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‘‘This was the only place in the world where pavements consist exclusively of holes with
asphalt around them. They are the most economical because holes never go out of repair.’’

—Mark Twain Speech. October 15 and 17 1907
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Preface

We have embarked on this project with trepidation. Pavement
engineering is a vast field covering a wide range of technical areas
that are rapidly evolving. Our motivation was that only a handful
of textbooks are in circulation addressing this topic. Furthermore,
there have been several landmark technical developments in this
area recently. These include the advent of Superpave , the data
generated by the Long-Term Pavement Performance (LTPP) project
and the recent release of the Mechanistic-Empirical pavement design
guide developed under NCHRP Study 1-37A. As a result, we felt that
the time was right for recapturing the pavement engineering state
of the art in a textbook.

This textbook covers pavement materials, analysis, design, evalua-
tion, and economics of asphalt and portland concrete roadways. Its
intended audience is engineering students at the undergraduate and
junior graduate levels. In addition, practicing engineers may find it
useful as a reference for practical design applications. Its structure
focuses on the best established and currently applicable techniques
for material characterization, analysis, and design, rather than offer-
ing a historical perspective of these techniques and the way they
are applied by the multitude of jurisdictions dealing with roadway
pavements. In compiling this textbook, our initial intention was to
utilize metric (SI) units throughout. However, this was tempered by
the number of empirical expressions still in use involving imperial
units, including some adopted by the Mechanistic-Empirical design
guide. In such cases, the use of dual units was unavoidable.

Implementing the various analytical techniques described in this
textbook is facilitated through the use of software, a variety of which

ix



x Preface

is available for pavement applications. Some of this software is pro-
prietary, while other is free and can be downloaded from the Web.
Since software evolves rapidly, we decided not to distribute software
with this book. Instead, suggestions for software sources are given in
a Web site associated with this book (www.wiley.com/go/pavement),
and offered by application area following the chapter structure of
the book (e.g., software for the structural analysis of rigid pavements,
software for reducing pavement roughness profile measurements,
and so on). This Web site is maintained to ensure that the most
up-to-date software and its current source are recommended.

Finally, we want to express sincere thanks to all the agencies that
authorized the use of some of their copyrighted material herein.
These include: the Federal Highway Administration (FHWA), the
American Association of State Highway and Transportation Officials
(AASHTO), the Transportation Research Board (TRB), the Asphalt
Institute, the Canadian Portland Cement Association (CPCA), and
the American Society for Testing of Materials (ASTM). In addition,
we would like to thank a number of companies that allowed use of
photographs of their equipment in this book. We sincerely hope that
this book will facilitate the instruction of pavement engineering and
will serve as a reference to practicing pavement engineers worldwide.

A.T.Papagiannakis, PhD PE
San Antonio, Texas
and
E.A.Masad, PhD PE
College Station, Texas
November 2007



1 Introduction

1.1 Pavement Types

There are three general types of roadway pavements, namely flexible,
rigid, and composite. Flexible pavements typically consist of asphalt
concrete placed over granular base/subbase layers supported by the
compacted soil, referred to as the subgrade. Some asphalt-paved sur-
faces consist of a simple bituminous surface treatment (BST), while
other, lighter-duty asphalt-surfaced pavements are too thin, to be
considered as flexible pavements, (i.e., combined layer thicknesses
less than 15 cm). Rigid pavements typically consist of a portland
concrete layer placed over the subgrade with or without a middle
base layer. Composite pavements are typically the result of pavement
rehabilitation, whereby portland concrete is used to cover damaged
asphalt concrete or vice versa.

The terms flexible and rigid relate to the way asphalt and portland
concrete pavements, respectively, transmit stress and deflection to
the underlying layers. Ideally, a flexible layer transmits uniform
stresses and nonuniform deflections, while the opposite is true for
a rigid layer. In practice, the stress and deflection distributions in
asphalt concrete and portland concrete pavements depend on the
relative stiffness of these layers with respect to those of the under-
lying granular layers. This ratio is much lower for asphalt concrete
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2 1 Introduction

than portland concrete, which justifies their generic designation as
flexible and rigid, respectively. As described in later chapters, this
affects significantly the way these two pavement types are analyzed
and designed.

Figure 1.1 shows a typical cross section of a flexible pavement.
The asphalt concrete layer, which may consist of two or more
sublayers, or lifts, is placed on top of the granular base/subbase
layers, which are placed on top of the subgrade. A tack coat layer
may be applied to provide adhesion between layers, while a seal coat
may provide a pavement surface barrier. A fabric or other geotextile
placed between the base and the subgrade prevents migration of
fines between them, and maintains their integrity. The base layers
can be either compacted gravel, referred to as, simply, granular , or
incorporate cement, referred to as stabilized. Typically, the asphalt
concrete layer is designed with no interconnected voids (i.e., mix air
voids 4–8%), and hence relies on surface runoff for precipitation
drainage. Alternatively, asphalt concretes with interconnected voids,
(i.e., mix air voids higher than 12%) allow drainage through the
surface. This design requires a lower impermeable asphalt concrete
layer, to prevent water from penetrating the base layer. Water
runoff led to the edge of the pavement can be removed by surface
evaporation, ditches, or drainage pipes.

Base

Asphalt Concrete

Subbase

Subgrade

Tack Coat

Seal Coat

Geotextile

Figure 1.1
Typical Section of an Asphalt Concrete Pavement
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Base

Portland Concrete

Subgrade

Figure 1.2
Typical Section of a Portland Concrete Pavement

Figure 1.2 shows a typical section of a rigid pavement. The
portland concrete layer is placed either directly on top of the
subgrade or on top of a granular base layer. Unreinforced port-
land concrete slabs, such as the one shown in Figure 1.2, tend to
crack transversely where thermally induced tensile stresses exceed
the tensile strength of the concrete. Hence, they require trans-
verse joints at prescribed intervals. They are constructed by cutting
a surface groove using a rotary saw before the concrete is fully
cured. These joints, in addition to relieving thermal stresses, need
to provide sufficient vertical load transfer between advancement
slabs. Under a moving load, sufficient vertical load transfer pro-
vides a gradual buildup of stresses under the down stream slab,
which controls the migration of moisture and fines under the
joint and prevents downstream slab settlement, (i.e., faulting).
Load transfer is accomplished either through aggregate inter-
lock along the jagged edges of adjacent slabs (Figure 1.3a) or
through dowel bars located at the neutral axis bridging the joint
(Figure 1.3b). These dowel bars are smooth and epoxy-coated, to
allow free horizontal movement while providing vertical displace-
ment coupling between adjacent slabs. Collapsible end caps allow
the expansion of the slabs without generating compressive stress
in the dowel. These pavements are referred to as jointed plain con-
crete pavements (JPCP) and jointed dowel reinforced concrete pavements
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Rebar

(c)

Portland Concrete

(a)

Filled Groove

(b)

Dowel Bar with End Caps

Figure 1.3
Typical Configuration of JPCPs, JDRCPs and CRCPs

(JDRCP), respectively. Continuously reinforced concrete slabs can
withstand thermal stresses through the tensile strength of steel,
hence they require no joints. The reinforcing steel is consists of
deformed tiebars placed on the neutral axis of the slab. Thus, any
thermal cracks in the concrete itself are not allowed to open, and
the slab retains its structural integrity. These are called continu-
ously reinforced concrete pavements (CRCP) (Figure 1.3c). It should be
noted that hybrid rigid pavement structures have been developed,
consisting of long CRCP slabs jointed through dowels in a JDRCP
fashion.

A variety of other joint types are used in concrete pavements,
including construction joints allowing continuity of the work bet-
ween different days (Figure 1.4a) and expansion joints necessary
where concrete pavements come against other rigid structures, such
as bridge abutments (Figure 1.4b). Overall, the successful design and
construction of joints and their reinforcement contributes signifi-
cantly to the performance of concrete pavements. Reducing vehicle
dynamics dictates the randomization of joint spacing, (e.g., 2.1, 2.7,
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Dowel Bar with End Cap

(b)

Dowel Bar

(a)

Figure 1.4
Special-Function Portland Concrete Pavement Joints

3.3, and 4.5 meters (m)), as well as their skewed arrangement with
respect to the longitudinal axis of the pavement 5.

