CoefTicients
1. Calculate the time for drainage for this base material.
2. Estimate the amount of time this base material will be saturated.

3. Determine the drainage coefficient for either a flexible or rigid
pavement to be constructed here.

8.2  Drainage System

Design a drainage layer to function as a base for this pavement, and
the associated longitudinal drain for removal of the water collected.

1. Determine Net Water Inflow
gj = 0.71 cfd/fe2

qy = negligible
9 = 2 mm/day
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Check thickness and permeability of granular layer

2
3. Check drainage trench width
4 Check Filter Design

5

Determine Diameter of Pipe Collector System

9.0 SUMMARY

Various subdrainage systems were identified and the material and
drainage requirements were discussed. The necessary steps for designing
subsurface drainage were defined and an example design was presented using
the FHWA Highway Subdrainage Design Manual. A subsurface drainage evaluation
system (MAD System) has been explained and discussed.

Water may permeate the sides of a pavement structure, particularly
where coarse-grained layers are present or where surface drainage facilities
within the vicinity are inadequate. The water table may rise in the winter
and spring seasons producing seasonal periods of low support in the roadbed
soils and low resilient modulus in the paving materials which translates to
lowered structural layer coefficients.

Surface water will enter joints and cracks in the pavement, penetrate
at the edges of the surfacing, or percolate through the surfacing and
shoulders. This form of water entry can be alleviated by adequate sealing
and maintenance. Water may move vertically in capillaries or interconnected
water films. The possibility of this is greatest in silty soils and produces
excessive frost heave problems. Water may move in vapor form, depending upon
adequate temperature gradients and air void space, this movement typically
involves small total amounts of moisture.

Materials can and should be evaluated to establish their drainability
capabilities. A procedure has been presented which allows these calculations
to be completed to provide input into the AASHTO Design selection procedure
for drainage adjustments.
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MODULE 2-5
MEASURES OF PAVEMENT PERFORMANCE

1.0 INSTRUCTIONAL OBJECTIVES

This module discusses pavement performance, the types of pavement
performance and the significant indicators by which pavement performance is
measured. The four major performance indicators, distress, serviceability,
structural capacity, and surface friction, are briefly discussed.

Upon completion of this module the participants will be able to
accomplish the following:

1. Describe the differences between functional and structural
pavement performance.

2. List and describe the pavement performance characteristics of the
four major performance indicators.

3. Discuss the relative magnitudes of the characteristics of the four
performance indicators as they relate to pavement performance.

4.  Relate distresses to pavement failure in the different pavement
types.

2.0 DEFINITION OF PAVEMENT PERFORMANCE

The measurable adequacy of a pavement’s structural and functional
service over a specified design period is termed its "performance.” The
public assesses pavement performance in subjective ways. As users, they are
concerned with ride quality, safety, appearance, and convenience. As
taxpayers, they expect pavements to last long enough to justify the cost of
their construction.

A pavement provides functional service by giving users a safe and
comfortable ride for a specified range of speed. Functional service is
comprised of several factors, including:

1. Acceptable ride quality.

2. Adequate surface friction for safety.

3. Appropriate geometry for safety.

4. Appearance of geometric adequacy.

5. Appearance of condition.

(Note: Geometric safety and appearance, while important to user
satisfaction, are beyond the scope of this manual. For more information on
these topics, the reader is referred to A Policy on Geometric Design of

Highways and Streets by the American Association of State Highway and
Transportation Officials.)

205




A pavement provides structural service by supporting traffic loadings
and withstanding environmental influences. The types and thicknesses of
materials used to construct the pavement layers dictate how the pavement will
perform structurally.

Structural and functional adequacy are closely related, but are not
entirely interdependent. Structural deterioration of a pavement is
manifested to some extent in diminished functional adequacy, in the forms of
increased roughness, noise, and even hazard to vehicles and their occupants.
However, some types of structural deterioration can occur and progress to
fairly advanced stages without being noticeable to users. It is also
possible for a pavement’s functional adequacy to decrease without any
significant change in structural adequacy (e.g., loss of skid resistance).

3.0 PERFORMANCE INDICATORS

User assessments of pavement performance are, by their subjective
nature, difficult to utilize directly in pavement design. There are,
however, characteristics of pavements which (1) can be measured
quantitatively and (2) can be correlated to the users’ subjective assessments
of performance. These characteristics are called "performance indicators."
The four major performance indicators are:

1. Visible distress.

2. Structural adequacy.

3. Surface friction.

4. Roughness/serviceability.

How these indicators are related to performance and how they can be measured
are described in the remainder of this module.

3.1 Visible Distress

Distress occurs in pavements as a result of complex interactions of
design, construction, materials, traffic, environment, and maintenance
procedures. Visible distress should be quantified with respect to the
following three parameters:

1. Type.
2. Severity.
3. Quantity.

The most significant distress types which occur in asphalt and concrete
pavements are described in this section. Severity levels have been defined
for each of the distress types (1). Although the thresholds between distress
levels are somewhat arbitrary, in general, they reflect the relative severity
of the distress state. Low-severity distress is evidence that deterioration
mechanisms are occurring, but the distress is not serious enough to
significantly affect ride quality or warrant immediate repair. At the other
extreme, high-severity distress is evidence of substantial deterioration

206

—— T e B D S O o B T s S TR AP RS




N

that is likely to contribute to poor ride quality, and if it poses a safety
hazard, warrants immediate repair.

Distress quantities are measured in one of several ways, such as:

1.  Average magnitude in inches or millimeters over the entire project
(e.g., for faulting and rut depth).

2 Total linear quantity (e.g., for transverse cracking).

3.  Total area quantity (e.g., for block cracking).

4 Percent of pavement area affected (e.g. for map cracking).
5. Number of occurrences (e.g., for settlements and heaves).

Distress types, severities, and quantities are determined during a
distress survey of the pavement. The information is manually observed and
either recorded on paper or entered into portable computers. Photographs can
also be useful in noting distress locations. Work is underway on high-speed
survey equipment which eliminates the need for manual interpretation (4).

See Reference 1 for more information on distress types, quantities, and
measurements.

3.1.1 Distresses in Concrete Pavements

This section describes the appearance and probable causes of distresses
which occur to jointed plain, jointed reinforced, and continuously reinforced
concrete pavements, and concrete overlays.

Blowup

Blowups occur in concrete pavement joints or cracks when high
temperature, infiltration of incompressives into the joints or cracks or
presence of reactive aggregate expands the concrete which produces excessive
compressive stress in the slab. The compressive stress built up in the
pavement is relieved by shattering or by buckling upward at the joint or
crack.

The accumulated infiltration of incompressibles into joints and cracks
over a period of years, high temperatures, joint spacing, and the presence of
"D" cracking or reactive aggregates are major factors in blowups. Blowups
seldom occur in pavements with joint spacings less than 20 feet.

Most blowups occur during the spring or early summer. Blowups usually
occur in the late afternoon when the temperature peaks. Blowups have been
known to occur in CRC pavements at transverse cracks where the steel has
ruptured, permitting large crack openings and infiltration of '
incompressibles.

Cormner Break

A corner break is a crack that intersects a transverse joint and the
pavement edge in a jointed concrete pavement at a distance less than 6 feet
on each side from the corner of the slab. A corner break extends vertically
through the entire slab thickness. It should not be confused with a corner
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spall, which is a crack running at an angle through the depth of the slab,
and which is typically within 1 foot of the slab corner.

I

~ Heavy repeated loads, loss of slab support, poor load transfer across
the joint, and thermal curling and moisture warping stresses all contribute
to corner breaks.

Durability "D" Cracking

Durability ("D™") cracking is a series of closely spaced crescent-
shaped cracks that appear at a concrete slab pavement surface adjacent and
roughly parallel to transverse and longitudinal joints and the free edge of
the pavement.

"D" cracking is caused by freezing and thawing of saturated aggregates
in the concrete. Many varieties of chert and limestone found in the Midwest
are susceptible to this type of distress. Typically, "D" cracking is more
severe at the bottom of the pavement than at the top. It first becomes
evident on the surface at transverse joints and cracks. It then appears
along longitudinal and shoulder joints and progresses toward the center of
the slab.

Faulting

Faulting is a difference in elevation of two adjacent slabs at a joint
or crack in a jointed concrete pavement. Faulting is caused by build up of
loose materials under the approach slab and depression of the heave slab.
The build-up of eroded or infiltrated materials 1s caused by pumping of water
under the slab as heavy wheel loads pass over the joint or crack. Important
factors in the development of faulting is the lack of good load transfer
across the transverse joints and cracks and the pressure of an erodable
subbase material.

A

Joint Seal Damage

Joint seal damage exists when incompressibles and/or water can
infiltrate into the joints. Sealant failures may be due to poor durability,
inappropriate reservoir shape, or sealant properties. Many sealant failures
can be attributed to the fact that the depth-to-width ratio (shape factor) of
the sealant reservoir is not appropriate for the sealant type and the
magnitude of joint movements. Common types of joint sealant failures are:

1.  Extension of the sealant from the joint.
2. Weed growth.
3.  Hardening of the sealant (oxidation).
4.  Loss of bond between the sealant and the joint reservoir sides
(adhesive failure).
5.  Absence of sealant.
6.  Splitting of the sealant (cohesive failure). .
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Longitudinal Cracking

Longitudinal cracks run generally parallel to the centerline of the
pavement. Improper construction of longitudinal joints, warping or curling
of the concrete slab, and foundation movement due to swelling soils or frost
heave are the major causes of longitudinal cracks.

Pumpin

Pumping is caused by vertical movement of the slab at joints and cracks
under wheel loads, which results in ejection of loose materials and water
from under the pavement through the cracks and joints. Pumping becomes
serious when the volume of displaced materials is such that large areas under
slab corners are left unsupported. This results in increased stresses under
loads, increased deflections, and eventually slab cracking. Pumping can also
cause loose particles to collect between the joint faces and restrict slab
expansion, which can lead to blowups.

Punchout

Punchouts are the major structural distress in CRC pavements. A
punchout occurs when a section of concrete slab between two closely spaced
transverse shrinkage crack breaks and is depressed into the subbase under
repeated loads. This usually occurs at the outside edge of the truck lane.
Evidence of pumping (fines on the pavement or shoulder surface) is often
found near punchouts.

Reactive Aggregate Distress

Reactive aggregates contain silicates or carbonates which react with
alkalies in Portland cement in the presence of moisture and cause expansion
of the concrete. This expansion can be sufficient to cause build-up of
compressive stress in the slab, resulting in fine, closely spaced
longitudinal or map cracks and eventually severe spalling. Reactive
aggregate distress may affect the entire slab area, but the resulting
spalling usually begins at joints and cracks and progresses to larger
portions of the slab area.

Scaling and Map Cracking

Map cracking, or crazing, is a network of shallow, fine, hairline
cracks extending only into the upper surface of the slab. Scaling is the
disintegration and loss of material from the concrete surface. Map cracking
is caused by over-finishing, and may progress to scaling. Scaling is also
caused by reinforcing steel being too close to the slab surface.

Spalling at Joints and Cracks

Spalling is cracking, breaking or chipping of the pavement at a joint
or crack. Spalling differs from cracking in that the spall results in a
crack running diagonally from the surface of the pavement to the face of the
joint or crack. :

Spalling is caused by infiltration of incompressibles into the joints
or cracks, joint lock-up, misaligned or corroded dowel bars, poorly designed
joint forming inserts, or "D" cracking incompressibles.
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Transverse and (Diagonal) Cracking

Transverse cracks are cracks through the pavement slab that run
generally perpendicular to the centerline across the slab. Repeated traffic
loadings, curling and/or warping and drying shrinkage are the major causes of
transverse cracking.

In contrast to plain and jointed reinforced concrete pavements,
transverse cracks are an expected phenomenon in CRC pavements and are
generally not considered a distress. The shrinkage of the concrete produces
tensile stress in the concrete, which is opposed by subbase friction and
steel reinforcement. The reinforcing steel holds the cracks tight and
insures load transfer through aggregate interlock. The transverse cracks
become a distress when the reinforcing steel ruptures, the cracks open, and
their widening leads to the intrusion of water, incompressibles and deicing
chemicals into the cracks and loss of aggregate interlock.

3.1.2 Distresses in Bituminous Pavements

~ This section describes the appearance and probable causes or distresses
which occur in asphalt-surface pavements and asphalt overlays.