1.2 Pavement Infrastructure Overview

The staggering size of the roadway pavement infrastructure in the
United States can be appreciated by the length inventory data shown
in Tables 1.1 and 1.2 for rural and urban pavements, respectively4.
These tables show centerline kilometers (km) length by roadway
functional class, namely interstate, arterials, and collectors. These
functional class designations relate to the geometric standards of
the roadway, as well as the combination of access and mobility it
affords. Minor collectors and local roads were excluded from these
tables. Per the October 2006 count, they amounted to 1,584,764
and 1,094,428 centerline kilometers (km) in rural and urban areas,
respectively, which brings the total length to 4.2 million km, or
approximately 11 times the distance to the moon. The interstate
system (74,000 km) and an additional 184,523 km of other freeways
comprise the National Highway System (NHS), as designated in
1995 by Public Law 104–59 (6). The NHS represents about 4% of
the total roadway pavement mileage but carries over 44% of the
vehicle-kilometers traveled.
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Table 1.1
Length Inventory (centerline km) of Rural Roadway Pavements (FHWA, 2004)

OWNER/CLASS PAVEMENT TYPE
State BSTs OTHER LIGHT FLEXIBLE COMPOSITE RIGID TOTAL

Interstate 455 1688 22911 9606 12590 47250
Other Arterial 1308 6531 104605 24282 14828 151555
Minor Arterial 5200 18865 153257 26145 8151 211619
Major Collector 51850 74984 202889 22531 3132 355386

Subtotal 58813 102068 483663 82564 38701 765809
Federal
Interstate — — — — — —
Other Arterial — 13 143 — 2 158
Minor Arterial — 800 447 3 — 1250
Major Collector 465 2791 1347 — — 4603

Subtotal 465 3603 1938 3 2 6011
Other
Interstate — — 845 1147 401 2393
Other Arterial 58 77 328 166 604 1233
Minor Arterial 328 1622 2995 182 10 5137
Major Collector 46005 80166 107560 4521 11872 250124

Subtotal 46391 81866 111728 6016 12886 258886
Total 105669 187536 597329 88583 51589 1030707

1.3 Significance of Pavement Infrastructure to the
Nation’s Economic Activity

Roadway pavements play a very important role in the nation’s
economic activity. Approximately, 19% of average household expen-
ditures is directly related to transportation (Figure 1.5). The pre-
dominant mode of personal transportation is by private motor
vehicle, that is, 91.2% of the total vehicle-kilometers6. Further-
more, an average 89% of commercial freight transportation is
carried by the highway system (Figure 1.6). The vehicle-miles
traveled (VMT) is a very good indicator of the health of the econ-
omy, as suggested by its strong correlation to the gross domestic
product (GDP), that is, the annual sum of goods and services trans-
acted nationwide (Figure 1.7). These simple facts demonstrate the
importance of the roadway infrastructure in the nation’s economic
well-being.
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Table 1.2
Length Inventory (centerline km) of Urban Roadway Pavements (FHWA, 2004)

MANAGER/CLASS PAVEMENT TYPE
State BSTs OTHER LIGHT FLEXIBLE COMPOSITE RIGID TOTAL

Interstate 66 190 8618 6725 8087 23686
Other Arterial 499 2408 47817 23503 12517 86743
Minor Arterial 954 5412 34141 13118 2379 56003
Major Collector 3215 7546 15852 2535 853 30001

Subtotal 4735 15556 106427 45881 23836 196434
Federal
Interstate — — — — — —
Other Arterial — 40 92 — 6 138
Minor Arterial — 16 60 2 2 79
Major Collector 18 100 45 6 — 169

Subtotal 18 156 196 8 8 386
Other
Interstate — 8 512 943 237 1699
Other Arterial 579 3858 18594 3555 3217 29803
Minor Arterial 5517 23669 60106 9991 8464 107745
Major Collector 10530 42728 70074 9999 6817 140148

Subtotal 16626 70262 149286 24488 18734 279396
Total 21378 85974 255909 70376 42578 476217

1.4 Funding Pavements

The value of this infrastructure is in the trillions of dollars. The
ongoing annual expenditures for roadway preservation, capacity
addition, and new route construction are in the billions, (e.g., the
federal-only component of these expenditures in FY 2000 was $16.2
billion6). Although these figures include the cost of bridges, they
demonstrate the extent of public investment in this vital piece of
infrastructure.

Roadway pavements are financed through fuel taxes. Federal taxes
on fuel date back to the 1930s. The Federal-Aid Highway Act of 1956
established the Highway Trust Fund and stipulated that 100% of the
fuel tax be deposited into the fund. Between 1956 and 1982, the
Highway Trust Fund was used solely to finance expenditures for the
federal highway program. The Surface Transportation Act of 1982
legislated that approximately 20% of the federal fuel taxes revenues
be allocated to a newly created mass transit account and be expended
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Figure 1.5
Distribution of Household Expenditures; 1999 Data (Ref. 6)
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Figure 1.6
Distribution of Freight by Transport Mode; 1996 Data (Ref. 6)
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Correlation between VMT and GDP; 1970–2002 (Ref. 8)

to improve public transportation. The historic distribution of federal
gasoline tax revenues is shown in Table 1.3.

In 2006, federal tax rates for gasoline and diesel were 18.4 cents
per gallon and 24.4 cents per gallon, respectively; states impose their
own taxes on fuel. As of 2004, the average state rates for gasoline
and diesel were 19.1 cents per gallon and 24.4 cents per gallon,
respectively7. The reason for higher diesel fuel tax rates is to com-
pensate for the pavement damage caused by heavy trucks. For the

Table 1.3
Distribution of Gasoline Tax Revenues (1983–1997) (Ref. 1)

General Mass Transit Other Trust
Date Revenues Highways Account Funds

Before 1983 100.0%
Apr. 1, 1983 88.9% 11.1%
Dec 1, 1990 17.7% 70.1% 10.6% 0.7%
Oct. 1, 1993 37.0% 54.3% 8.2% 0.5%
Oct. 1, 1995 23.4% 65.2% 10.9% 0.5%
Jan. 1, 1996 23.5% 65.6% 10.9%
Oct. 1, 1997 83.9% 15.5% 0.5%
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same reason, some states (e.g., Oregon, Idaho, New Mexico) are
using a weigh-distance tax to replace part of the consumption-based
diesel fuel taxes. This taxes heavy trucks in proportion to their
weight and the distance they travel. It has been argued that
this and similar taxation approaches provide a more equitable
means of taxing various vehicle classes than fuel consumption-based
taxes2.

1.5 Engineering Pavements

The preceding discussion demonstrates clearly the extent of public
investment in the roadway pavement infrastructure and its impor-
tance in the nation’s economic vitality. As a result, engineering pave-
ments requires the utmost care and use of state-of-the art technology,
and involves the technology for both maintaining/rehabilitating
existing pavements as well as designing/constructing new ones.
This technology encompasses the characterization of the mate-
rials involved and the structural design of the layers selected
to withstand prevailing traffic and environmental conditions. In
addition, it necessitates the evaluation of their in-service perfor-
mance with time as well as their economic implications to both
the agency and the user. Although the last two topics relate to the
broader subject of pavement management (e.g., Ref. 3), they are
an integral part of pavement engineering, hence are included in
this book.

1.6 Book Organization

This book contains information on roadway pavement materials,
pavement structural analysis, pavement design, and pavement eco-
nomic analysis. The remaining chapters are organized as follows:

❑ Chapter 2 describes with the characterization of traffic input.

❑ Chapters 3 and 4 deal with the characterization of pavement
bases/subgrades and aggregates, respectively.

❑ Chapter 5 addresses asphalt binder and asphalt concrete
characterization.
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❑ Chapter 6 characterize, portland cement and portland
concrete.

❑ Chapters 7 and 8 describe the analysis of flexible and rigid
pavements, respectively.

❑ Chapter 9 discusses pavement evaluation.
❑ Chapter 10 addresses the environmental effects on pavements.
❑ Chapters 11 and 12 deal with the design of flexible and rigid

pavements, respectively.
❑ Chapter 13 describes pavement rehabilitation.
❑ Chapter 14 deals with the economic analysis of alternative

pavement designs.

References
1 Buechner, W. (2006). ‘‘History of the Gasoline Tax.’’ American

Roads and Transportation Building Association, (www.artba
.org).

2 FHWA (August 1997). Federal Highway Cost Allocation Study,
Federal Highway Administration www.fhwa.dot.gov/policy/otps/
costallocation.htm.

3 Haas, R. C. G., W. R. Hudson, and J. Zaniewski, (1994). Modern
Pavement Management, Krieger Publishing Co., Malabar, FL.

4 FHWA (2005). ‘‘Highway Statistics; Section V’’: Roadway Extent,
Characteristics, and Performance, Federal Highway Administration.
Washington, DC.

5 PCA (1980). Joint Design for Concrete Highways and Street Pavements,
Portland Cement Association, Skokie IL.

6 FHWA (2000). Our Nation’s Highways, Federal Highway Adminis-
tration, Washington, DC.

7 FHWA (2007). State Motor Fuel Tax Rates, 1988–2003, Federal
Highway Administration www.fhwa.dot.gov/policy/ohim/hs03/
htm/mf205.htm.

8 FHWA (2006). ‘‘Transportation Air Quality: Selected Facts and
Figures,’’ Federal Highway Administration, Washington, DC, Pub-
lication No. FHWA-HEP-05-045 HEP/12-05(8M)E.



12 1 Introduction

Problems

1.1 Find the length of roads in your state by functional class (i.e.,
interstate, other arterial, minor arterial, and major collector)
and surface type, (i.e., BST, light-duty, flexible, composite, and
rigid).

1.2 Find the rate of state tax levied on gasoline and diesel fuel
in your state. What was the corresponding amount of total
proceeds from the sale of gasoline and diesel fuel for road
vehicles in the last year?

1.3 Compute the current annual amount of fuel tax, state and fed-
eral, paid for operating a typical privately owned vehicle in your
state. Assume that the fuel consumption is 11.8 liters/100 km
(20 miles/U.S. gallon) and that the vehicle is driven 24,000 km
(15,000 miles) per year.