Alligator Cracking

Alligator or fatigue cracking is a series of interconnecting cracks
caused by fatigue failure of the asphalt concrete surface (or stabilized
base) under repeated traffic loading. The cracking generally initiates at
the bottom of the asphalt surface (or stabilized base) where tensile stress
and strain is highest under a wheel load. The cracks propagate to the
surface initially as one or more longitudinal parallel cracks. After
repeated traffic loading the cracks connect, forming many-sided, sharp-angled
pieces that develop a pattern resembling chicken wire or the skin of an
alligator. The pieces are usually less than 1 foot on the longest side.
Alligator cracking occurs only in areas that are subjected to repeated
traffic loadings. Therefore, it would not occur over an entire area unless
the entire area was subjected to traffic loading. Alligator cracking does
not occur in asphalt overlays of concrete pavements, unless the slabs have
disintegrated. Alligator cracking is considered a major structural distress.

Bleeding

Bleeding is a film of bituminous material on the pavement surface which
creates a shiny, glass-like, reflecting surface that usually becomes quite
sticky. Bleeding is caused by excessive amounts of asphalt cement in the mix
and/or low air void contents. It occurs when asphalt fills the voids of the
mix during hot weather and then expands out onto the surface of the
pavement. Since the bleeding process is not reversible during cold weather,
asphalt will accumulate on the surface.

Longitudinal Cracking

Longitudinal cracking other than alligator cracking is parallel to the
pavement’s centerline or laydown direction within the lane width. It may be
caused by:

210

Mk»\




o,

1. Apoorly constructed paving lane joint.

2. Shrinkage of the AC surface due to low temperatures or hardening
of the asphalt.

3. Areflective crack caused by cracks beneath the surface course,
including cracks in PCC slabs (but not at lane edge longitudinal
joints).

Raveling and Weathering

Raveling and weathering are the wearing away of the pavement surface
caused by the dislodging of aggregate particles (gravelmg) and loss of

asphalt binder (weathering). They generally indicate that the asphalt binder
has hardened significantly.

Rutting

A rut is a longitudinal surface depression in the wheel path. Pavement
uplift may occur along the sides of the rut. In many instances ruts are
noticeable only after a rainfall, when the wheel paths are filled with
water. Rutting usually stems from permanent deformation in any or all of the
pavement layers or subgrade, usually caused by consolidation or lateral
movement of the materials due to traffic loads. Rutting may be caused by
plastic movement in the mix in hot weather, inadequate compaction during
construction, or abrasion by studded tires. Significant rutting can lead to
major structural failure of the pavement and hydroplaning potential.

Transverse Cracking

Transverse (non-reflective) cracks extend across the pavement
centerline or direction of laydown and are caused by shrinkage of the AC
surface due to low temperatures or hardening of the asphalt. These types of
cracks are not usually load associated, although loads can cause them to
develop.

Reflection Cracking

This distress occurs on pavements having an asphalt concrete (AC)
surface over a jointed Portland cement concrete (PCC§ slab. The cracks occur
in the AC over cracks or joints in the underlying PCC slab. Reflection

cracking is caused mainly by movement of the PCC slab beneath the AC surface
because of thermal and moisture changes; it is generally not load

associated. However, traffic loading may cause a breakdown of the AC near
the initial crack, resulting in spalling. A knowledge of slab dimensions

beneath the AC surface will help to identify these cracks.

3.2 Structural Adequacy

Structural desi%n of a pavement begins with a forecast of the types and

volumes of vehicle traffic expected to use the pavement over a specified

future period of time. Pavement layer materials are then selected, and

thicknesses of these layers are determined which will provide a structure

}:a_ll)_able of supporting the forecasted traffic over the time period without
ailing.
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In Blocks 3 and 4, the various procedures available for designing
flexible and rigid pavements are described in detail. Any procedure used has
some criterion associated with it for judging whether or not a pavement is
structurally adequate. This criterion is generally some measure of pavement
condition which has been arbitrarily defined to represent "failure.” The
failure criterion may be distress related, such as:

1. 50 percent of slabs cracked in a jointed concrete pavement.
2. 10 percent of the pavement area alligator-cracked in an asphalt
concrete pavement.

3. Average rutting of 0.5 inch on an asphalt concrete pavement.

Structural adequacy can also be assessed by nondestructive testing, in
which electronic sensors measure the deflection of the pavement under a load
of known magnitude. A magnitude of deflection which corresponds to poor
structural capacity can be used as a failure criterion for either concrete or
asphalt pavements.

33 Surface Friction

The term "surface friction" refers to the characteristic of pavement
surfaces that inhibits skidding of tires. Three factors influence a
pavement’s surface friction: microtexture, macrotexture, and transverse
slope. Microtexture refers to the "roughness" of the coarse aggregate
particle surfaces and of the binder (either asphalt or cement paste%
including the fine aggregate particles. Microtexture contributes to friction
by adhesion with vehicle tires. Macrotexture refers to the overall texture
of the pavement, which is controlled by the surface finishing technique in
concrete pavements and by the aggregate size and gradation in asphalt
pavements. Transverse slope contributes to surface friction by removing
water from the pavement surface. A slope of at least 1 percent is necessary
for adequate surface drainage.

Inadequate surface friction of a newly constructed pavement may be
attributed to:

1. Poor construction techniques.
2. Poor materials selection or mix design.
3. Poor transverse slope.

Construction is typically controlled by field inspection and thus is beyond
the control of the pavement design engineer. The design engineer does have
control of materials selection, mix design, and transverse slope
requirements.

Several methods exist for measuring surface friction. In general, the
methods involve dragging a test tire over the wet pavement surface, and
measuring the resistance between the pavement surface and the tire. See
References 3 and 4 for further information on friction measuring equipment
and procedures.
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3.4 Roughness/Serviceability

Users assess the condition of a pavement largely in terms of ride
quality. Serviceability is thus defined as the ability of a pavement to
rovide a safe and comfortable ride to users. Serviceability is quantified
in terms of the Present Serviceability Rating (PSR). A group of individuals
ride the pavement and rate it on a scale from 0 to five, where:

0-1=Very poor
1-2 = Poor

2-3 = Fair

3-4 = Good

4-5 = Very good

A PSR of five indicates a perfect pavement, whereas a rating of zero
represents an impassable pavement.

At the AASHO Road Test, PSRs were correlated with measurements of
roughness and distress (patching and cracking). The regression analysis done
with the Road Test data resulted in equations for a Present Serviceability
Index (PSI), which predicts serviceability from roughness and distress.

The general form of the PSI regression equation is:
PSI=AO+A1 R+A2F1+A3F2
where:
PSI = Pavement Serviceability Index
AO, Aq, Ay, A3 are constants
R= Mleasure of roughness ,
F, Fp = Physical measurement of cracks and patches
Thus the PSI is a computed number obtained from the regression equation
containing roughness and distress terms which correlates well with the
subjective rating (PS) of a panel of users. The original PSI equations
developed from the AASTHO Road Test are given as follows:

Flexible Pavement

PSI = 5.03-1.91 log (1 + SV) - 1.38 (RD)2 - 0.01 (C+P)0->

where:

SV =slope variance over the seﬁtion from CHLOE
profilometer, X 10 (in/ft)

RD = mean rut depth, inches

C=Class2 + Clz'lss 3 alli§ator cracking, ft2/1000 ft2

P = Patching, ft“/1000 ft

The slope variance, which represents roughness, is a statistical
lr)nc:asure of the profile of the pavement measured in both wheel paths, as given
y:
SV =[ (5y2- (1m)( £y)?Y(a-1)
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where:

y= the difference in elevation between two points one foot apart,
in/ft
n = number of measurements

N

Rigid Pavement

PSI = 5.41-1.78 log (1 +SV) - .09(C + P)0->
where:

C = Class 2 and sealed cracks, £t2 /1000 ft2
P = Patching, ft</1000 ft

Many agencies have converted the slope variance term to a roughness
index as measured with any of several types of roughness measuring
equipment. More recently, non-contact roughness measuring equipment has been
introduced for rapid data collection procedures (4).

Inboth of these equations, measured roughness (indicated by the slope
variance) dominates the computed value of serviceability. The practical
implication of this is that roughness most significantly affects the users’
assessment of ride quality.

Even though the regression equations contain distress terms, the
distress does not contribute much to the accuracy of the equations because
the roughness term dominates. Many agencies have simply correlated the
subjective panel rating directly with roughness measurements. The
correlation of the rating panel of highway users with roughness can provide
an entirely adequate equation by which to compute the PSI. See References 3
and 4 for more information on roughness measuring equipment and procedures.
Development of the serviceability concept is explained in detail in
Reference 2.

A

4.0 SUMMARY

Pavement performance is the measurable adequacy of a pavement’s
functional and structural service over a specified design period. Pavement
performance is a very real concern to the public, as roadway users and as
taxpayers.

Users assess pavement performance in subjective and imprecise ways. In
order to achieve good performance through design, the engineer must
understand how quantitative measures are called "performance indicators."
The four major performance indicators are visible distress, structural
adequacy, surface friction, and roughness/serviceability.
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MODULE 2-6
VEHICLE AND TRAFFIC CONSIDERATIONS
1.0 INSTRUCTIONAL OBJECTIVES

This module presents traffic considerations which must be included to
design a pavement structure. The important conversion of mixed traffic to
equivalent single axle loads is presented. The concept of a load equivalency
factor and a damage factor and the role in calculating equivalent axle loads
are presented. The interaction between tire pressure, axle type, axle load,
tire type, and vehicle configuration as they affect pavement performance are
discussed and the influence of these parameters on pavement design are
presented.

Upon completion of this module the participant will be able to
accomplish the following:

1.  Use traffic vehicle classification counts and W-4 tables to
calculate the 18 kip equivalent single axle loads (ESAL) for a
pavement design project.

2.  Describe differences in damage factors and explain where
differences arise and how the differences can impact a pavement
design procedure.

3.  Describe the difference between projections of traffic based on
total traffic, trucks, vehicle classification and the impact on
ESAL predictions by using different counts.

4.  Discuss the impact of tire pressures, tire types and vehicle
configuration on the calculation of damage factors and the 18 Kip
ESAL.

5.  Discuss the need for adequate traffic sampling plans, and
conversion of data to project specific data, and how weigh in
motion (WIM) information can improve the evaluation process.

6.  Determine truck lane distribution factors for different highway
conditions and describe the importance of this factor.

20 INTRODUCTION

One of the most important input parameters for any pavement thickness
design method is traffic. The traffic on any pavement is a combination of
many different types of vehicles having different gross weights and
distributions of axle weights. This is unlike the AASHO Road Test which used
uniform load conditions on each loop and compared the rate of deterioration
of each pavement.

For many design procedures the loads applied to the pavement structure
by each car and truck during a period must be converted into a number of
equivalent 18 kip single axle loads (ESAL) which is used as the standard by
nearly all highway agencies. The process of collecting mixed traffic data
and converting it into equivalent 18-kip ESALSs is complex. Itis also
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important to realize that axle type and weight are far more critical for

pavement performance than vehicle gross weight. Two different trucks could

have the same gross weight but cause greatly different amounts of damage to a -

pavement, depending upon their axle configuration. o
To accomplish the above, the pavement engineer must understand the

process of gathering, projecting, and converting traffic data into equivalent

18 kip single axle loads using the damage factor concept. Each vehicle

loading causes the pavement layers to deflect under the applied load. The

method used to convert these mixed traffic loadings to an equivalent number

of standard load applications is often done through theoretical comparisons

of the damage done by a load to the damage done by the standard load.

3.0 TRAFFIC ANALYSIS

A complete analysis of the traffic to develop adequate ESALs for design
must include an analysis of the traffic volume and the weight distribution
among the specific vehicles using the highway.

31 Traffic Volume

The minimum traffic data collected for a pavement design is the average
daily traffic (ADT), and the average daily truck traffic (ADTT). This can be
obtained from actual traffic counts on the roadway being designed, if the
existing pavement structure is to be reconstructed. Counts on nearby
highways, although less accurate, can be used for new pavements. Traffic
volume maps which show the traffic counts over time on various roadways
within a given area can also be used although they are far less accurate than
an actual count. The designer must remember to adjust the numbers collected
for the changes in traffic which occur on a daily (weekday versus weekend)
basis and on a seasonal (summer versus winter) basis. Figure 2-6.1
illustrates this information plotted over time.

As will be discussed later in this module, the AADT is not the only
factor which must be used in the calculation of the ESALs expected to use the
pavement. Additional data includes the rate of traffic growth, directional
distribution, and lane distribution. Two common approaches to develop the
average traffic over the design period are used. Simple rate formulas, and
more conveniently, tables and graphs, are available to project the initial
ADT to the ADT at the end of the design period. An average value of ADT
initial and ADT final will then be calculated and called the design ADT.
Alternatively, simple growth factor formulas can be used to calculate a
traffic projection factor that when multiplied by the initial ADT will give
the design ADT.

3.2.1 Truck Volume

When the amount of traffic has been determined, two problems still
exist before the traffic data can be used for pavement design. First, the
percentage of trucks in the traffic stream must be determined. Second, and
most importantly, the classifications of the trucks in the traffic stream
must be determined. Different classes of trucks will carry different
loadings, and they should not be combined in a gross manner. The use of
percent trucks to calculate an ESAL value per truck must be done from precise e
determinations of the different classes of trucks in the traffic stream.
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This truck classification information must be determined accurately.
Figure 2-6.2 shows a summary of truck distributions on various highway
classes in the United States. The average percentage of commercial trucks
(excluding four tired panels and pickups) is about 15 percent, but varies up
to 50 percent. Tables such as these should not be used as an estimator as
they are traditionally low because there have been large increases in truck
traffic over the past twenty years.

The number and class of trucks which will travel over a new or
reconstructed highway can best be determined from a vehicle count at that
specific location. Traffic count data collected on other routes, or from the
state’s standard collection procedures must be thoroughly evaluated before
deciding that a count at the project is not needed. Although this general
information is very useful, the project specific data can be much more
accurate if performed properly. However, if the project specific survey is
not performed properly, the results can have errors of 50 percent or higher

Q).
3.2.2 Vehicle Classifications

There are thirteen classes of vehicles which should be used to develop
the design ESALs. These classes are:

1 Motorcycles (optional).

2 Passenger Cars.

3 Other Two-Axle, Four-Tire Single Unit vehicles.
4.  Buses.

5. Two-Axle, Six-Tire, Single Unit truck.

6.  Three-Axle Single Unit Trucks. -~
7 Four or more Axle Single Unit Trucks.

8 Four or Less Axle Single Trailer Trucks.

9.  Five-Axle Single Trailer Trucks.

10.  Six or More Axle Single Trailer Trucks.

11.  Five or Less Axle Multi-Trailer Trucks.

12.  Six-Axle Multi-Trailer Trucks.

13.  Seven or More Axle Multi-Trailer Trucks.

It is critical to record the actual numbers of each vehicle class for
design purposes. As will be discussed later, vehicle class can have a
significant impact on the calculation of 18-kip ESAL values for structural
design of a new pavement.

33 Truck Weights

Just as the distribution of truck types is important, the weights of
the trucks in each classification is equally important. As the shipping
industry continues to undergo changes with deregulation and changing
population centers, the distribution of classes of trucks, and their cargoes
will continue to change. If these changes are not accurately recorded,
predictions for pavement design cannot be done accurately. The two factors
which must be considered together for pavement design are the gross weight of
the truck, and the axle distribution of this weight.




Traffic

ADTT™ Maximum axle loads, kips

Axle-ioad
category Description Per day Single axles | Tandem axies

1 Residential streets

Rural and secondary roads (low to up to 25 22 36
medium®)
Collector streets
Rural and secondary roads (high*) 700-5000 40-1000
Arterial streets and primary roads (low")

Arterial streets and primary roads 3000-12,000 500-5000+
(medium?”) 2 lane

Expressways and urban and rural 3000-50,000+
Interstate (low to medium®) 4 lane or more

Arterial streets, primary roads, 3000-20,000 1500-8000+
expressways (high”) 2 lane

Urban and rural interstate {medium to 3000-150,000+
high*) 4 lane or more

*The descriptors high, medium, or low refer to the relative weights of axle loads for the type of street or road;
that is, “low"” for a rura! Interstate would represent heavier loads than “low" for a secondary road.
*Trucks — two-axle, four-tire trucks excluded.

Figure 2-6.2. Percentages of Four-Tire Single Units and Trucks on
Various Highway Systems. (10)




3.3.1 Truck Weigh Stations

Knowledge of truck weights and axle load distribution has largely been
determined using truck weigh stations. Several deficiencies exist with this
procedure, however. First, the number of stations in any given state is
limited. According to a recent TRB survey, the number of stations vary from
alow of 5 in one state to a high of 64 in another state (8). Not all of
these locations may be permanent sites, however, and the average number of
sites per state (excluding the one state with 64 reported loadometer
stations) was only 15 locations. Unless a loadometer station is located
close to the area of the pavement being designed, it is questionable as to
whether the load and distribution data can be applied accurately to the
roadway under design.

Second, not many weigh stations operate continuously. Some are open
only on weekdays or only during daylight hours. Numerous studies have
demonstrated that the truck traffic and weight distribution varies
significantly during the week, as well as during the day (5). Other weigh
stations operate on a 24 hour basis but only for one or two days per week.

The data thus obtained is biased and must be adjusted. Third, it is well

known that overloaded trucks can bypass the loadometer stations when they are
open. The data collected will represent a sample, and the collection
procedures must insure that they are unbiased, or the sample will not

represent the actual weight distribution.

3.3.2 Equipment

Again, it is vital to use actual data collected from the project in
question. Actual data on the project will provide a more accurate design. e,
This requires portable devices that can be taken to the project in question.
This equipment can consist of portable static scales, or the newer weigh in
motion scales (WIM). At present, the static scales have more accuracy than
the WIM scales, but new advances are closing this gap. The WIM devices have
advantages that can surpass any inaccuracy. The high speed WIM offers a high
degree of flexibility in data collection and reporting with the use of high
speed digital processors. There is little or no disruption to the traffic
stream. They provide for some measure of concealment which can enhance the
data credibility and more than offset any inaccuracy in the actual load
measurement because vehicles which might have deliberately avoided a standard
scale, will be captured on the WIM. Further, they are highly practical in
heavy volume areas because they do not interrupt the traffic stream, and are
relatively easy to install. They can be installed in each lane of a
multi-lane facility to provide an accurate distribution of the loadings and
traffic in each lane which can be used in design.

34 Components of a Monitoring Program

To obtain accurate 18 kip ESAL data for a pavement design, a weighing
program should provide the following (1):

1. Truck volumes by truck classification.

2. Volume growth rate for each truck type.
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3. 18-kip ESAL factor, or truck factor, for each truck classification
and the corresponding growth rate for this ESAL factor.

4.  Lane distribution for the truck traffic, preferably by truck
type.

5.  Variations in the average weight of each truck classification by
lane, reflecting the assumption that trucks traveling in the slow
lanes are more heavily loaded than those in the fast lanes and
thus have above-average truck factors.

6.  The percentage of equivalent axle loads (ESALs) occurring during
the spring freeze-thaw cycle months.

7.  The percentage of truck traffic expected to experience creep
speeds during the hot summer months.

The importance of collecting accurate data on the weight and volumes of
each classification of truck using the pavement has been shown in a recent
series of data collected by FHWA, and in individual states using Weigh in
Motion equipment. While the growth rate for all vehicles may be only 3 - 5
percent, the growth rate for multi-axle trucks is some 3 - 5 times greater.
This is shown in Table 2-6.1 (4). If this difference is not accounted for in
the design it will produce a significant error in the total number of ESALs
used to design the pavement.

3.5 Directional Distribution Estimates
3.5.1 Volume Estimates for Trucks

For pavement design purposes it is necessary to divide the total number
of cars and trucks into two parts, one part for each direction of travel. In
most cases this is done by simply dividing the ADT and ADTT volume in half.
For some situations, however, more vehicles may be travelling in one
direction than the other. Traffic count data should indicate any bias in
directional travel.

3.5.2 Axle Weights for Trucks

More importantly, there is often a significant difference in the gross
weight of the vehicles travelling in one particular direction. A large ocean
port facility where heavily loaded trucks are carrying products to the port,
but returning much more lightly loaded is one such example. This must be
accounted for through the truck axle weight distribution and design truck
factor to be discussed later.

3.6 Lane Distribution Estimates

A design lane must be selected to design the pavement. The design lane
is the lane carrying the larger number of ESALs. For a two lane highway,
assuming no directional differences, either lane can be used as the design
lane and 50 percent of the total ADTT volume and ESAL numbers will be the
same in each of the two lanes. On roadways having four or more lanes, the
design lane is usually taken as the outside driving lane. Most of the truck
traffic, and therefore most of the equivalent axle loads, will operate in
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Table 2-6.1. Growth Rates For Different Classes
of Trucks.

ANNUAL GROWTH RATES (PERCENT)

ALL ALL TRUCKS 18 KIP
LOCATION VEHICLES  TRUCKS 5 AXLE OR GREATER  EAL'S
MT - I-94, Wilbaux to ND 3.4 5.4 6.3 10.3
MT - I-90, Billings to Laurel 4.0 8.1 13.1 18.9
MT - I-90C, Butte 2.6 4.2 9.9 N/A
MT - I-90, Superior West 3.9 9.5 10.4 10.4
WA - I-90, Cle Elum, WA 2.1 N/A 5.6 8.5
WA - I-5, Vancouver to Olympia, WA 3.6 N/A 10.1 13.2
OR - I-5, Ashland, OR 4.1 8.8 11.7 12.6
OR - I-84, Oregon-Idaho Border 4.4 8.0 10.4 11.1
AVERAGE 3.5 7.33 9.69 12.1
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this lane. The actual distribution of loads, however, will vary with the
particular roadway and the number of lanes in each direction, and should be
determined on the project of interest. Table 2-6.2 provides approximate data
on the percentage of truck traffic which might be travelling in the design

lane (6). While these numbers should be used with great caution, the
principle behind these percentages must be used to accurately determine the
exact number of ESALSs to be used in the thickness design. Further,
differences between lanes can be used as support for designing different
thicknesses for the different lanes if this is an available option.

4.0 CONVERSION OF MIXED TRAFFIC TO ESALs FOR PAVEMENT DESIGN

The principle of design is that different wheel loads on a pavement
structure produce different stresses and strains in the pavement layers.
Further, different layer thickness or materials will also produce different
stresses. It is the stresses or strains which produce deterioration in the
pavement. Because different loadings produce different stresses they also
produce different rates of deterioration in the pavement. Because of these
differences it is normally necessary to reduce the mixture of trafficto a
common value for design. This common base is the 18-kip ESAL, as discussed
previously, and the conversion is done with the load equivalency factors.

4.1 Equivalency Factors

The AASHO Road Test forms the experimental model for converting mixed
traffic loads to a common input parameter. At the Road Test, similar
pavement designs were loaded with different axle types and loadings so that
the direct effect of each axle type and load on the loss of present
fier\{iceability could be determined independently over a range of pavement
esigns.

The traffic equivalency factor as developed from the Road Test is a
numerical factor that expresses the relationship of a given axle load to a
standard axle load for the pavement to reach a given present serviceability
index. The relationship is as follows:

Number of 18-kip single axle load applications to cause a
given loss of serviceability
LEF =

Number of X-kip single (or tandem) axle load applications to
cause the same loss of serviceability

For example, consider two identical pavement structures that carried
the following loads until the serviceability dropped from 4.2 to 2.5:

1. 100,000 load applications of an 18-kip single axle

2. 14,347 load applications of a 30-kip single axle
The load equivalency factor would be 100,000/14,347 for an LEF of 6.97 for
the 30-kip single axle. this means that 14,347 passes of the 30-Kip single

ax{e produces as much damage as 100,000 applications of the 18-Kip single
axle.
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Table 2-6.2. Truck Distribution for Multiple Lane Highways
(129 Counts in 6 States, 1982-83) (6).

i e 4 s o S . e e e P — . et T e e W P e ¥ e S e e e o S e b o A o o (o o ke o S o

One-Way 2 Lanes (One-Direction) 3+ Lanes (One-Direction)

ADT Inner Quter Inner* Center Quter
2,000 ¥ 94 6 12 82
4,000 12 88 6 18 76
6,000 15 85 7 21 72
8,000 18 82 7 23 70
10,000 19 81 7 25 68
15,000 23 77 7 28 65

20,000 25 75 7 30 63
25,000 27 73 7 32 61
30,000 28 72 8 33 59 o,
35,000 30 70 8 34 58
40,000 31 69 8 35 57
50,000 33 67 8 37 55
60,000 34 66 8 39 53
70,000 —-— - 8 40 52
80,000 -- -- 8 41 51
100,000 - - 9 42 49

* Combined inner one or more lanes.
*% Percent of all trucks in one direction (note that the
proportion of trucks in one direction sums to 100 percent).