1.4 What was the percentage of the GNP expended on road
transportation last year?



2 Pavement
Traffic Loading

2.1 Introduction

Pavement deterioration is caused by the interacting damaging effects
of traffic and the environment. Traffic loads, primarily those from
heavy trucks, cause stresses/strains in pavement structures, whose
effects accumulate over time, resulting in pavement deterioration,
such as plastic deformation in asphalt concretes or fatigue cracking
in portland concretes. Hence, truck traffic load data is an essential
input to the pavement analysis and design process.

Truck traffic loads and their impact on pavements are quantified
in terms of:

❑ Number of truck axles
❑ Configuration of these axles
❑ Their load magnitude

Axle configuration is defined by the number of axles sharing the
same suspension system and the number of tires in each axle. Mul-
tiple axles involve two, three, or four axles spaced 1.2 to 2.0 meters
apart, and are referred to as tandem, triple, or quad, respectively.
They are treated differently from single axles because they impose
pavement stresses/strains that overlap.

13
Pavement Design and Materials     A. T. Papagiannakis and E. A. Masad
Copyright © 2008 John Wiley & Sons, Inc.



14 2 Pavement Traffic Loading

A number of additional traffic-related parameters are also impor-
tant in analyzing pavements, namely:

❑ Timing of axle passes (i.e., time of the day and season within
the year)

❑ Vehicle/axle speed
❑ Vehicle/axle lateral placement
❑ Tire inflation pressure
The timing of axle passes is important for both flexible and rigid

pavements, mainly because of the seasonality in pavement layer prop-
erties and the time dependency of thermal stresses, respectively. The
vehicle/axle speed is relevant mainly to flexible pavements, due to
the viscoelastic behavior of the asphalt concrete. The lateral vehi-
cle/axle weaving affects the lateral distribution of the accumulated
damage, hence is also pertinent to pavement deterioration. Tire
inflation pressure is relevant because it affects the contact pressure
between tires and pavement. A common assumption is that the
tire imprint has a circular shape and carries uniformly distributed
vertical stress that is equal to the tire inflation pressure, (i.e., it is
assumed that the tires are treadles and that the tire walls carry no
load). As a result, its radius a is given by:

a =
√

P
i π

(2.1)

where P is the vertical load carried by the tire, and i is the infla-
tion/contact pressure.

As described next, state-of-the-art traffic monitoring equipment
allows automated collection of all of these traffic data elements,
with the exception of vehicle/axle lateral placement and tire infla-
tion pressure. The following sections describe the basic features of
traffic-monitoring technology, the methodologies used for summa-
rizing the traffic load data for pavement analysis purposes, and the
need for load limits and their enforcement.

2.2 Traffic-Monitoring Technology

Traffic load data is collected by a combination of traffic data monitor-
ing systems, including automatic traffic recorders (ATR), automated
vehicle classifiers (AVC), and weigh-in-motion (WIM) systems. These
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systems are typically installed in the driving lanes and record data
at normal driving speeds. Static weigh scales, such as those installed
in truck inspection stations, are used for load enforcement, rather
than for data collection purposes.

2.2.1 Automated
Traffic Recorder

(ATR) Systems

ATRs are the least expensive traffic monitoring systems. They consist
of a variety of sensors, ranging from pneumatic tubes to radar and a
data acquisition system. The most common sensor in permanently
installed ATRs is the inductive loop (Figure 2.1). Inductive loops
are simple open-wire loops embedded near the pavement surface.
They experience inductive currents in response to the movement of
the metal mass of vehicles in their vicinity. The associated voltage
lasts from the time the front of a vehicle crosses the leading edge
of the loop until its rearmost crosses the downstream edge of the
loop. The duration of the voltage is related to two variables, namely
vehicle length and speed. Hence, single loops cannot be used to
differentiate vehicle types and simply serve as vehicle counters.
Vehicle counts are stored in a data acquisition box at the site.
The data can be manually retrieved or uploaded electronically to a
central data bank at regular intervals via telephone lines.

A number of alternative sensors have been introduced in ATR
applications, using acoustic, radar, and ultrasonic technologies.
These involve sensors placed overhead, rather than embedded into
the pavement, and are preferable where traffic congestion results in

Voltage

Time

Data Box 

Loop

Figure 2.1
Schematic of an ATR System and the Voltage Output of Its Inductive Loop
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variable vehicle speeds. Another advantage of such systems is that
they can be moved between locations to provide short-term traffic
count samples (e.g., 48 hours or 1 week) in a variety of locations
without interrupting the traffic for sensor installation.

Clearly, ATRs collect only a subset of the traffic data elements
needed for pavement analysis/design. Nevertheless, their low cost
allows installation of a considerable number of these systems
throughout a network of roads. This data, supplemented by AVC
and WIM data, provides estimates of the axle loads experienced in
multitude of locations throughout a road network.

2.2.2 Automated
Vehicle Classifier
(AVC) Systems

AVCs record vehicle volumes by vehicle classification. Vehicle clas-
sification is defined in terms of the number of axles by axle
configuration. The majority of state departments of transporta-
tion (DOTs) use a FHWA-established vehicle classification system
involving 13 vehicle classes (Table 2.1).

AVCs determine vehicle classification by detecting the number
of axles and their spacing. This is done through a combination of
vehicle and axle sensors. The most common configuration of AVC
involves two inductive loops and a single-axle sensor (Figure 2.2).
Two inductive loops allow calculation of vehicle speed as the ratio of
their spacing divided by the difference in loop trigger timing. Given
the vehicle speed, axle spacing is calculated from the trigger timing
of the axle sensor. Axle sensor operation is based on mechanical,
piezoelectric, or fiber-optic principles. A variety of manufacturers
supply such axle sensors (e.g., Dynax Corp., Measurement Specialties
Inc., and International Road Dynamics).

It should be noted that not all axle sensors can differentiate
between two and four tires per axle. As a result, not all AVCs can dis-
tinguish Class 3 from Class 5 vehicles, nor can identify nonsteering
truck axles on single tires. Furthermore, some unusual passen-
ger car-trailer configurations could be hard to distinguish from
some tractor-trailer combinations, (e.g., Class 8 vehicles). Another
source of classification error is the variation in vehicle speed while
passing an AVC system. Since this unavoidable under high-traffic
volumes (e.g., level of service D or E), classifying vehicles through
conventional AVC systems under these conditions is challenging.
Camera-based sensors used for general traffic data collection pur-
poses are emerging as potential AVC sensors. However, to date, no
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Table 2.1
FHWA Vehicle Classes (Ref. 16)

Class ID Sketch Description

1 Motorcycles

2 Passenger cars

3 Two-axle, four-tire light trucks

4 Buses

5 Two-axle, six-tire, single-unit trucks

6 Three-axle single-unit trucks

7 Four or more axle single-unit trucks

8 Four or fewer axle single-trailer trucks

9 Five-axle single-trailer trucks

10
Six or more axle single-trailer trucks

11
Five or fewer axle multitrailer trucks

12
Six-axle multitrailer trucks

13
Seven or more axle multitrailer trucks

Data Box

Axle Detector

Loops

Figure 2.2
Schematic of an AVC System
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Table 2.2
AVC System Accuracy Tolerances (Ref. 14)

Element Maximum Error

Unclassified Vehicles 2%
Misclassified Trucks 2%

software exists that can automatically process vehicle images for the
purpose of obtaining vehicle classes as defined in Table 2.1. Table
2.2 lists AVC system accuracy tolerances. Accuracy of AVC systems is
evaluated on the basis of manual vehicle classification data obtained
from several independent observers.

Clearly, although AVC data contains more information than ATR
data, it still lacks a data element crucial to the pavement analy-
sis/design process, namely the load of the axles.

2.2.3 Weigh-
in-Motion (WIM)
Systems

WIM technology expands on the information collected by AVCs by
providing the load of each axle passing over the system. WIMs typi-
cally consist of a combination of inductive loops for detecting vehicle
speed and one or several axle load sensors. Several technologies have
been used for axle load sensing, including load-cell-equipped plates,
strain-gauged plates, piezoelectric cables, quartz cables, fiber-optic
cables, and capacitance mats. The first three are the most com-
monly used in permanently installed systems. An example of a
load-cell-equipped plate WIM system is shown in Figures 2.3.

The common feature of WIM load sensors is their capability
to respond/recover quickly, allowing multiple closely spaced axles
to be weighed individually at highway speeds. The load-measuring
principle, however, varies considerably between sensors. Load cell
systems measure directly the resultant vertical force exerted on each
wheel path by passing axles (i.e., a mechanism prevents shear forces
from being transmitted to the load cell). WIM systems with load
cell sensors are marketed by International Road Dynamics (IRD).
Strain-gauged plate systems measure load from the response of strain
gauges attached to bending structural components supporting the
plates; hence, they are often referred to as bending-plate systems. WIM
systems equipped with bending plates are marketed by a number of
vendors, such as International Road Dynamics and Mettler/Toledo.
Piezoelectric WIM sensor come from two manufacturers, namely
Thermocoax and Measurement Specialties Inc. The Thermocax
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Figure 2.3
Example of a Load Cell WIM system (Courtesy IRD Inc.)

sensors, marketed under the trade name Vibracoax, are formed by
swaging/drawing a ceramic material sandwiched between a coaxial
brass central core and a brass outer sheath, resulting in a coaxial
circular section cable. The Measurement Specialties Inc. sensors are
formed using a flat braided cable core enveloped by a piezoelectric
copolymer extruded onto the outside of the braid. In both sensors,
a polarization technique is used to produce piezoelectric sensitivity,
whereby stress changes applied to the sensors generate a voltage
differential between outer sheath and core. This voltage signal is
electronically processed to yield the load of the axle that applied the
stress. (More information on the mechanical properties of these two
sensors and their laboratory and field performance can be found in
references 6 and 7, respectively.)