R,
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Because each pavement structure responds differently to any one axle
load, each pavement type or structure will have different load equivalency
factors. If the point of failure is changed, the relationship between number
of loadings to reach the level of failure will also change. This is why
there are load equivalency factors for both flexible and rigid pavements, and
why they change for different structural levels of the pavement (SN) and why
they change for different failure levels. Examples of the AASHTO load
equivalency factors for flexible and rigid pavements are shown in Figure
2-6.3 and Figure 2-6.4 respectively for a terminal serviceability (P;) of
2.5.

4.2 Calculations of ESAL Applications

The traffic stream must be defined and broken into units corresponding
to data available in the load equivalency tables in order to convert the
mixed traffic stream into an equivalent number of 18-kip single axle load
applications. For example:

Axle Weight Number Equivalency Number of
I'ype (Pounds) of Axles Factor 18-kip ESALs
Single 18,000 100 1.00 100
Single 22,000 100 2.18 218
Tandem 18,000 1,000 0.08 80
Tandem 48,000 10 4.17 42

Totals 1,210 440

Thus, a total of 440 18-kip ESALs would pass over this pavement in the time
period covered by the measurement of the traffic stream. It is important to
have an accurate count of axles per truck and the weight per axle on the
truck. With this information, the truck factor can be calculated for use in
this conversion of mixed traffic.

It is necessary to compute the average 18-kip equivalent single axle
load per truck (the truck factor). It is recommended that a truck factor be -
computed for each general truck classification (e.g., six or more axle
single-trailer trucks, five or less axle multi-trailer trucks, six-axle
multi-trialer trucks, etc.). Some design procedures use an average truck
factor for all trucks in the traffic stream. This is an approximate method
and not recommended for design, however. Engineers should obtain loadometer
date (e.g., specific weigh station W-4 tables, weigh-in-motion scales) for
the s%ecific highway under consideration and not use these averages if at all
possible.

Due to many economic, legal, political and other factors, there have
been and are currently underway, changes in the axle configuration for
trucks. It also appears that a larger number of trucks are running with more
cargo. This has produced a dramatic shift in recent years in the mean truck
factor (ESAL per truck), and the use of today’s mean truck factor will result
in grossly underestimating the total 18-kip ESAL over the next ten or twenty
years.

) The observation of historical increases in the truck factor is very
important to understanding the amount of change that has taken place and that
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will affect the future. The following data illustrate the change in average
11{)'882. Interstate rural highway flexible pavement ESAL per truck from 1971 to

N

Year ES ruck
1971 0.595
1975 0.691
1979 0.766
1982 0.929

An example of the change in truck factor for one state on Interstate
highways is shown in Figure 2-6.5, in the W-4 data curve. However, even
reliance on historical data may be erroneous if truck categories are grouped
in large classifications as shown here, rather than separated by weight
classifications. More accurate breakdown by truck type and weight
classification is required for accurate predictions of the truck factor.

Figure 2-6.6 also shows that the mean truck factor (for all trucks in this

case) may be considerably different when the standard W-4 tables are used
than if weigh-in-motion scales are used. The WIM mean truck factor is a full
twenty percent greater than the W-4 value.

4.3 Calculation Procedure for ESAL Applications

To calculate ESAL applications, first convert the traffic data into a
truck load factor. This is done with the W-4 data discussed previously. The
truck factor must not be calculated as a general ESAL factor for all trucks
in the traffic stream. The truck factor must be calculated for each class of
truck, as described previously. Figure 2-6.7 contains data from the weighing
of 5-axle, tractor semi-trailer trucks at a specific weigh station (2). The
traffic equivalency factors were obtained from Figure 2-6.3 and Figure
2-6.4. The number of axles recorded represents the grouping or distribution
of weights within the axle load intervals indicated. The ESAL’s by axle load
interval are summed to produce the total ESAL’s for 165 trucks of the type
which were weighed. Similar calculations must be made for each class o
truck in the traffic stream at this weigh station.

The truck load factors for each classification are then used in Figure
2-6.8 to calculate the total 18-kip ESAL applications for the pavement over
its analysis period. The following components must be completed:

1.  Column A is the daily volume count of each vehicle type taken from
data collected at classification count stations representative of
the design location, for the base year.

2.  Column B contains the growth factor assigned to each class of
vehicle as taken from Figure 2-6.9. This accounts for the stated
fact that not all vehicles are increasing at the same rate.

3. Column C is the product of Column A times Column B multiplied by
365 days to produce the accumulated applications of specific
vehicle types during the analysis period.

4. Column D is the individual ESAL factor for each truck type (truck .
load factor calculated as in Figure 2-6.7).
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Figure 2-6.6. Truck Factor for all Trucks With Weight in Motion
(WIM) Calculated Value Indicated.
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Axle Load Traffic Number A18 Kip

Equivalency of EAL's
Factor Axles

Single Axles P = 2.5,

SN =5
Under 3,000 0.0002 X 0 = 0.000
3,000 - 6,999 0.0050 X 1 = 0.005
7,000 - 7,999 0.0320 X 6 = 0.192
8,000 - 11,999 0.0870 X 144 = 12.628
12,000 - 15,999 0.3600 X 16 = 5.760
26,000 - 29,999 5.3890 X 1 = 5.3890

Tandem Axle Groups
Under 6,000 0.0100 X 0 = 0.000
i 6,000 - 11,993 0.0100 X 14 = 0.140
12,000 - 17,999 0.0440 X 21 = 0.924
18,000 - 23,999 0.1480 X 44 = 6.512
24,000 - 29,999 0.4260 X 42 = 17.892
30,000 - 32,000 0.7530 X 44 = 33.132
32,001 - 32,500 0.8850 X 21 = 18.585
32,501 - 33,999 1.0020 X 101 = 101.202
34,000 - 35,999 1.2300 X 43 = 52.890
18 Kip EAL'’s for all trucks wieghed = 255.151
18 Kip EAL'’s for all trucks weighed 255.151
Truck Load Factor = S e = 15464
Number of trucks weighed 1654 165

Figure 2-6.7. Computation of the Truck Load Factor for
5-Axle or Greater Trucks on Flexible Pavement (2).
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Figure 2-6.8. Example Table for Calculating Design ESAL by Vehicle Class (2).

Analysis Period= ______________ Years

Location

Assumed SN or D =

Vehicle Types

Current
Traffic
(A)

Growth
Factors
(B)

Design
Traffic
(C)

E.S.A.L.
Factor
(D)

Design

E.S.A.L.

(E)

Passenger Cars
Buses

Panel and Pickup Trucks
Other 2-Axle/4-Tire Trucks
2-Axle/6-Tire Trucks

3 or More Axle Trucks

All Single Unit Trucks

3 Axle Tractor Semi-Trailers
4 Axle Tractor Semi-Trailers
5+ Axle Tractor Semi-Trailers
All Tractor Semi-Trailers

5 Axle Double Trailers
6+ Axle Double Trailers
All Double Trailer Combos.

3 Axle Truck-Trailers

4 Axle Truck-Trailers

5+ Axle Truck-Trailers
All Truck-Trailer Combos.

All Vehicles
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Figure 2-6,9. Growth Factors for Traffic Estimates (2).

Analysis Annual Growth Rate, Percent {g)
Period
Years {n) No
Growth 2 4 5 6 7 8 10
1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2 2.0 2.02 2.04 2.05 2.06 2.07 2.08 2.10
3 3.0 3.06 3.12 3.15 3.18 3.21 3.25 3.31
4 4.0 412 4.25 4.31 4.37 4.44 4.51 4.64
5 5.0 5.20 5.42 5.53 5.64 5.75 5.87 6.11
6 6.0 6.31 6.63 6.80 6.98 7.15 7.34 7.72
7 7.0 7.43 7.90 8.14 8.39 8.65 8.92 949
8 8.0 8.58 9.21 9.55 9.90 10.26 10.64 11.44
9 9.0 9.75 10.58 11.03 11.49 11.98 12.49 13.58
10 10.0 10.95 12.01 12.58 13.18 13.82 14.49 15.94
11 11.0 12.17 13.49 14.21 14.97 15.78 16.65 18.53
12 12.0 13.41 15.03 15.92 16.87 17.89 18.98 21.38
13 13.0 14.68 16.63 17.71 18.88 20,14 21.50 24.52
14 14.0 15.97 18.29 19.16 21.01 2255 24.21 27.97
15 15.0 17.29 20.02 21.58 23.28 25.13 27.15 31.77
16 16.0 18.64 21.82 23.66 25.67 27.89 30.32 35.95
17 17.0 20.01 23.70 25.84 28.21 30.84 33.75 40.55
18 18.0 21.41 25.65 28.13 30.91 34.00 37.45 45.60
19 19.0 22.84 27.67 30.54 33.76 37.38 41.45 51.16
20 20.0 24.30 29.78 33.06 36.79 41.00 45.76 57.28
25 25.0 32.03 41.65 47.73 54.86 63.25 73.11 98.35
30 30.0 40.57 56.08 66.44 79.06 94,46 113.28 164.49
S 35 35.0 43.99 73.65 90.32 111.43 138.24 172.32 271.02
(1+g)"-1 rate

*Factor = -—-g——- , whereg= 100 and is not zero. If annual growth rate is zero, the growth factor is

equal to the analysis period.

Note: The above growth factors multiplied by the first year traffic estimate will give the total volume of

traffic expected during the analysis period.
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5. Column E is the product of Column D times Column C. The vertical
summation of Column E is the design 18-kip ESAL applications to be
used in the pavement structural design process.

The number developed from this table must be corrected for the lane
distribution factor developed from project specific studies so that the
pavement can be designed for the actual trat%c which will use the pavement
in any of the lanes.

The calculations discussed here can be performed using a microcomputer
spreadsheet program called "ESALCALC". This is a Lotus 123 compatible
spreadsheet that performs exactly the same calculations contained in Figure
2-6.7. The input screen for ESAL.CALC is shown in Figure 2-6.10. This
spreadsheet is user friendly and allows data to be used in several formats to
fit the form of data available to the engineer. This program will be
demonstrated on the example problem at the end of this module and will be
used to generate design data for the workshop problems.

5.0 FACTORS AFFECTING ESALs

As previously mentioned there are a number of variables that can alter
the calculation of the load equivalency factor and the truck factor. With
current changes in these variables occurring more rapidly than at any time in
the past an understanding of where variability can come from is required.

5.1 Pavement Selection Criteria
5.1.1 Effect of Terminal Serviceability Value (P¢)

The selection of the terminal serviceability for the pavement has a
significant impact on the equivalency factors used to calculate ESAL from
the traffic stream. This results from the non-linear relationship between
loadings and decrease in PSR per loading. Additionally, distress produces a
decrease in serviceability which is related to the number of loadings in a
logarithmic fashion. The selection of the Py value to be used in designing
the pavement must be done carefully to ensure that the appropriate number of
ESALs are calculated.

5.1.2 Effect of Pavement Type

The equivalency tables clearly indicate a difference in equivalency
factors for rigid and flexible pavements. Because these pavements respond
differently to similar loads, the deterioration of each pavement type will be
different. For single axle loads less than 18 kips the equivalency factor is
less for a rigid pavement than for a flexible pavement. For hpav1er loads,
the equivalency factor for rigid pavements is greater. This difference, _
developed from the AASHO Road Test, indicates the different load carrying
ability of a flexible vs. a rigid pavement, and the difference in which the
stresses produced by a wheel load deteriorate each pavement. It is critical
to use the appropriate equivalency factor for the type of pavement being
designed.
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HIGHWAY PAVEMENT DESIGN ESAL s NCHRP 255 PAGE 152 11/6/85 MOD 4/16/86
Written by JHK & Assoc (K. Hooper) & COMSIS Corporation (M. Roskin)

DESIGN PERIOD (1-40yrs)= 20 LANES = 4
DIRECTIONAL DISTRIB. (0.50 TO 1.00) = .5 ** INPUTS ** ESAL
VEHICLE TYPES BY$ BY ADT FY GROWTH FY$ FY ADT  FACTOR
PASSENGER CARS 50.0 63.0 14,805  .0008
BUSES 0.0 0
PANEL,/PICKUP TRUCKS 0.0 0

OTHR 2-AXLE/4 TIRE TRKS 12.0 15.0 3,525 .02
2-AXLE/6~TIRE TRUCKS 11.0 2,585 .15
3 OR MORE AXLE TRUCKS 0

3 AXLE TRACTOR SEMI 0

4 AXLE TRACTOR SEMI 0

5+ AXLE TRACTOR SEMI 6.0 11.0 2,585 1.25

5 AXLE DBL TRAILERS 0
6+ AXLE DBL TRAILERS 0
3 AXLE TRUCK-TLRS 0
4 AXLE TRUCK-TLRS 0
5+ AXLE TRUCK-TLRS 0
** ALL VEHICLES ** 68.0 10,500 - - 100.0 23,500

Input Screen for ESALCALC Program to Calculate

Figure 2-6.10. .
ESAL Factors for the Traffic Stream (11).
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5.1.3 Effect of Relative Pavement Strength

The equivalency tables for the AASHTO Design Guide clearly show an
influence of the pavement strength on the equivalency factor. The response o,
to a load, a deflection of stress, 1s nonlinear, and the more non-linear
material used in a pavement, the more variation in the response to the load.

It is this response that produces distress which decreases the serviceability
of the pavement. The actual difference in equivalency factors for different
pavements is not great. It is not required that the design process become an
iteration process where the final SN of the pavement match the assumed SN
used to calculate the ESALs from the traffic stream. It is important to note
that different pavement structures will respond differently to the same

load. It is this response that produces distress which reduces the
serviceability of the pavement. Different responses produce different rates
of deterioration.

52 TRAFFIC VARIABLES
5.2.1 Effect of Mixed Traffic

The traffic stream is composed of various vehicle types and weights.
Each pass of any vehicle causes the pavement to deflect, thereby inducing
damaging effects. The damaging effects done to the pavement structure by
automobiles and light trucks is so small that is is often ignored. The
equivalency factor for an automobile indicates the error induced by this
assumption will be very small. Conversely, the exclusion of even a small
number of heavily loaded trucks from the traffic stream being analyzed can
produce a significant error in the number of ESALs calculated for design
purposes. Because of this sensitivity to heavily loaded trucks, the accuracy e
of the W-4 tables, and their representation of the traffic stream to date is
critical to an accurate pavement design into the future.

For reasons previously discussed it is not sufficient to characterize
the traffic stream with general categories of truck types. Detailed
descriptions and data recording are necessary to accurately reflect the
composition of the traffic stream to develop accurate ESAL values.
Additionally, accurate weights on all truck types in the traffic stream must
be collected along with the accurate distribution of truck types. Because
slight load differences can have a pronounced effect on the ESAL calculation,
the accuracy of the loadings and axle weight distribution is essential.

Weigh in Motion (WIM) devices have shown a significant difference in

the data collected from Loadometer stations as reported on the W-4 tables.
It is common for trucks to avoid an active weigh station for one reason or
another which can bias the resulting ESAL values calculated for the

avement. Because the recorded data are being used to predict the traffic
in the future it is important to have the most accurate data available. The
weigh in motion equipment provides the most accurate determination of the
complete traffic stream as it can be placed anywhere on the system and left
for a specific period to record the total traffic stream, and all components
of truck types and axle loads.

The significance of the WIM equipment’s improvement in the data
collection is illustrated in Figure 2-6.1 and Figure 2-6.6. In Figure 2-6.1
the ADT collected from W-4 tables for a rural interstate pavement in Central -
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Illinois is shown. The traffic stream has been broken down to multiple Units
(MU) and Single Units (SU). When this information is reduced to ESAL per
unit type, the individual curves are produced. Figure 2-6.6 is useful in

a predicting the growth in ESAL. The data through 1985 indicate a growth of
approximately 4 percent per year in the ESAL per each truck. This growth
factor is not uncommon, and indicates the increasing weight being carried by
the trucking industry as trucks are being utilized to their capacity, and
even beyond.

The interesting factor in Figure 2-6.6 is the inclusion of the 1986 WIM
data. The WIM data clearly shows that there is a 20 percent difference
between the on site survey and the WIM collected data. Because the WIM is a
more complete collection device, and it is unannounced, it should include a
more representative cross section of the traffic on the pavement. The data
here represent two weeks of data collected at two different times, but the
difference is significant. This 20 percent difference has been reported from
other states with WIM equipment. This difference can be attributed to
heavier trucks avoiding the permanent weigh stations as well as the
increased accuracy provided by the WIM equipment for sampling and recording
the entire traffic stream. There are, however, vehicle operating
characteristics which alter the ESAL per truck figure. If this difference
actually exists on the pavement, a prediction of ESAL 20 years into the
future would be seriously in error if the starting point were off by 20
percent. This could result in an under-prediction of ESAL by many million,
and result in premature failure of the pavement.

522 Gross Weight and Percent of Trucks

o As goods movement shifted to the trucking industry, the number of
trucks has increased in a disproportionate amount. Additionally, larger
numbers of trucks are running with more cargo. These two facts have produced
a dramatic shift in recent years in the ESAL per truck curves for many
agencies, and reliance on historical data may be etroneous if truck
categories are not separated by distinct weight classifications, but rather
are grouped in rather large classifications. The detailed breakdown by truck
%}gzind weight classification is required for accurate future predictions of

523 Axle Configurations

& As was shown in the structural evaluation section, and in the ESAL
section of this module, 36,000 pounds on a tandem axle is not the same as
18,000 on two single axles, even though the total load per wheel is the
same. As gross loads continue to increase, different axle configurations are
being used to maintain the per axle load in the same range as before. This
practice does not guarantee a similar rate of deterioration in the pavement,
however, as the number of axles is increased. The stress under the axle
combination does not significantly decrease. This comparison requires
detailed computer analyses to show the changes in stresses and strains
produced by different tire and axle configurations, and cannot be directly
extracted form the AASHTO equivalency tables. The appearance of the tridem
axle is one indication of newer axle configurations included in AASHTO.

P
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524 Tire Pressures

There has been an increased incidence of high tire pressures being
reported on interstate pavements. Traditional computer analyses have assumed s,
70 to 80 psi values for a pavement analysis. Measurements from interstate
highways in Illinois and Arizona have shown average tire pressures in the
range of 90 psi with extreme values ranging to 130 psi (7). This increased
tire pressure produces high stress levels in the surface course, and leads to
rapid failure in asphalt concrete pavements in particular. These higher
stresses produce different failure modes from the more commonplace failure
modes existing when the AASHTO equivalency values were prepared, and require
further research to establish equivalency values for higher tire pressures.

In the traditional sense of load equivalency factors, it is not likely that a
difference will become apparent from analytical studies of the entire
pavement structure as the damage from higher tire pressures is limited to the
surface layers.

6.0 OTHER PROCEDURES

There are other design procedures which have slightly different methods
to determine the number of 18-kip ESAL applications for thickness design.

6.1 Asphalt Institute (9)

This procedure determines the equivalent 18 kip ESAL using Truck Factor
constants for general truck types, and is therefore an approximate method of
obtaining 18-kip ESALs. The difference between ESAL and Truck Factor is that
ESAL represents the damage contributed by one passage of an axle, whereas TF
is the number of equivalent single axle loads contributed by one passage of P
that vehicle. '

The procedures for calculating the Truck Factor are as shown in Figure
2-6.7, in which the total ESAL is determined per 1000 vehicles using the
AASHTO load equivalency factors shown previously in Figure 2-6.3 and Figurc
2-6.4. The Truck Factor is given by:

TF = (Number of axles x ESAL)/(Number of Vehicles)

The distribution of Truck Factors for different classes of highways is
presented in Table 2-6.5. It should be noted that TF values larger than 1.0
and as high as 5 have been reported for entrance roads to heavy commercial
- operations. The Asphalt Institute’s method of calculation of Design ESAL is:

1.  Determine the average number of each type of vehicle expected on
the design lane during the first year of traffic.

2. Determine from axle-weight data, or select from Table 2-6.5, a
Truck Factor for each vehicle type found in Step 1.

3. Select, from Figure 2-6.9, a single Growth Factor for all vehicles
or separate Factors for each vehicle type, as appropriate.

4. Multiply the number of vehicles of each type times the Truck
Factor and the Growth Factor (or factors) determined in Steps 2
and 3. Sum the values determined to obtain Design ESAL

N
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This procedure has a significant difference from the AASHTO procedure
in that it allows for general truck factors to be used which may not relate
to the actual loading conditions on the project. These values must be used
very carefully as they will not be accurate. While they may be sufficient
for long term planning, the final designs must be done from actual weight and
classification data.-

6.2 Portland Cement Association Method (10)

The PCA method does not use the load equivalency concept because PCA
feels that the load equivalency is too dependent on pavement characteristics
(slab thickness; concrete flexural strength, and subgrade modulus of
reaction). Instead, the PCA method uses the results of the loadometer
studies to determine the number of single and tandem axles of the various
load groups, and determines the damage resulting from each load group and
axle configuration separately.

When the precise data on axle-load distribution is not available, the
axle load categories, percent trucks and maximum axle loads suggested in
Figure 2-6.2 are recommended for use with the PCA design method.

The three main traffic estimates in the PCA method are design ADT, the
average daily truck traffic (ADTT), and axle load per truck. The ADT is
given by the projection method or by the capacity estimate as was illustrated
before. The ADTT is counted only on trucks with 6 or more tires and is
expressed as a percentage of the ADT or as an actual value.

For design purposes, the total number of trucks in the design period
T) is needed. This is obtained by multiplying design ADT by ADTT
percentage/100) times the number of days in the design period (365 x design
period in years).

Data on the axle load distribution of the truck traffic is determined
in one of three ways:

The difﬁculty with having all trucks, including the unwanted values
for panels, pickups, and other four axle type vehicles, is overcome
somewhat by adopting an adjusting factor.

The PCA method also uses a load safety factor (LSF) as follows:

1.  For Interstate and other multilane projects where there will be
uninterrupted traffic flow and high volumes of truck traffic, LSF
=1.2.

2. For highways and arterial streets where there will be moderate
volumes of truck traffic, LSF = 1.1.

3. For roads, residential streets and other streets that will carry
small volumes of truck traffic, LSF = 1.0

Exclusive of the load safety factors, a degree of conservatismis
provided in the design procedure to compensate for such things as unpredicted
truck overloads and normal construction variations in material properties and
layer thicknesses. Above that basic level of conservatism (LSF = 1.0) the
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use of load safety factors of 1.1 or 1.2 is claimed to provide a greater
allowance for the possibility of unpredicted heavy loads and volumes and a
higher level of pavement serviceability appropriate for higher type pavement
facilities.

Other features of this method are in the development of the analysis
for Tridem axle (triple axle each spaced at 48 to 54 inches apart) where
tables have been constructed for load equivalency based on fatigue and
erosion criteria as will be shown later in Block 6.

7.0 SAMPLE PROBLEM
TRUCK FACTORS

Table 2-6.6 is the WIM data from an Interstate pavement in Central
Illinois. It was collected during a one week period in August 1986. The
calculation for ESAL per axle is shown in Table 2-6.7 and is as follows:

Single Axle:
(18.501/100)(48567/101349) = 0.0887

Tandem Axle:
(82.279/100)(52782/101349) = 0.429

Total: 0.518 ESAL per axle.

This value is for a concrete pavement with a slab thickness of nine
inches.

If2.75 axles are assumed per truck, the ESAL per truck becomes 1.424
ESAL per truck. This value represents only one season of the year, and must
be averaged with other seasonal readings before calculating total ESAL on the
pavement over a year from a truck count. This calculation should be further
broken out for each truck classification before being used.

Examining this data, how many ESALs are applied to the pavement in the
first year as shown by the data in Table 2-6.7?

Ans: Approximately 1,405,320 ESALs in the year.

If the total number of trucks is increasing by 4 percent per year, what
will be the total number of ESALSs over a 20 year design period?

Ans: Approximately 41,850,000 ESALs.

Further analysis shows that the 4 percent growth is composed of 3
percent increase in the single axle trucks, and 5 percent increase in the
tandem axle trucks. Using these data, what is the design ESALSs for the 20
year life?

Ans: Approximately 45,108,000 ESALs. This is a 7.75 percent
difference. This difference becomes even greater when ESAL
factors are calculated by axle weight grouping with
percentage increases for each group, and not just by single
vs. tandem groupings.
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Table 2-6.6. WIM Data for August 1986.