One of the inherent features of all these WIM technologies is
that they measure dynamic, rather than static, axle loads. Dynamic
axle loads are substantially different from their static values—that
is, those obtained with the vehicle stopped at a truck inspection
station. This is due to the dynamic interaction between vehicles
and pavement, which causes excitation of vehicle frame and axles.
The resulting dynamic axle loads depend on pavement roughness,
vehicle operating speed, and axle suspension type. Heavy truck
suspensions include a variety of multiple-leaf springs, air springs,
rubber springs, and torsion springs. Some of these suspensions are
equipped with shock absorbers, others derive damping through
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frictional or torsional action, while others are not dampened at all.
Quantifying these dynamic axle loads is important in understand-
ing WIM accuracy. This can be done using either measurements
onboard instrumented vehicles or simulation of vehicle dynamic
behavior, as described in the voluminous literature on this subject,
(e.g., see references 2, 15, 17). An example of dynamic axle load
measurements from an instrumented Class 9 vehicle (i.e., five-axle
semitrailer truck) is shown in Figure 2.4. These measurements were
obtained from the lead drive and the lead trailer tandem axles, which
were equipped with an air-spring and a rubber-spring suspension,
respectively9. It can be seen that the dynamic loads are substantially
different from the static loads of these axles, which amounted to
about 100 Kilonewtons (kN). The importance of this difference on
WIM measurements can be visualized by considering the width of
the axle load sensors. Load cell or bending plate sensors have a
width of about 0.6 meters, while piezoelectric cables have a width
of a mere 0.03 meters. At highway speeds, it takes a fraction of a
second to traverse such distances; hence, WIM sensors experience
only a short section of the dynamic load waveform exerted along the
length of the pavement. Figure 2.4 demonstrates this by including
the width of a WIM sensor plate drawn to scale.

The magnitude of the dynamic load variation can be quantified
by the coefficient of variation (CV ) (i.e., standard deviation divided
by the mean). Figure 2.5 shows the dependence of CV on vehicle
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Figure 2.5
Example of the Effect of Vehicle Speed on the CV of Dynamic-Axle Load

speed and suspension type. The pavement roughness in this figure is
indexed by the International Roughness Index (IRI ), a unit that will
be explained in detail in Chapter 9. In general, the dependence of
CV in percent on roughness R (IRI in m/km) and speed V (km/hr)
can be expressed as:

CV = V a Rb (2.2)
where the exponents a and b depend on suspension type. For the
experimental data given in reference 9, the values of these regression
constants are summarized in Table 2.3.

Example 2.1A five-axle semitrailer truck is used for evaluating the accuracy of a
WIM system. It is equipped with air-spring suspensions in both the
drive and trailer axles. Each of these tandem axles carries a static
load of 150 kN. The pavement roughness upstream from the WIM
system is 1.5 m/km on the IRI scale. Compute the expected range
in dynamic axle loads exerted on the pavement and, in turn, to the
WIM sensors at vehicle speeds of 60, 80, and 100 km/h.

Table 2.3
Regression Constants for Equation 2.2 (Data from Ref. 9)

Constant Air-Spring Suspension Rubber-Spring Suspension

a 0.346 0.456
b 0.798 0.728
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ANSWER

Using Equation 2.2 with the constants that correspond to the
air-spring suspension, and by substituting in a roughness of 1.5 m/km
and a speed of 60 km/h, gives:

CV = 600.346 1.500.798 = 5.7%

Similarly, for vehicle speeds of 80 and 100 km/h, the CV is
calculated as 6.3% and 6.8%, respectively. A coefficient of a variation
of 5.7 percentage suggests that the standard deviation in dynamic
load of individual axles 0.057 × 75 = 4.28 kN. Assuming that the
dynamic load is normally distributed, this suggests a range from
75 – 2 × 4.28 = 66.45 kN to 75 + 2 × 4.28 = 83.55 kN at a
95% confidence. Consequently, this is the anticipated range in WIM
measurements.

Several efforts have been made to establish WIM system accu-
racy with reference to dynamic rather than static loads. For this
purpose, the dynamic behavior of test trucks was established either
through onboard measurements or dynamic vehicle simulations,
(e.g., references 10,11, respectively). Although these approaches
give the true accuracy of WIM systems, they do not allow com-
puting static axle loads from WIM measurements (This would
require multiple WIM measurements and elaborate algorithms; e.g.,
reference 8). As a result, it is standard practice to establish WIM
accuracy with reference to static loads instead14. Axle dynamics
are reduced by specifying low pavement roughness in the 45-m
approach to the WIM sensors, and, where possible, weigh vehicles
at lower speeds. WIM accuracy is evaluated using a minimum of
two test trucks performing several runs over the system at each
of three vehicle speeds (i.e., minimum and maximum operating
speeds at a site and an intermediate speed). The static axle loads of
all these vehicles is established through static weighing using certi-
fied static scales. The percent error in individual measurements, e, is
defined as:

e = WIM − static
static

100 (2.3)

Calibration consists of adjusting the WIM output to achieve a
zero mean for the errors. WIM accuracy is defined in terms of the
probability that individual axle load measurement errors are within
prescribed limits (Table 2.4).
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Table 2.4
WIM System Accuracy Tolerances (Ref. 14)

Tolerance for 95% Probability of Conformity
Element Type I Type II Type III Type IV

Wheel Load ±25% - ±20% ≥2300 kg∗ ±100 kg
Axle Load ±20% ±30% ±15% ≥5400 kg ±200 kg
Axle Group Load ±15% ±20% ±10% ≥11300 kg ±500 kg
Gross Vehicle Weight ±10% ±15% ±6% ≥27200 kg ±1100 kg
Vehicle speed ±1.6 km/h
Axle spacing ±0.15 m

∗Lighter masses and associated loads are of no interest in enforcement.

Four types of WIM systems are distinguished in terms of their
operational and functional characteristics:

❑ Type I and Type II, which have the capability to collect wheel
load and axle load data, respectively, at vehicle speeds ranging
from 16 to 113 km/h.

❑ Type III, which has a traffic sorting function and operates
at vehicle speeds from 24 to 113 km/h. Type III systems are
installed on the approache ramps to truck inspection stations
to single out trucks that are likely to be over the legal load
limits, which in turn need to be weighed statically.

❑ Type IV is intended for load enforcement at vehicle speeds up
to 16 km/h.

WIM systems that meet the pavement roughness requirement, but
do not pass the evaluation test (i.e., their errors do not conform
to the limits specified in Table 2.4 for the intended WIM type),
are declared deficient. Given the variation in axle load dynamics
discussed earlier, it is obvious that a significant part of the error
ranges allowed in Table 2.4 is intended for accommodating axle
dynamics.

Example 2.2The load measurements shown in Table 2.5 were obtained from two
Class 9 test vehicles running over a Type I WIM system. Determine
whether this system meets ASTM accuracy tolerances in measuring
axle loads14. Compute the corresponding calibration factor.
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Table 2.5
Load Measurements (kN) for Evaluating a WIM System—Example 2.2

Static WIM WIM WIM WIM WIM
Load Pass 1 Pass 2 Pass 3 Pass 4 Pass 5

Test Vehicle 1
Steering 42.2 40.2 46.7 48.9 52.0 46.5
Drive, Axle 1 69.5 74.0 69.6 72.0 69.8 72.0
Drive, Axle 2 71.0 72.2 70.0 71.2 71.0 71.6
Trailer, Axle 1 65.6 65.0 68.0 66.5 66.8 67.0
Trailer, Axle 2 67.0 66.7 66.7 66.0 67.1 65.2
GVW 315.3 318.1 320.9 324.6 326.7 322.3
Test Vehicle 2
Steering 43.8 42.0 45.0 44.0 44.5 42.8
Drive, Axle 1 50.0 51.1 53.3 49.2 50.3 51.5
Drive, Axle 2 49.9 52.0 52.3 50.0 49.0 50.0
Trailer, Axle 1 67.4 65.6 64.4 69.7 67.5 67.5
Trailer, Axle 2 66.8 65.0 62.0 71.3 64.0 67.0
GVW 277.9 275.7 277.1 284.2 275.3 278.8

ANSWER

The errors in the WIM measurements of steering axles and tandem
axles, calculated per Equation 2.3, is shown in Table 2.6. It can be
seen that only one of the axle load measurements violates the limits
given in Table 2.4 for a Type I WIM system (i.e., the steering axle
measurement of the fourth pass of the first test vehicle has an error
of +23.6%, which is larger than the prescribed +20%). This is one
violation in 50 axle load measurements, which gives a conformity
of 98%. The system exhibits no GVW measurement violations.
In conclusion, this system passes the Type I requirements. The
calibration factor is calculated, according to the ASTM standard14

by averaging the errors in axle load measurements (Table 2.6). The
result is 1.6%, which means that the output of the WIM system needs
to be multiplied by 0.984 to produce zero average errors.