DEFARTMENT OF TRANSFORTATION
CATEGORY 4-13, EXCLUDING OFFSCALE
TIME FPERIOD 1984 AUGI® &_FH THRU AUGZE &_Fi

|
]
] | SINGLE
| e
| | HH
| e e
| i &M THRU 4AM i GAM THRU &FH i
| | o s e +
1 I N FETN I FOTN | |
R e o —— e e e ——— Fo e e + +
{WEIGHT ! | ! | | | |
e | | | 4 a ! x
|UNDER 2000 i 89| .42 1941 G.70] o 24
|=——— e e e tm——— o e Fom———— i b L + + +
12000 - 3999 | &54] 3.053] 1725} &.351 45| 0.48] 38| 0.4%9]
o e e e For e o e o m—— et s e e ot g nen e e |
14000 - 5999 | 492 3.231 12944 .12 071 @.431 249 0.%96]
e e F———— G e + o ———— o ———————— ————— e e o e o e o o e o e {
16000 - 7999 | 1019] 4.761 15961 s.881 232} 0.94( 503| 1.7%1
| = +————— R R ! Fm———— o g —— A e e it bt o e e e e |
180600 -~ 9999 | 845061 39.45] 24601 IS.37 95 2.820 14954 4.0%¢
| = ——— e Fm—————————— o ———— Fom o ——— Fmm e ————— o o e s o |
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f o e e o —— Fo e ———————— F———— o ————— e e F————— o ————— o ———— A ————— e !
1460060 ~ 17999 | 8761 4.09] 1103 4.086] 1410} 5.73) 1495} 5.241
——————————————————————————————— +—————+-——————————-——+——-———+--———-«——-———+—-———+—-——-—--—————+--—--—+—————-———————|
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e et et ———— o — Fo———— o ——— e e ——————— ———— e i
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| o e e e o m—— e e e A ——— e e e $————— Fo———————— e m————— o o e i
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| = e e e e e e e e e o ———— e ————— F o e e f————— e ——— e e e A e e
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| o o e e e e e e e o o e Fom——— e Fm———— e ——— t———— o e e e }
| 246000 - 27799 | o N N LbosRei 8.05] 2007 7.3
J o e e e e e e e o ——— e ———————— o —— e e A o e +m A i e e |
1280600 - 29999 I N . o L2748 19.041 2822} i0.821
J o o e et e e ot s e o ot e e o ———————————— o ——— o e ————— e e o e e e st |
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] = e o e e o ——— o ——— Fm———— o ——— o e o e s e A e o ot e e e |
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| 1 !

+ + +
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. 1 I I
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| e e tom———— om i e e e Fm————— + == e S \
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] - + — e ——————— L - ————t B bttt o o ——— 1
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Table 2-6.7.

b1984 Aug 19 thru Aug 26
Single Axles
= & FM thru &6 AM
Weight N Fercent
under 2000 89 0.42
bE20O00 — 3799 £54 3.05
b40OD - 5999 692 3.823
beEOOD — 7999 1019 4.78
b8Q00 - 9999 £450 39.45
b1O0Ga0 —- 11999 6292 29.38
- 13999 1488 6.95
- 15997 1165 S. 44
B16000 — 17999 876 4.09
b1BO0D - 19999 585 2.45
b2OOG0 - 21979 150 0.7
baan0on - 23999 18 €.08
B24000 —~ 25399 1 W)
Total 21419 100
Tandem Axles
& FM thru &AM
Weight N Farcent
under 2000 Q 0
B200O0 - 399% a5 .18
b40OD - 5999 107 0.43
beOOO - 799%9 232 0.94
BBOOO ~ 9979 495 2.82
b1QQO0 ~ 11999 898 3.65
b12000 -~ 13999 1202 4.88
- 15999 1236 i
- 17977 1410
- 19993 1340
- 2179%% 1484
b22000 - 23999 1435
b24a0Qd — 25999 1512
b2&6000 -~ 27337 1981
ba28000 - 29799 2718
b30000 - 31799 3150
b32000 - 3I3FI? 2533
b34000 - 35972 1717
h36000 — 37577 S84
bagOODd ~ 39927 126
H4OON0 — 417799 27
b42000 - 43999 I
B44Q00 — 45999 3
b4&Q00 — 47979 3
H4BOO0 — 47999 1
BEOOO0 - 1999 Q 0
b52000 - 53992 O 0
b540Q00 - T599% 1 )
Total 264617 ?2.98

Calculation of the ESAL per

(seven days)

& AM thru 6 PM Day_and__Night
N FPercent N Percent
191 0.7 - 280 0.56
1725 &.35 2379 4.7
1394 5.13 2086 4.18
1596 5.88 2615 5.32
F6OL 35.37 18051 37.41
7392 27.23 13684 28.309
1855 3343 &6.89
1324 2491 5.16
1103 1979 4.075
674 1179 2.4565
2594 404 0.82
35 52 0.105
2 3 0.005
27148 48567 99.99S
& &M thya & FM Day and_ _Night
N Parcent ™ Fercent
3 .01 2 0,005
138 .49 183 0.335
2569 0.%46 376 0.695
=05 1.79 737 1.363
1151 4,09 1846 3.453
1405 4,99 2303 4.32
1851 .21 2732 5.1%95
1556 5.52 2792 5.27
1495 5.31 2905 5.52
1441 53.33 3181 b 04
1616 5.74 3100 3.883
18570 2.5 3005 5.7
1437 5.81 3149 5.973
2007 3988 7.59
28322 S540 10.33
&350 12.075
5344 10.135
3590 b.81
1815 2.3
308 0.58
&% .13
20 0.035
4 12 o.02
B 7 0.01
1 2 QO
] o o}
L Q 1 0
! 0 2 s}
28163 G9.93 Savae ?9.58
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Axle.

Equivalency
Factor
0.0002
0.00115
0.0061
Q.02128
0.05705
Q.18905
0.2585
0.47215
0.80185
1.2833
1.9541
2.85185
4.,013355

Equivalency
Facteor
Q.0001
Q.0003
0.0012
0.00365
0,009
0.01921
0.03653
0.06465
0.1074
0.146%4
0.25685
D.37555
0.3328
0.7362
0.99385
1.3141
1.7032%
2.1736
2.7333
3.38645
4.14385
5.0123
6.003%9
7.1285
8.3%971
?.3304
11.43925

13.2444

Fercent «
Equiv. Factor
-

2.1342405
3.652876025
1.781065
2.436274
3.86753875
3.14633345
1.6023462
0.29944425
GL0RO06T77S
18.501172

Percent x
Equiv. Factor
% pleli}

0.00498225
0.,031093
Q.0823512

0.18787725

0.3407055
N.572848
1.025232

1.51155228

2.140635
3.18348
5.987738
10.4652403
15.8&677575
17.28870875
14.813836
6.2855%
1.9464141
0.5386225
2.1754375
0.120078
0.07128%

Q

o)

Q
Gﬁ
82.279319




ESALCALC

Given the vehicle classification counts shown in Figure 2-6.11,
determine the total design ESAL using the ESALCALC program or by manually
completing Figure 2-6.8.

The answer should be around 43.7 million ESALSs, a total ESAL which must
be adjusted for directional distribution, and for lane distribution before
being used in a pavement thickness design procedure.

For comparison purposes, assume a 2 percent estimate for passenger cars
and buses, and single unit trucks, a 4 percent growth in tractor semi-trailer
and truck full trailer combinations, and a 5 percent trowth in double trailer
combinations. This should calculate nearly 53.7 million ESALS, a 23 percent
difference.

As a third example, what if the growth percentages are low by only two
percentage units, and were actually 4, 6, and 7 percent respectively? Now
the design ESAL is 66.4 million ESAL, a 50 percent difference with what is
really a minor change in growth estimates.

NOTE: ESALCALC uses céertain default lane distribution factors as, and
lane numbers should be chosen to produce the desired percentage felt to fit
your specific situation.

8.0 SUMMARY
This module has presented basic information on traffic loading

evaluation which must be accomplished as part of the overall engineering
evaluation of a pavement to determine the design requirements.

s

Load equivalency factors are defined in accordance with the AASHTO
Design Guide. The use of historical traffic vehicle classification counts
and axle load distribution data (W-4 Tables and WIM) to calculate the past
and projected future cumulative 18-kip equivalent single axle loads (ESAL)
for a pavement section was described. The need for accurate volume,
classification and weight data specific to the project site were emphasized
The great benefit of weigh-in-motion (WIM) information to the accuracy of the
projection was emphasized

The past and projected future traffic loadings are two of the most
important input parameters for designing a pavement. Results from the
traffic evaluation provide information on estimation of past and current
loadings, the structural adequacy of the existing pavement and overlay design
requirements in the future for planned rehabilitation.
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20

Analysis Period = Years

le 1 v
Location Example Assumed SNorD = 9
Vehicle Types ‘ Current  Growth Design E.S.A.L. Design
Traffic Factors Traffic Factor E.S.A.L.
{A) (B) {C) (D) (E)
2%

Passenger Cars 5.925 24.30 52,651,787 .0008
Buses 35 24.30 310,433 .6806
Panel and Pickup Trucks 1,135 24.30 10,066,882 .0122
Other 2-Axle/4-Tire Trucks 3 24.30 26,609 .0052
2-Axle/6-Tire Trucks 372 24.30 3,299,454 .1890
3 or More Axle Trucks 34 24.30 301,563 .1303

All Single Unit Trucks

3 Axle Tractor Semi-Trailers 19 24.30 168,521 .8646
4 Axle Tractor Semi-Trailers 49 24.30 434,606 .6560
~~~~~~ 5 + Axle Tractor Semi-Trailers 1,880 24.30 16,674,660 2.3719

All Tractor Semi-Trailers

5 Axle Double Trailers 103 24.30 913,559 2.3187
6 + Axle Double Trailers 0 24.30
All Double Trailer Combos.

3 Axle Truck-Trailers 208 24.30 1,844,856 0152
4 Axle Truck-Trailers 305 24.30 2,705,198 .0152
5 + Axle Truck-Trailers 125 24.30 1,108,688 5317

All Truck-Traifer Combos.

Design
All Vehicles 10,193 90,406,816 E.SA.L

Figure 2-6.11. Worksheet from AASHTO Design Guide for
Calculating 18-kip ESAL.
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MODULE 2-7
VARIABILITY AND RELIABILITY IN PAVEMENT DESIGN
1.0 INSTRUCTIONAL OBJECTIVES

This module provides information on the use of reliability/variability
concepts as applied to pavement design.

Upon completion of the module, the participants will be able to
accomplish the following:

1.  Understand the basic principles of variability.

2. Define the following terms: mean, standard deviation, coefficient
of variation, and distribution of variation.

3. Understand how variability in materials, traffic, climate and
construction affects the adequacy of any design procedure.

4,  Understand the use of reliabilty concepts as applied to structural
design.

20 INTRODUCTION

One word that is practically synomous with pavements is "variability.”
There is variability in almost everything associated with pavement design,
construction, performance, maintenance and rehabilitation. It is important
for pavement engineers to have a basic understanding of the variations
associated with pavements. This will help them to better understand pavement
performance, the need for reduced variation in construction, and the impact of
variation on design adequacy.

This section first presents a basic review of statistical variability
concepts, then provides some interesting examples of pavement related
variation, then describes how variability affects the adequacy of pavement
design, and finally provides background information on design reliability
concepts (as background for the sections on design reliability contained in
the 1986 AASHTO Design Guide).

3.0 Basic Concepts of Variability

This section presents some very basic concepts on variability that must
be mastered to gain an understanding of either pavement performance or design
reliability. It is written for the practicing engineer who may not have had
training in statistics.

3.1 Mean, Range, Standard Deviation, and Coefficient of Variation

The following example is used to illustrate the calculation of these
basic statistical parameters. A section of concrete pavement that was all
placed in one day (24 ft. by 1000 ft.) was cored and the specimens were tested
for compression strength. The core locations were selected randomly through
use of a coordinate system and random number table.
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A
(2l
-

Compressive Strength (psi)

3025
4489
3636
2601
3906

b WA = ‘

The mean compressive strength is calculated as follows:
MEAN = SUM (X;)/n
=[3025 + 4489 + 3636 + 2601 + 3906 )/5 = 3531 psi
The mean represents the average of all of the data points.
The range of the data is computed as follows:
RANGE = MAXIMUM - MINIMUM
=4489 - 2601 = 1888 psi

The range provides information on the overall variation of the data.
The standard deviation is computed as follows:
STAND. DEV. = { [ (SUM X; %) - (SUM Xy J/(n - 1) 15
= {[ (30252 +44892 +36362 +26012 +39062 )/5
- (3025 +4489 +3636 +2601 +3906)2/5 J/(5-1) 10
= 740 psi

P N

The standard deviation is an index of the spread of the data from the mean.
The more variable the data, the larger the standard deviation.

The coefficient of variation is computed as follows:
COEFFICIENT OF VARIATION = STANDARD DEVIATION/MEAN
=740/3531 = 0.21, OR 21 percent

The coefficient of variation is an excellent index of the amount of
variability existing in the data, relative to the mean. For example, for
concrete strength, a coefficient of variation for good guality control is
generally 15 percent or less. Poor quality control is 20 percent or more.
Each material property, deflection, thickness, etc. has a different normal
coefficient of variation. Slab thickness has a very small coefficient of
variation (e.g., 3 percent).

Sample versus Population: It is very important to realize that the mean
or standard deviation of the five specimens represents only a sample estimate .
of the true mean of the entire section (which is called the population). The
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true population mean and standard deviation could only be determined by coring
every piece of available concrete and testing many thousands of cores. The
greater the sample size, however, the better the estimate of the true mean and
standard deviation.

3.2 Distribution of Variation

The concrete core strength data shown in the previous section ranged
from 2601 to 4489 psi. The five individual specimen strengths can be plotted
in a histogram as illustrated in Figure 2-7.1a. Not much sense can be made
out of this distribution. However, if say 100 cores were cut and tested, the
distribution might look like Figure 2-7.1b., and all possible cores were cut
and tested, the distribution might look like Figure 2-7.1c.

Many pavement material properties such as concrete strength
approximately follow what is called a "normal" distribution, shown as dashed
lines in Figure 2-7.1c. This distribution is widely used in quality control
work and in studying the effects of variability on performance and design of
pavements and other structures. Other distributions are considered to be more
accurate in specific situations include the lognormal, gamma, uniform and beta

(D).

Examples of the distributions of various pavement properties are given
in the next section. Most of these distributions are approximately normal or
lognormal.

The bell-shaped normal distribution is defined by two parameters: the
mean and the standard deviation. Figure 2-7.2 shows several normal
distributions that have different means and standard deviations. The greater
the standard deviation, the wider the distribution, the greater the range of
the data and the greater the coefficient of variation.

The normal distribution (and the lognormal distribution) can be utilized
for many pavement engineering applications. For example, consider the
previous section of pavement. It is desirable to estimate the proportion of
concrete pavement having a core strength less than 2500 psi as illustrated in
Figure 2-7.3. The area under the curve is proportional to the probability
that the strength lies from 0 to 2500 psi. This can be calculated using
"standardized" normal distribution tables as follows.

To use the standardized normal distribution tables, the actual strength
data (mean and standard deviation) must be transformed to a scale where the
mean is 0 and the standard deviation is 1 (rather than the actual mean of 3531
psi and the standard deviation of 740 psi).

The area under the standardized normal distribution curve is equal to
1.0. The area under the curve can be considered as probability. For example,
one half of the area is less than the mean and one-half is greater than the
mean. Tables have been developed to compute the area under the curve for any
iven value. The use of these tables and the normal distribution is
illustrated in the following examples.

Example 1. Computation of the probability that concrete strength is less
than 2500 psi. Assume that the mean and standard deviation of the

sample is equal to that of the entire section of concrete pavement. The
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DISTRIBUTION ILLUSTRATION

Five Cares

NUMBER OF CORES
25

(a)

70 15 20 25 a0 35 40 45 50 35 80
CONCRETE CORE COMPRESSIVE STRENGTH,

DISTRIBUTION ILLUSTRATION
100 Cores

NUMBER OF CORES
40

(b)

10 15 20 25 30 35 40 45 50 &5 80
CONCAETE CORE COMPRESSIVE STRENGTH,

DISTRIBUTION ILLUSTRATION

Hundreds of Cores

NUMBER OF CORES
30

(e)

o 10 15 20 25 3.0 3.5 L0 45 30 58 a0
CONCAETE CORE OOMPRESSIVE STRENGTH,

Figure 2-7.1. Example oszzStatistical Distribution.
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(a) Distribution with equal means but different Std. dev.

S1= S, (Std. dev.)

X4=100 X5 =200

(b) Distribution with equal Std. dev. and different means.

Figure 2-7.2. Sample Statistical Distributions.
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NORMAL
DISTRIBUTION

PROB. F<2500 psi
/4

F= 3531 psi

2500

(a) Actual concrete Strength Normal Strength
with mean 3531 and Std. dev. 740 psi

AREA=0.9177

AREA = 0.0823/
2

-1.39 X=0.0

(b) Standardized normal distribution with
mean = 0 and Std. dev.=1.0

Figure 2-7.3. Illustration of the Estimation of the Proportion of Concrete
Strength That is Less Than 2500 psi.
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proportion of pavement that has a strength value less than 2500 psi is
computed as follows:

First compute the standardized normal deviate:
z=[2500 -3531})/740 = - 1.39

The following values exist on each scale as shown in Figure 2-7.3:

Actual Normal Standardized Normal
Item Distribution Scale Distribution Scale
Mean 3531 psi 0
Stand. Dev. 740 psi 1
Value of Interest 2500 psi -1.39

The probability that the concrete strength at any point in the slab is
less than 2500 psi is then determined using Figure 2-7.4. Entering the table
with a value of 1.39 (the minus sign is neglected in the table), an area of
0.9177 is obtained. This is the area from - infinity to + 1.39. By
subtracting this value from 1.0, the probability of a strength value less than
2500 psi (or less than - 1.39) will be obtained.

1.0000
- 0.9177
0.0823

This means that 8.23 percent of the specimens are expected to have a strength
less than 2500 psi, and 91.77 percent greater than 2500 psi.

Example 2. Computation of the probability that a given pavement section

can sustain 1,000,000 18-kip equivalent single axle load applications.
Assume that the mean number of load applications that a pavement section

can carry to a terminal serviceability index of 2.5 is 3,000,000 (say

using the AASHTO Design Guide). Evidence exists that the number of load
applications a pavement can carry to failure is log-normally distributed
(simply the log to base 10 of the number of applications). Also assume

that the standard deviation of the lognormal distribution is 0.45. The
probability is computed as follows:

First compute the standardized normal deviate:
z = [ 1og(1,000,000) - 1og(3,000,000) }/0.45 = - 1.06

The following values exist on each scale as shown in Figure 2-7.5:

Actual Log-Normal Standardized Normal
Item Distribution Scale Distribution Scale
Mean 6.4771 0
Stand. Dev. 0.45 1
Value of Interest 6.0000 - 1.06
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X X W

%-4—'4' z "4 + = - }"" z "* + =
Zz | .00 .01 .02 .03 .04 .05 .06 .07 .08 .09
0.0 .5000 .5040 .5080 .5120 .5160 .5199 .5239 5279 .5319  .5359
0.1 1.5398 .5438 .5478 .5517 .5557 .559% .5636  .5675 .5714 5753
0.2 1.5793 .5832 .5871 .5910 .5948 .5987 .6026 .606L L6103 L6141
0.3].6179 .6217 .6255 .6293 .6331 .6368 .6L0G L6443 6480 (6517
0.4 | .6554 .6591 .6628 .6664 .6700 6736 .6772 .6808 .684L _6879
0.5].6915 .6950 .6985 .7019 .7054 7088 L7123 7157 7190 .7224
0.6 |.7257 .7291 .7324 .7357 .7389 7422 L7454 7486 (7517 7549
0.71.7580 .7611 .76k2 .7673 7704 .7734 L7764 7794 .7823 7852
0.8.7881 .7910 .7939 .7967 .7995 .8023 .8051 .8078 .8106 .8133
0.91.8159 .8186 .8212 .8238 .8264 8289 .8315 .8340 .8365 .8389
1.0 .8413 .8L38 .B461 .8485 .8508 .8531  .8554 8577 .8593 .8621
1.1 1 .8643 .B665 .8686 .8708 .8729 .8749 .8770 .8790 .8810 .8830
1.21.8843 ,8869 .8888 .8907 .8925 .B9L4 8962 .8980 .89397 .9015
1.31.9032 ,3049 .9066 .3082 .3099 .9115 .9131 L9147  .9162 .9177 .
1.4 1.9192 ,9207 .39222 .9236 .9251 .9265 .9279 .9292 .9306 .9319
1.51.9332 .9345 .9357 .9370 .9382 .9394 .9406 .9418 .9429  .944
1.6 1 .9452  .9463 .9474 .9484 9495 .9505 9515 .9525 .9535 .9545
1.7 1.9554 .9564 .39573 .9582 .9591 .9599 .9608 .9616 .9625 .9633
1.8 | .9641 ,9649 .9656 .9664 .9671 .9678 .9686 .9693 .9639 ,8706
1.91.9713 .9719 .9726 .9732 .9738 .9744 .9750 .9756 .9761 .§767
2.0(.9772 ..9778 .9783 .9788 .9793 .9798 .3803 .9808 .9812 .9817
2.11.9821 .9826 .9830 .9834 .9838 .9842 9846 .9850 .9854 9857
2.21.9861 .9864 .9868 .9871 .9875 .9878 .9881 .9884 .9887 .983%0
2.31.9893 " .9896 .9898 .3901 .9904 .9306 .9909 .9911 .9913 .991¢6
2.41.9918 .9920 .9922 .9925 .9927 .9929 .9931 .9932 .9934 .9936
2.51.9938 .9950 .994% .9943 .9945 .9946 .9948 .9949  ,9951 .9952
2.6 1.9953 .9355 .9956 .9957 .9959 .9960 .9961 .9962 .9963 .9964
2.71.9965 .39966 .9967 .9968 .9969 .9970 <9971 .9972 .9973 .997h
2.81.9974 .9975 .9976 .9977 .9S77 .9978 .9979 .9979 .9980 .998)
2.91.9981 .9982 .9982 .9983 .9984 .9984 .9985 9985 9986 .9986
3.0{.93987 .9987 .9387 .9938 .9988 .9989 .9989 .9983 .9990 .9330
3.11.9990 .9931 .9991 .8931 .9992 .9992 .9992 ,.9992 .9993 .9993
3.21.9993 .9993 .9994 .89%4 .9994 .9994 .9994 .9995 .9995 9995
3.31.9995 .9995 .9995 .9996 .9996 .9936 .9996 .9996 .9996 .9997 e
3.41.9997 .9997 .9997 .9997 .93997 .9997 .9997 .9997 .9997 .9998

Figure 2-7.4. Areas Under a Standard Normal Curve.
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(a) Actual distribution of traffic loadings — 18 — kip ESAL

2

—-1.06

(b) Standardized normal distribution
(mean=0, std. dev.=1)

Figure 2-7.5. Statistical Distribution.
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The probability that the pavement section can carry 1,000,000 18-kip
ESAL is then determined using Figure 2-7.4. Entering the table with a value
of 1.06 (the minus sign is neglected in the table), an area of 0.8554 is
obtained. This is the area from - infinity to + 1.06. By subtracting this
value from 1.0, the probability of the pavement carrying less than 1,000,000
applications (or less than - 1.06) will be obtained.

1.0000
0.8554
0.1446

This means that there is a probability of 0.1446 or 14.46 percent that
the pavement section cannot handle the 1,000,000 load applications. It also
means that there is the corresponding probability of 85.56 percent that the
pavement can handle the loads as illustrated in Figure 2-7.5.

4.0 INTERESTING EXAMPLES OF VARIABILITY

There are many sources of variability in pavement design, construction
and performance. Some interesting examples are presented.

Design variability. The designer must make certain assumptions as to
the inputs for the pavement design procedure such as future traffic loadings,
future climatic conditions, material properties (that they will conform to the
specifications) and roadbed soil properties. The values of these inputs that
actually exist after construction or the traffic loads at the end of the
design period may be greatly different than those assumed in design.

An illustration found in the literature is a comparison between in situ -
R-values taken from the grade after construction and design R-values assumed
from samples taken prior to construction for a pavement project (11).

(Pre-Construcion) (Post-Construction)

Samples From Drilled Samples From
Parameter Holes in Excavation Area Top Subgrade
Mean 55 65
Range 13-70 35-75
Standard deviation 16 9

It is fortunate that on this project the mean and range of values are
better for the in-situ pavement after construction than those assumed in
design. Often the reverse of this is the case and premature failure occurs.

Another classical design uncertainty is the estimation of future traffic
loadings. Figure 2-7.6 shows an illustration of the potential error in
estimating the total accumulated 18-kip equivalent single axle (ESAL) loadings