2.3 Summarizing Traffic Data for
Pavement Design Input

In practice, traffic data is collected using a combination of traffic-
monitoring technologies, including ATR, AVC, and WIM systems
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Table 2.6
WIM Errors (Percent) Calculated for the Data Shown in Table 2.5

WIM WIM WIM WIM WIM
Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Average

Test Vehicle 1
Steering −4.79 10.53 15.82 23.16 10.13 10.97
Drive, Axle 1 6.47 0.14 3.60 0.36 3.60 2.83
Drive, Axle 2 1.72 −1.41 0.21 0.00 0.85 0.27
Trailer, Axle 1 −0.85 3.73 1.44 1.90 2.20 1.68
Trailer, Axle 2 −0.50 −0.50 −1.49 0.15 −2.76 −1.02
GVW 0.89 1.79 2.94 3.61 2.21 —
Test Vehicle 2
Steering −4.06 2.79 0.51 1.65 −2.23 −0.27
Drive, Axle 1 2.22 6.67 −1.60 0.50 3.00 2.16
Drive, Axle 2 4.23 4.83 0.22 −1.78 0.22 1.55
Trailer, Axle 1 −2.80 −4.45 3.34 0.08 0.01 −0.76
Trailer, Axle 2 −2.69 −7.19 6.74 −4.19 0.30 −1.41
GVW −0.81 −0.30 2.26 −0.96 0.30 —

Overall Average 1.6

distributed over the roadway network. Some of these systems are
permanently installed, to record data continuously, while others
are installed temporarily at a location, to record data over shorter
periods of time and then arc moved to other locations. This allows
expanding the area coverage of the traffic data collection with
limited traffic-monitoring resources. Where data is collected over
short periods of time (e.g., 48 hours or several weeks), appropriate
factors are used to calculate the traffic volumes and axle loads over
the desired interval (e.g., yearly)16. This data needs to be summarized
in a format that can be readily input to the pavement design process.
The methods used for this purpose are described next.

2.3.1 AASHTO
1986/1993

Pavement Design
Approach

The 1986/1993 American Association of State Highway and Trans-
portation Officials (AASHTO) Pavement Design Guide1 utilizes an
aggregate approach for handling traffic load input. It assigned
dimensionless pavement damage units to each axle configuration
and load magnitude, referred to as equivalent single-axle load
(ESAL) factors. The origin of the ESAL concept is traced back to the
AASHO Road Test conducted in the 1950s. As described in Chapters
11 and 12, this test involved observations of the performance of
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pavements subjected to accelerated (i.e., time-compressed) loading.
The reference axle configuration/load for ESAL calculation was a
single axle on dual tires inflated to 586 kPa (i.e., 85 lbs/in2) carrying
a load of 80 kN (i.e., 18,000 lbs). Pavement life was defined in terms
of the number of load repetitions that cause pavement serviceabil-
ity failure (i.e., a terminal value for the Present Serviceability Index
(PSI ) of either 2.0 or 2.5, as described in Chapter 9). Mathematically,
the ESAL of an axle of load x is defined as:

ESALx = ρ80

ρx
(2.4)

where ρ80 and ρx are the observed number of repetitions to failure
from the 80 kN reference axle and from the axle of load x, respec-
tively. For a given axle configuration and load, the ESAL factors
depend on the thickness of the pavement layers and the terminal
serviceability selected. For flexible pavements, the thickness of the
pavement layers is aggregated into the Structural N umber (SN ),
defined as:

SN = a1 D1 + a2 m2 D2 + a3 m3 D3 (2.5)

where, D1, D2, and D3 are the layer thicknesses of the asphalt
concrete (inches), base, and subbase, respectively, and m2, and
m3 are the drainage coefficients for the base and the subbase,
respectively. The latter depend on the length of time to drain (see
Table 10.1) and the percentage of time the pavement layer is exposed
to moisture levels approaching saturation. The recommended values
for the drainage coefficients are given in Table 2.7.

Table 2.7
Drainage Coefficients for Unbound Base and Subbase Layers (Ref. 1 Used
by Permission)

Percent of Time Layer Is Approaching Saturation

Drainage Quality∗ < 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
Fair 1.25–1.15 1.15–1.05 1.00–0.80 0.80
Poor 1.15–1.05 1.05–0.80 0.80–0.60 0.60
Very Poor 1.05–0.95 0.95–0.75 0.75–0.40 0.40

∗See Table 10.1.
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The SN layer coefficients ai are estimated from the remain-
ing pavement life or the in situ pavement layer elastic moduli
back-calculated from surface deflection measurements, as will be
described in Chapters 13 and 9, respectively. Typically, layer coeffi-
cient values of 0.44, 0.14, and 0.11 are used for new asphalt concrete,
unbound base and unbound subbase layers, respectively.

Tables 2.8 and 2.9 list flexible pavement ESAL factors for single
and tandem axles, respectively. Tables 2.10 and 2.11 list rigid pave-
ment ESAL factors for single and tandem axles, respectively. A
complete list of ESAL factors for different axle loads/configurations
can be found in Reference 1. These factors are for truck axles
on dual tires. It is accepted that truck axles on single tires cause
more pavement damage than identically loaded axles on dual tires.
It is typically assumed that axles on single tires must carry about
10% lower load than axles on dual tires to cause the same pave-
ment damage12. Accordingly, the ESAL factor of axles on single
tires can be obtained from the dual-tire ESAL tables (Tables 2.8 to

Table 2.8
Flexible Pavement ESAL Factors for Single Axles on Dual Tires:
Terminal Serviceability of 2.0 (Adapted from Ref. 1 Used by
Permission)

Axle Pavement SN
Load
(kN) 1 2 3 4 5 6

9 .0002 .0002 .0002 .0002 .0002 .0002
18 .002 .003 .002 .002 .002 .002
27 .009 .012 .011 .010 .009 .009
36 .030 .035 .036 .033 .031 .029
44 .075 .085 .090 .085 .079 .076
53 .165 .177 .189 .183 .174 .168
62 .325 .338 .354 .350 .338 .331
71 .589 .598 .613 .612 .603 .596
80 1.00 1.00 1.00 1.00 1.00 1.00
89 1.61 1.59 1.56 1.55 1.57 1.59
98 2.49 2.44 2.35 2.31 2.35 2.41

107 3.71 3.62 3.43 3.33 3.40 3.51
116 5.36 5.21 4.88 4.68 4.77 4.96
124 7.54 7.31 6.78 6.42 6.52 6.83
133 10.4 10.0 9.2 8.6 8.7 9.2
142 14.0 13.5 12.4 11.5 11.5 12.1
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Table 2.9
Flexible Pavement ESAL Factors for Tandem Axles on Dual Tires:
Terminal Serviceability of 2.0 (Adapted from Ref. 1 Used by
Permission)

Axle Pavement SN
Load
(kN) 1 2 3 4 5 6

44 .007 .008 .008 .007 .006 .006
53 .013 .016 .016 .014 .013 .012
62 .024 .029 .029 .026 .024 .023
71 .041 .048 .050 .046 .042 .040
80 .066 .077 .081 .075 .069 .066
89 .103 .117 .124 .117 .109 .105
98 .156 .171 .183 .174 .164 .158

107 .227 .244 .260 .252 .239 .231
116 .322 .340 .360 .353 .338 .329
124 .447 .465 .487 .481 .466 .455
133 .607 .623 .646 .643 .627 .617
142 .810 .823 .843 .842 .829 .819
151 1.06 1.07 1.08 1.08 1.08 1.07
160 1.38 1.38 1.38 1.38 1.38 1.38
169 1.76 1.75 1.73 1.72 1.73 1.74
178 2.22 2.19 2.15 2.13 2.16 2.18

2.11) after multiplying the load by a factor of 1.1. The accumulated
damaging effect of the variety of axles passing over a pavement
section is calculated simply by adding the ESAL factors of these
axles.

Example 2.3 The following axle load measurements were obtained from weighing
a Class 9 vehicle empty and full (see Figure 2.6). Compute the total
ESALs caused by one pass of this vehicle, and the pavement-related
efficiency of this vehicle in terms of kN of cargo carried per ESAL.
Given a flexible pavement with an SN of 4 and a terminal PSI of 2.0.