for a particular design project. This plot shows large variation between that
assumed in design and what actually occurred. Many other projects have
probably had much greater traffic estimation errors, usually underestimation.

Construction. Practically everything associated with pavement
construction has associated variability and uncertainty. Common items where
variability has been studied are shown in Figure 2-7.7 (PCC compressive .
strength), Figure 2-7.8 (PCC core thickness), Fi%lée 2-7.9 (AC core
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Figure 2-7.6. Predicted Versus Actual Kentucky EWL's for
20-Year Design Analysis Period (8).
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Figure 2-7.7. Variation of Compressive Strength of Cores Cut
From a P.C.C. Slab Approximately 500 Feet (152 m)
Apart (4).
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Figure 2-7.8. Variation of P.C.C. Slab Thickness Measured From Cores
Cut Approximately 500 Fet (152 m) Apart (4).
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Lo,

thickness), Figure 2-7.10 (density of embankments), and Figure 2-7.11 (initial
serviceability index along a given project caused by construction profile
variations). Material property variability is the most well understood source
as it has been studied extensively. There is also variation in other
construction areas such as asphalt content, moisture content, depth of
reinforcement, and soil support. Many other variations are presented in
References 4,6, 8, 9, 11, 16, 17 and 19.

Any experienced construction engineer will tell you that there is a
large difference in the way a pavement will perform, depending upon the
"quality of construction" although this is very difficult to quantify.

One interesting way to observe the overall effects of
construction/material variability is to observe the deflection profile of a
pavement after construction of different layers and over time as shown in
Figure 2-7.12. This variation is caused by several variables such as layer
thickness, material properties, roadbed soil properties and drainage
differences along the project.

This variation leads to variation in strains and stresses, and
consequently in performance along the project. Anyone who walks along a
pavement for some distance can see the varying localized deterioration of the
pavement (e.g., alligator cracking, rutting, cracked slabs, deteriorated
joints). This variation is caused largely from variations in material
properties and other factors along the project.

Performance. As a result of the variabilities in design, construction
and materials, there will be a large variability in the performance of
pavement sections. This variation can be considered as follows:

1.  Differences in performance along a given pavement project. If a
pavement were divided into say 0.1 mile sections and the
performance of each of these sections was measured in terms of
cracking, rutting, faulting or PSI there would typically exist a
large variation.

2. Differences in performance between seemingly identical projects
that are located close to each other along the same highway and
constructed under identical specifications.

A study of this variability was made during the development of the LTPP
experimental design to determine the variability of performance of seemingly
"identical" projects constructed adjacent to each along the same highway.

Some results from one state from 12 similar projects are shown in Figure
2-7.13. For example, the PSR ranged from 4.2 to 2.5, the number of
deteriorated joints/mile ranged from 0 to 18, etc. A coefficient of variation
for major distress types ranged from 15 to 116 percent.

5.0 HOW VARIABILITY AFFECTS ADEQUACY OF DESIGN

_ The adequacy of a pavement design depends greatly on the variability
assocm}ted with the pavement materials, traffic, climate, placement of dowels
a(lilg zeénfgicement, etc. The following discussion provides some examples

=0, ’1— .

263




i 30
27 PROJECT NO. 1
[ X=92.86
% c=2.44 e
22 n=200
21
1 20
F M 19
FREQUENCY / |
DISTRIBUTION
13 \
10
2/2 2
{ fT | | rl I 1
80 85 80 95 100 105
ZFB
24 / 2% PROJECT NO. 2
2 o= 3.09
FREQUENCY / n='200
DISTRIBUTION 18
16
'/ 1’_5 .
v f
[ 11 11
/ NN
6 \
N 4
| | k | |
80 85 90 95 100 105

PROJECT NO. 3

X=93.64
c=5.52
n=176
1515 15
14 r - B 14
FREQUENCY ~ |12 ]
DISTRIBUTION N
10 P‘\
8
5 6 [} 5 5 \~ 6 !
3 4 4 3
MR | { ] |
80 85 30 95 100 105 -

PERCENT RELATIVE COMPACTION

Figure 2-7.10. Variation in Density of Embankments (19).
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Figure 2-7.12. Effect of Age on Deflections (11).
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Deteriorated

Section Age ESAL PSR Faulting Cracking Joints
(years)(millions) (inches) (feet/mile) (no./mile)
1 18 5 4.2 0.11 0 0
2 18 5 4.0 0.05 0 0
3 18 5 3.4 0.25 g 0
4 22 5 3.8 0.06 950 1
5 22 5 3.6 0.10 1162 0
6 19 8 3.1 0.26 1214 0
7 19 8 2.5 0.39 1478 0
8 22 6 3.3 0.24 106 5
9 22 7 3.3 0.16 106 9
10 20 6 3.8 0.19 0 0
11 17 7 3.2 0.33 106 9
12 18 8 2.6 0.32 1426 18
Mean 19.4 6.3 3.4 0.20 545 4
cov 10 20 15 54 116 115

Pavement: JRCP, 10-inch slabs, 100-foot joint spacing,
fine-grained subgrade, no "D" cracking, age between 17 and 22 years, ESAL
between 5 and 9 million in design lane.

Figure 2-7.13. Variation in Performance Between Seemingly Identical
Projects in Illinois After 17 to 22 Years of Performance (18).

267



1. Variation in material properties along a pavement results in
variation in the development of distress and roughness along the .
pavement. Localized failures resulting from "weak" areas result in
adecrease in pavement life.

2. Variation in placement of such items as dowels at joints and depth
of reinforcement result in variation in the development of distress
and roughness along the pavement. Localized failures can occur
causing a decrease in pavement life.

3. Variation between design and actual pavement design inputs can
result in drastic shortening or lengthening of pavement design
life. Some classic examples are traffic load estimation over a 20
year period, or climate conditions, or material strengths.

4.  Design procedure inadequacy is another very important "variation”
that affects pavement design. For example, a design procedure
developed using limited data is commonly used for design situations
beyond its range (such as other climatic zones). This could result
in great variation in the predicted design life and the actual life
achieved.

Perhaps many more examples could be described, but the point is clear,
variability exists in almost everything associated with a pavement, and this
variability has a great effect on pavement life. The next section describes
the concepts of how to deal with variability in design to provide some
assurance that the pavement will last its design life. .

6.0 General Concept of Reliability of Design

The engineering design of any structure must consider the probability of
failure, which of course is one minus the probability of success or design
reliability. The consideration of the design reliability in engineering
design has been underway since 1947 (14), particularly in the area of
structural engineering.

6.1 Use of Structural Reliability Concepts
The consideration of reliability concepts in pavement design was first

strongly advocated in the early 1970’s and several papers were published on
the subject (5,6,8,9,10,11,12,13,15,16,17).

Lemer and Moavenzadeh stated the need for consideration of reliability
in design as follows:

"Reliability is important in the pavement system because of the
uncertainty involved in all aspects of the pavement process:
planning, design, construction, operatioq and maintenance.
Uncertainty arises from lack of information and inability to
predict the future. It is embodied in the assumptions that must be
made to derive analytical models, the limited amount of data
available from tests, and the variable quality of the real-world
environment.” (15)

A,
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A reliability design factor was incorporated into the Texas Highway
Department pavement design procedure for flexible pavements in 1973, and has
been used successfully since that time (8,9,10). Reliability concepts were
developed and incorporated into the AASHTO design procedures in 1973 by Kher
and Darter (6). The same reliability concepts were then finally adopted into
the AASHTO Design Guide in 1985 (2).

A general definition of pavement design reliability is as follows:

"Reliability is the probability that the pavement system will
perform its intended function over its design life and under the
conditions (or environment) encountered during operation.” (8)

Uncertainty in pavement design has traditionally been accommodated by
the use of "safety factors.” Judgment and experience must be used in
assigning appropriate safety factors to the various design parameters. Using
judgement, parameters of which the engineer is less certain are typically
assigned higher safety factors. If the engineer is familiar with the design
procedure, the most sensitive factors (for which small variations produce
large changes in designs) can be assigned very conservative values.

Application of the traditional safety factor approach to pavement design
can result in over-design or under-design, depending on the magnitudes of the
safety factors applied and the sensitivity of the design procedures. A more
realistic approach to addressing uncertainty is one which utilizes safety
factors that reflect the amount of statistical variability associated with
cach of the parameters in the design process. The amount of uncertainty
associated with the parameters and the relative importance of the parameters
is critical to the design process. The use of design reliability concepts can
accomplish the same thing as factors of safety.

6.2 Definitions of Reliability

As an example, the structural reliability of a simply supported beam can
be defined in the following way:

R (percent) = Probability [ strength > stress ] (2-7.1)

The reliability of the beam not failing is the probability that strength will
be greater than applied stress.

In pavement design, reliability can be defined in a similar way (2):

R (percent) = Probability | Nt > NT] (2-7.2)
where:

N; = number of 18-kip ESAL applications to a terminal
serviceability, as estimated by a predictive equation
(analogous to strength)

Nr= number of 18-kip ESAL applications forecasted to be

applied to the pavement over the design period (analogous
to stress)
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The reliability of the pavement design to perform its function (e.g.,
for the serviceability index to remain above an established terminal level) is
the probability that the number of 18-kip ESAL that the pavement can handle to
a terminal serviceability condition will be greater than the number of 18-kip
ESAL applications forecasted.

Based upon this simple concept, the theory for expressing pavement
design reliability can be developed. It is very similar to that used in
structural engineering, but modified to consider repeated loadings (causing
fatigue damage) which is predominant for pavements.

6.3 Example Reliability Design Using Stress/Strength

This section illustrates the computation of design reliability
considering simple stress and strength of a concrete slab for structural
reliability. This example will serve as the basis for understanding pavement
design reliability (4).

Whenever the stress level at a point in a structure exceeds the strength
at that point, a fracture occurs. The probability of fracture can be defined
as

pg="P [ stress(S) > strength(F) ],

where P [ ] denotes the probability of occurrence of whatever is contained

within the brackets. Conversely, the probability of no fracture, or the

reliability (R), can be defined as R = 1 - ps. The strength magnitude

within a structure is a random variable in the sense that it varies from point

to point in the structure. Applied stress magnitude is also a random variable -
which depends in part on loading conditions both from climatic factors and

traffic loadings. Since both stress and strength are random variables, the

ps can be expressed as follows:

pe=P[S>F] = P[d<0]
d=F-S

S = applied stress
F = strength

where:

Assuming that both S and F are normally distributed, d will also be normally
distributed as shown in Figure 2-7.14.

Using bars above the expressions to represent their mean values,

d=F-S.

The standard deviation of d can be computed as s 4 by the following
expression

sq= [(ss2 + g0

where:

sq = standard deviation of stress, S .
sg = standard deviation of strength, F 10
7
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FAILURE
PROBABILITY, Ps

Figure 2-7.14. Distribution of d = F - § Showing Areas of Failure
Probability and Reliability Probability (7).
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As shown in Figure 2-7.14, the probability of fracture, py, is given by the
area to the left of 0.

pr=P[d<0]=P[-*<d <0]
Reliability is the area to the right of 0 as shown.

To calculate the ps or R, normal distribution tables can be employed.
For example, consider the following conditions for a given 7 inch thick slab.

S =360 psi, mean tensile stress at the critical location
F = 690 psi, mean flexural strength of the slab
sg =48 psi, sg = 125 psi

The parameter d must now be transformed into a normal variate with mean of
zero and variance of 1.0 so that normal distribution tables can be used.

z=[d-d)sq =[0-dlfsq = -330/115 = -2.64

The area under the normal curve from - oto -2.64 is 0.0041, and
therefore pg=0.41 Eercent. A graphic illustration of this area of failure
is shown in %igurc -7.15 where the actual distributions of the flexural
strength and stress for the 7 inch thick slab are shown to overlap. This area
og ?Verlap is not the probability of failure but a function of the probability
of failure.

The figure also shows the stress distribution for a 9 inch slab (the
stress is much lower) where the probability of failure is very small.

This example has shown the basic calculations necessary to compute the
probability of failure for a structure. The design reliability is just 1.0
minus the probability of failure, or 1.0 - 0.0041 = 0.9959.

6.4 Example Reliability Design Using Traffic Loadings
Reliability can be defined in the following way:

"The reliability of a pavement design-performance concept is the
probability that a pavement section designed using the process will
perform satisfactorily over the traffic and environmental
conditions for the design period.” (2)

The definition of pavement design reliability is given by:

R (percent) = 100 * Prob (Nt > NT)
where:

N; = number of 18-kip ESALs the pavement can support before
reaching terminal serviceability, as estimated by a
predictive equation) (strength)

Nt = actual design period traffic (number of 18-kip ESALs
forecasted to be applied to the pavement over the design
period) (stress)
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Figure 2-7.15. 1Illustration of the Distribution of Flexural Strength Alecng
A P.C.C. Slab and the Estimated Distributions of Applied
Stresses Using Westergaard Edge Loading Model for a 7 and 9
inch (178 and 229 mm) Slab. (Note: The-Means and Standard
Deviations are as follows: F = 690 psi, 0_ = 104 psi; S_, =

360 psi, O_ = 48 psi; Sg, = 237 psi, 0'; =30 psi (7).
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The reliability level of a pavement design is the probability that the
pavement’s actual performance will equal or exceed the actual design period
traffic, or in other words, the probability that the pavemen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>