ANSWERS

The ESAL values corresponding to this vehicle are tabulated in
Table 2.12. The kN of cargo carried per ESAL is 204.6/2.39 = 85.6
kN/ESAL. This is a good indicator of the relative cargo-carrying
efficiency of various truck configurations with reference to the
pavement damage caused.
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Table 2.10
Rigid Pavement ESAL Factors for Single Axles on Dual Tires: Terminal Serviceability of
2.0 (Adapted from Ref. 1 Used by Permission)

Axle Slab Thickness (mm)
Load
(kN) 152 178 203 229 254 279 305 330 356

9 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0002
18 .002 .002 .002 .002 .002 .002 .002 .002 .002
27 .011 .010 .010 .010 .010 .010 .010 .010 .010
36 .035 .033 .032 .032 .032 .032 .032 .032 .032
44 .087 .084 .082 .081 .080 .080 .080 .080 .080
53 .186 .180 .176 .175 .174 .174 .173 .173 .173
62 .353 .346 .341 .338 .337 .336 .336 .336 .336
71 .614 .609 .604 .601 .599 .599 .598 .598 .598
80 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
89 1.55 1.56 1.57 1.58 1.58 1.59 1.59 1.59 1.59
98 2.32 2.32 2.35 2.38 2.40 2.41 2.41 2.41 2.42

107 3.37 3.34 3.40 3.47 3.51 3.53 3.54 3.55 3.55
116 4.76 4.69 4.77 4.88 4.97 5.02 5.04 5.06 5.06
124 6.58 6.44 6.52 6.70 6.85 6.94 7.00 7.02 7.04
133 8.92 8.68 8.74 8.98 9.23 9.39 9.48 9.54 9.56
142 11.9 11.5 11.5 11.8 12.2 12.4 12.6 12.7 12.7

2.3.2 NCHRP
1-37A Pavement
Design Approach

The load input to the NCHRP 1-37A pavement design approach5

is in terms of axle load distributions (i.e., load spectra) by axle
configuration. This approach is a significant improvement over
the aggregate ESAL-based method described previously, because
it allows a mechanistic pavement design approach. As described
extensively in Chapters 11 and 12, this involves computing the pave-
ment structural responses to load, (i.e., stresses/strains), translating
them into damage, and accumulating the damage into distresses,
which reduce pavement performance over time. An example of load
spectra is shown in Figure 2.7.

In general, this type of traffic data is assembled by combining
data from WIM, AVC, and ATR systems distributed throughout a
roadway network. Table 2.13 outlines the four traffic input levels
distinguished by the NCHRP 1-37A approach.

❑ Level 1 input requires project/lane-specific data on volume/
classification/axle load distribution, which can be collected
only with a WIM system operated at the design site over
extended periods of time.



30 2 Pavement Traffic Loading

Table 2.11
Rigid Pavement ESAL Factors for Tandem Axles on Dual Tires: Terminal Serviceability
of 2.0 (Adapted from Ref. 1 Used by Permission)

Axle Slab Thickness (mm)
Load
(kN) 152 178 203 229 254 279 305 330 356

44 .014 .013 .013 .012 .012 .012 .012 .012 .012
53 .028 .026 .026 .025 .025 .025 .025 .025 .025
62 .051 .049 .048 .047 .047 .047 .047 .047 .047
71 .087 .084 .082 .081 .081 .080 .080 .080 .080
80 .141 .136 .133 .132 .131 .131 .131 .131 .131
89 .216 .210 .206 .204 .203 .203 .203 .203 .203
98 .319 .313 .307 .305 .304 .303 .303 .303 .303

107 .454 .449 .444 .441 .440 .439 .439 .439 .439
116 .629 .626 .622 .620 .618 .618 .618 .618 .618
124 .852 .851 .850 .850 .850 .849 .849 .849 .849
133 1.13 1.13 1.14 1.14 1.14 1.14 1.14 1.14 1.14
142 1.48 1.48 1.49 1.50 1.51 1.51 1.51 1.51 1.51
151 1.90 1.90 1.93 1.95 1.96 1.97 1.97 1.97 1.97
160 2.42 2.41 2.45 2.49 2.51 2.52 2.53 2.53 2.53
169 3.04 3.02 3.07 3.13 3.17 3.19 3.20 3.20 3.21
178 3.79 3.74 3.80 3.89 3.95 3.98 4.00 4.01 4.01

Empty (kN): 53.4 53.4 44.5

Full (kN): 151.3 151.3 53.4

Figure 2.6
Example 2.3; ESAL Factor Calculations

❑ Level 2 input requires project/lane-specific data on traffic vol-
umes by vehicle class, combined with representative/regional
axle load distribution data—although it is possible with a site/
lane-specific installed AVC system, combined with WIM instal-
lations on roads of similar truck traffic composition as the
design site.

❑ Level 3 input requires site/lane-specific data on traffic volumes
and an estimate of the percentage of trucks, which is also
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Table 2.12
ESAL Calculations for Example 2.3

ESAL Factor Empty Full

Steering (from Table 2.8) 0.140 0.23
Drive Tandem (from Table 2.9) 0.014 1.08
Trailer Tandem (from Table 2.9) 0.014 1.08
Total 0.168 2.39

possible with a site/lane-specific ATR and manual truck per-
centage observations, combined with regional AVC and WIM
data.

❑ Level 4 input is similar to the Level 3 input, except that national
representative or default AVC and WIM data is utilized, were
instead of regional data.

The accuracy and the time coverage of the data in each level
defines the confidence in the computed axle load spectra, which in
turn defines the reliability in pavement design. Table 2.14 summa-
rizes the traffic data elements required as input to the NCHRP 1-37A
approach and the flow of calculations carried out by the software in
assembling the axle load spectra information by axle configuration
and month of the year. The major variables utilized are defined next.

The average annual daily truck traffic for vehicle class c (AADTTc)
is computed from AVC data as16:

AADTTc = 1
7

7∑
i=1

⎡
⎣ 1

12

12∑
j=1

(
1
n

n∑
k=1

AADTTijkc

)⎤
⎦ (2.6)

where:

AADTT ijkc = average daily traffic volume for vehicle class c, for day
k of day of the week (DOW) i, and month j.

i = DOW, ranging from 1 to 7 for Monday to Sunday,
respectively.

j = month of the year ranging from 1 to 12 for January to
December, respectively.

n = number of times data from a particular DOW is
available for computing the average in a given month
(i.e., 1, 2, 3, 4, or 5).
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Tandem Axles; 53-1002, 1992
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Figure 2.7
Annual Axle Load Spectra Example (Ref. 4)
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Table 2.13
Traffic Input Levels in the NCHRP 1-37A Approach (Ref. 5)

Traffic Input Level
Data Element/Input Variables 1 2 3 4

WIM Data–Site/Segment-Specific x
WIM Data—Regional Representative Weight Data x x
AVC Data–Site/Segment-Specific x x
AVC Data—Regional Represent. Truck Volume Data x
ATR—Site-Specific x x

Table 2.14
Traffic Input Elements and Flow of Calculations in Assembling Axle Load Spectra

Traffic
Input Input
Component Main Data Element Array Size Calculation and Result

1 Average annual daily truck
traffic (AADTT) in the
design lane

1 —

2 Distribution of trucks by
class (i.e., FHWA classes
4–13).

1 × 10 1 × 2 = annual average
daily number of trucks by
class

3 Monthly adjustment factors
(MAF) by truck class

12 × 10 1 × 2 × 3 = adjusted
average daily number of
trucks by class, by month

4 Number of axles by axle
configuration, (single,
tandem, triple, quad) by
truck class

4 × 10 1 × 2 × 3 × 4 = average
number of axles by axle
configuration, by month

5 Load frequency distribution
(%) by axle configuration,
month, and truck class

4 × 12 × 10 × 41 1 × 2 × 3 × 4 × 5 =
number of axles by load
range, by axle
configuration, by month

The monthly adjustment factor for month j (MAFj) is computed
using16:

MAFj = AADTTc

VOLc j
(2.7)

where, AADTc = average annual daily truck traffic volume for vehicle
class c, and VOLcj = average annual daily truck traffic volume
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for vehicle class c and month j that can be obtained from AVC
data.

It should be noted that the NCHRP 1-37A approach assumes
a uniform traffic distribution within each month and a constant
distribution of the hourly traffic within each day. It also accepts a
single tire inflation as input and utilizes it for all axle configurations.

2.4 Load Limits and Enforcement

The need for load enforcement rises from the highly nonlinear
relationship between axle load and pavement damage. This can be
illustrated by observing the change in ESAL factors as a function of
axle load, as shown for example in Figure 2.8 for tandem axles on a
flexible pavement with a SN of 4.

In addition to this empirical evidence, there is indisputable mech-
anistic proof that pavement damage is a highly nonlinear function
of axle load. As discussed in Chapters 11 and 12, asphalt concrete
fatigue, for example, depends in a highly nonlinear function on
strain level. Similar considerations apply not only to pavements but
also to bridges. Obviously, there is a fundamental need for protect-
ing the roadway infrastructure. This is done by imposing load limits
on commercial vehicles, and enforcing them. On the interstate sys-
tem, minimum load limits are set by the federal government13 and
are 89 kN (20,000 lbs), 151 kN (34,000 lbs) for single and tandem
axles, respectively, and 356 kN (80,000 lbs) for gross vehicle weight
(GVW). In addition, the total load limit, W (kN), allowed on N
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Figure 2.8
Relationship between ESAL Factors and Axle Load (Ref. 1)
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consecutive axles is given by:

W = 2.224
(

0.3048 LN
N − 1

+ 12 N + 36
)

(2.8)

where L is the distance (m) between the extreme axles in this group
of N . This formula makes axle spacing allowances for load and
is designed to limit the number of heavy axles that can be simul-
taneously carried by bridges—hence its name ‘‘bridge formula.’’
Note that state governments may impose in their jurisdictions dif-
ferent axle loads than the federal limits given here. States are also
responsible for administrating a system of special permits and fees
for commercial loads that exceed those legal limits but cannot be
subdivided. It is important to understand that the need to protect
the public investment in the roadway infrastructure is coupled with
the need for cost-effective transportation of goods on the highway
network. The latter is directly related to the amount of cargo that
can be carried by commercial vehicles. Load limit regulations and
the associated legislation are continuously evolving in response to
these two needs.

Example 2.4The weight and dimension measurements shown in Figure 2.9 were
obtained for two commercial vehicles at a truck inspection station.
Determine whether they are legally loaded with reference to axle
load limits, GVW limits, and the bridge formula.

(a)

(b)

1.2 m 7.2 m 

148.3 kN 128.2 kN
63.4 kN

1.2 m 4.2 m

1.3 m 8.2 m 4.2 m 

50.2 kN
92.5 kN 53.2 kN

1.3 m

52 kN

3.2 m 

Figure 2.9
Weight and Dimension Measurements for Example 2.4
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ANSWER

Both vehicles meet the axle group limits—that is, their single axles
carry less than 89 kN and their tandem axles carry less than 151 kN.
They also satisfy the GVW requirement, (i.e., their GVW is 339.9 kN
and 247.9 kN, respectively). Test the compliance of vehicle (a) with
respect to the bridge formula, (i.e., Equation 2.8), starting with the
three axles of the tractor:

W = 2.224
(

0.3048 5.4 3
3 − 1

+ 12 3 + 36
)

= 165.6 kN

which is lower than actual 191.6 kN carried by the tractor. As a result,
vehicle (a) is in violation of the bridge formula, hence is overloaded,
(i.e., tractor is simply too short for the load it carries).

Test the compliance of vehicle (b) to the bridge formula, begin-
ning with the load of the three tractor axles:

W = 2.224
(

0.3048 9.5 3
3 − 1

+ 12 3 + 36
)

= 169.8 kN

which is higher than the 145.7 kN carried. Test next the first four
axles:

W = 2.224
(

0.3048 13.7 4
4 − 1

+ 12 4 + 36
)

= 199.2 kN

which is higher than the 197.7 kN carried. Test next all six axles:

W = 2.224
(

0.3048 18.2 6
6 − 1

+ 12 6 + 36
)

= 255 kN

which is higher than the total load of 247.9 kN. Finally, test the last
three axles of the vehicle:

W = 2.224
(

0.3048 4.5 3
3 − 1

+ 12 3 + 36
)

= 164.7 kN

which is higher than the 102.2 kN carried by these axles. In conclu-
sion, vehicle (b) passed all load limit requirements.

The enforcement of these load limits is state jurisdiction. It
is carried out at truck inspection stations equipped with static
weigh scales, and is typically administrated by the highway patrol.
High-speed WIM systems have not been used for load enforcement
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purposes in North America, because in-motion axles can substan-
tially deviate from static load due to dynamics, as discussed earlier.
Their role in load enforcement is, therefore, solely for sorting trucks
as they approach truck inspection stations. Sorting WIM systems
identify trucks that are potentially violating axle load limits or the
bridge formula. Only these trucks need to be pulled off the traffic
stream for static weighing; the rest can proceed without stopping.

Truck inspection stations can be augmented by incorporating
technology for the automatic identification of commercial vehicles.
This facilitates checking the credentials of the carrier and the
type of cargo being carried. Such systems consist of transponders
onboard the vehicles and roadside antennas that record the unique
numbers being transmitted. They allow the automated clearance
of commercial vehicles through truck inspection stations without
stopping. A number of such systems are in operation across the
United States (e.g., Oregon’s Green Light).
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Problems

2.1 Compute the ESAL factor for the two vehicles shown in Figure
2.9, given a flexible pavement with an SN of 4 and a terminal
serviceability of 2.0.

2.2 Compute the expected range in the dynamic axle loads of
the tandem axles of a five-axle semitrailer truck running at
70 km/h on a road with an IRI roughness of 2.2 m/km at 90%
confidence level. Its tractor and trailer axles weigh 150 and
140 kN, and are equipped with air and rubber suspensions,
respectively.

Table 2.15
Load Measurements (kN) for Evaluating a WIM System—Problem 2.4

Static WIM WIM WIM WIM WIM
Load Pass 1 Pass 2 Pass 3 Pass 4 Pass 5

Test Vehicle 1
Steering 45.9 38.2 51.3 43.3 50.1 46.5
Drive, axle 1 70.2 74.0 60.3 75.3 58.2 48.9
Drive, axle 2 75.3 68.3 78.2 81.3 60.2 80.9
Trailer, axle 1 69.7 60.0 58.2 66.5 48.3 67.0
Trailer, axle 2 65.4 55.3 45.3 42.3 67.1 65.2
GVW 326.5 295.8 293.3 308.7 283.9 308.5
Test Vehicle 2
Steering 43.2 38.0 45.0 44.0 44.5 42.8
Drive, axle 1 62.3 51.1 68.9 70.3 48.3 55.8
Drive, axle 2 63.2 49.3 52.3 78.3 55.0 49.9
Trailer, axle 1 69.3 65.6 64.4 69.7 67.5 67.5
Trailer, axle 2 70.2 65.0 62.0 71.3 64.0 67.0
GVW 308.2 269.0 292.6 333.6 279.3 283.0

135 kN

108 kN
68 kN

1.5 m 12.5 m 3.5 m1.3

Figure 2.10
Weight and Dimension Measurements for Problem 2.5
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2.3 For the vehicle in question 2 operating on the same road,
estimate the maximum operating speed that can be allowed if
the largest range in the axle dynamics desired is ± 20 kN at a
confidence of 90%.

2.4 The load measurements shown in Table 2.15 were obtained
from two Class 9 test vehicles running over a Type II WIM
system. Determine whether this system meets ASTM accu-
racy tolerances in measuring axle loads, and compute the
corresponding calibration factor.

2.5 Determine if the vehicle shown in Figure 2.10 is legally loaded.



3
Characterization
of Pavement
Subgrades and
Bases

3.1 Introduction

The properties of the base/subbase and subgrade layers play a vital
role in the structural integrity and performance of pavements. In
flexible pavements, the base and subbase layers are structural compo-
nents that need to provide sufficient strength, while reducing stresses
to levels that can be sustained by the subgrade. In rigid pavements,
the base layer is used for leveling and structural strengthening of
weak subgrades. Furthermore, properly constructed base/subbase
layers can provide internal drainage, while preventing water ingress
into the subgrade. The properties of the subgrade and base lay-
ers can be improved through compaction or chemical stabilization
under controlled moisture conditions.

3.2 Mechanical Behavior

Granular base/subbase layers exhibit an elastoplastic behavior in
response to the loading and unloading conditions imposed by traffic
loads. Upon unloading, this entails an elastic (i.e., recoverable) and
a plastic (i.e., permanent) deformation components. This behav-
ior can be described with the aid of the ‘‘shakedown’’ theory, as

41Pavement Design and Materials     A. T. Papagiannakis and E. A. Masad
Copyright © 2008 John Wiley & Sons, Inc.
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modified by Werkmeister et al. and illustrated in Figure 3.1.28 At
small stresses, the behavior can be purely elastic, whereby no plastic
strain develops upon unloading. In this purely elastic response, the
loading and unloading paths are the same, and there is no shift in the
horizontal direction, indicating that the energy input in deforming
the solid grains is released upon unloading. However, if the applied
load increases, the material begins to develop small levels of per-
manent strain over a few cycles. Nevertheless, subsequent cycles at
the same strain level yield no additional plastic deformation (Figure
3.1). This response is referred to as elastic shakedown. The permanent
strain under these conditions is small, which is attributed to lim-
ited slipping of particles and changes in density, while the material
adjusts to the applied loads. In a laboratory experiment, this perma-
nent strain can take place as a result of speciman conditioning and
adjusting under applied loads. The elastic shakedown is shown in
Figure 3.1 by a linear stress-strain relationship in which the loading
and unloading paths coincide.
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Figure 3.1
Illustration of the Granular Material Response under Cyclic Loading, Based on Shake-
down Theory (Ref. 28)
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Further increases in the applied loads cause a plastic shakedown
behavior. In this behavior, the aggregate develops plastic strain
higher than that in the elastic shakedown region. After a certain
number of cycles, the plastic strain deformation development ceases.
The stress level at which this condition is achieved is referred to
as the plastic shakedown limit. In many aggregate materials, plastic
strain does not stop at the plastic shakedown limit, but continues to
develop at a constant rate. This region has been referred to by Werk-
meister et al. as the ‘‘plastic creep region.’’28 It is attributed to the
gradual and low-level abrasion of the aggregates. Soils in the plastic
shakedown and plastic creep regions experience a constant level of
resilient (elastic) strain. The last region in Figure 3.1 illustrates the
response of soil that experiences plastic strain at an increasing rate
until complete failure. In this range, aggregates experience signif-
icant crushing, abrasion and breakdown.28 Figure 3.2 summarizes
the plastic strain development as a function of loading cycles that
correspond to regions 2 to 5 identified in Figure 3.1.

3.3 Resilient Response

Pavement design methods commonly assume that the response of
granular unbound bases/subbases and subgrades involves strains
sufficiently small to correspond to the regions 2 and 3 identified
in Figures 3.1 and 3.2. Accordingly, their modulus is assumed
adequately described by the elastic-only component of the response,
referred to as the resilient modulus. Some of the design methods

Permanent Strain

Number of Cycles

(2)

(3)

(4)

(5)

Figure 3.2
Plastic Strain Development for the Different Regions Shown in Figure 3.1
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assume the resilient modulus to be constant (linear stress-strain
behavior), while others express it as a function of stress level. It is
typically assumed that the mechanical properties of the unbound
layers are isotropic (i.e., direction-independent). In such a case, the
elastic response is described by only the elastic modulus and the
Poisson’s ratio.

The resilient or elastic properties of unbound layers are deter-
mined using repeated load triaxial tests. Consider a cylindrical
specimen that is subjected to a confined triaxial stress state under
a constant confinement and a dynamic axial compressive load. In
this case, the confining stress in the radial direction represents the
minor and intermediate principal stresses, while the vertical stress
is the major principal stress. The measured modulus is defined as
the ratio of the applied deviatoric stress (axial stress minus the
radial stress) divided by the resilient strain. The resilient modulus
Mr and the Poisson’s ratio μ are defined by Equations 3.1 and 3.2,
respectively:

Mr = �(σ1 − σ3)
ε1,r

(3.1)

μ = −ε3,r

ε1,r
(3.2)

where, σ 1 is the major principal stress, σ 3 is the minor principal
stress, ε1,r is the major principal resilient strain, and ε3,r is the minor
principal resilient strain. The resilient modulus can be used as input
to layer elastic analysis models to calculate the pavement structural
response to wheel loads. As a result, it is an essential input to the
structural design of pavement structures. The response of a granular
material under one cycle of loading is shown in Figure 3.3. Tables 3.1
and 3.2 list resilient moduli and Poisson’s ratio values, respectively,
for unbound granular and subgrade soil materials recommended
by NCHRP study 1–37A.30 Subgrade soils are classified according to
the AASHTO and the Unified Soil Classification system (USCs).

3.3.1 Factors
Affecting the
Resilient
Properties

Lekarp et al.12 provide a review of the loading and material factors
that influence the resilient response of unbound layers. These factors
are summarized in the following subsect.

STRESS LEVEL

The resilient modulus of granular materials used in base and subbase
layers is typically assumed to be a function of the confining stress σ 3,
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Response of Granular Materials under an Applied Load

or the sum of the principal stresses or bulk stress θ , as expressed in
Equations 3.3 and 3.4.

Mr = k1Pa

(σ3

Pa

)k2
(3.3)

Mr = k1Pa

( θ

Pa

)k2
(3.4)

The atmospheric pressure constant is used to eliminate the influ-
ence of the units of pressure on the calculated resilient modulus.
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Table 3.1
Typical Resilient Modulus Values for Unbound Granular and Subgrade
Materials at Optimum Moisture Content (Ref. 30)

Material Classification Mr Range (lbs/in2) Typical Mr(lbs/in2)

A-1-a 38,500–42,000 40,000
A-1-b 35,500–40,000 38,000
A-2–4 28,000–37,500 32,000
A-2–5 24,000–33,000 28,000
A-2–6 21,500–31,000 26,000
A-2–7 21,500–28,000 24,000
A-3 24,500–35,500 29,000
A-4 21,500–29,000 24,000
A-5 17,000–25,500 20,000
A-6 13,500–24,000 17,000
A-7–5 8,000–17,500 12,000
A-7–6 5,000–13,500 8,000
CH 5,000–13,500 8,000
MH 8,000–17,500 11,500
CL 13,500–24,000 17,000
ML 17,000–25,500 20,000
SW 24,000–33,000 28,000
SW-SC 21,500–31,000 25,500
SW-SM 24,000–33,000 28,000
SP-SC 21,500–31,000 25,500
SP-SM 24,000–33,000 28,000
SC 21,500–28,000 24,000
SM 28,000–37,500 32,000
GW 39,500–42,000 41,000
GP 35,500–40,000 38,000
GW-GC 28,000–40,000 34,500
GW-GM 35,500–40,500 38,500
GP-GM 31,000–40,000 36,000
GC 24,000–37,500 31,000
GM 33,000–42,000 38,500

Hicks and Monismith6 found that the resilient modulus is highly
influenced by confining pressure, but to a lesser extent by the devi-
atoric stress. Figure 3.4 shows the relation between the bulk stress
and resilient modulus at different values of confinement.

The resilient modulus has also been described as a function of
both the confining pressure and the deviatoric stress, as shown
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Table 3.2
Typical Poisson’s Ratio Values for Unbound Granular and Subgrade
Materials at Optimum Moisture Content (Ref. 30)

Material Description μ (Range) μ (Typical)

Clay (saturated) 0.4–0.5 0.45
Clay (unsaturated) 0.1–0.3 0.2
Sandy clay 0.2–0.3 0.25
Silt 0.3–0.35 0.325
Dense sand 0.2–0.4 0.3
Coarse-grained sand 0.15 0.15
Fine-grained sand 0.25 0.25
Bedrock 0.1–0.4 0.25
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Example of the Correlation between the Resilient Modulus (Mr) and Confining Stress
(σ 3) (Ref. 6)

in Equation 3.5.17,26

Mr = k1Pa

( θ

Pa

)k2
(σd

Pa

)k3
(3.5)

where σ d = σ 1 − σ 3 is the deviatoric stress. The coefficient k2
is positive, indicating that an increase in confinement causes an
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increase in the modulus, while the coefficient k3 is negative, indi-
cating that an increase in the deviatoric stress causes a reduction
in the resilient modulus. Equation 3.5 is applicable to the triaxial
test, where σ 2 is equal to σ 3. For the three-dimensional case in a
pavement structure, σ 2 is not necessarily equal to σ 3; the deviatoric
stress is replaced with the octahederal stress, as follows:

Mr = k1Pa

( θ

Pa

)k2
(τoct

Pa

)k3
(3.6)

where,

τoct = 1
3

√
(σ1 − σ3)2 + (σ2 − σ3)2 + (σ1 − σ2)2 (3.7)

For the triaxial case in which σ 2 = σ 3, τoct =
√

2
3 σd . The work by

Uzan26 has shown that the decrease in resilient modulus with an
increase in deviatoric stress occurs when the ratio of the major prin-
cipal stress to minor principal stress is lower than 2 or 3 depending
on the material type. The experimental measurements by Hicks
and Monismith6 were conducted at a ratio higher than 2, where a
dense granular material would experience dilation and the resilient
modulus is a function primarily of the confining pressure (θ).

The resilient modulus of fine-grained soils or cohesive soils is
usually described by Equation 3.8 or 3.9.

Mr = k1Pa

(σd

Pa

)k2
(3.8)

Mr = k1Pa

(τoct

Pa

)k2
(3.9)

In these Equations, the k2 value is negative, indicating that an
increase in deviatoric stress causes a reduction in the resilient
modulus.

COMPACTION AND AGGREGATE STRUCTURE

Several experimental studies have shown that the unbound granular
layers exhibit cross-anisotropic properties. This behavior is caused by
the preferred orientation of aggregates in the unbound layers, due
partially to aggregate shape and compaction forces. This results in
base and subbase layers that are stiffer in the vertical direction than in
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the horizontal direction. The main advantages of using anisotropic
properties are to describe the dilative elastic behaviour of unbound
layers and to reduce the unrealistically large tensile stresses predicted
in the granular bases using isotropic models11,16,25.

In the anisotropic model, expressions similar to Equation 3.5
are used to describe the vertical resilient modulus Mr

y, the hor-
izontal resilient modulus Mr

x, and the shear modulus Gr
xy. The

corresponding expressions are:1

M y
r = k1Pa

( θ

Pa

)k2
(τoct

Pa

)k3
(3.10)

M x
r = k4Pa

( θ

Pa

)k5
(τoct

Pa

)k6
(3.11)

G xy
r = k7Pa

( θ

Pa

)k8
(τoct

Pa

)k9
(3.12)

The anisotropic analysis of granular materials requires the ki coeffi-
cients, as well as the properties n, m, μ′, defined as:

n = Mx
r

My
r

, m = Gr
xy

Mr
y , μ′ = μxx

μxy
(3.13)

where μxx and μxy are the directional Poisson’s ratios for the hori-
zontal and vertical directions, respectively.

Tutumluer and Thompson25 and Adu-Osei et al.1 clearly demon-
strated that the unbound aggregate base material should be modeled
as nonlinear and anisotropic to account for stress sensitivity and the
significant differences between vertical and horizontal moduli and
Poisson’s ratios. Figure 3.5 shows examples of the vertical, horizon-
tal, and shear moduli, which illustrate that the vertical modulus is
typically higher than the horizontal modulus.

MATERIAL FACTORS

The material factors that influence the resilient modulus include
density, gradation, fines content, and moisture content. As reported
by Lekarp et al.12, some studies concluded that density has a sig-
nificant influence on resilient modulus, while others found the
influence of density to depend primarily on aggregate shape and
confinement level. The influence of density was found to be more
significant for partially crushed aggregates, but almost negligible for
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Figure 3.5
Examples of the Measurements of Vertical, Horizontal, and Shear Moduli (after
Ref. 25)

fully crushed aggregates, as reported by Hicks and Monismith6. The
resilient modulus was found to increase with an increasing density
at low-confining stress levels, while it was less sensitive to density at
high-confining stress levels.

There seems to be no consensus in the literature on the effect of
gradation on the resilient modulus. Hicks and Monismith6 found
that a variation in fines content between 2% to 10% has a slight
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effect on resilient modulus. Barksdale and Itani3 however, reported
a detrimental effect of the increase in fines on resilient modulus.
A possible explanation for this discrepancy was offered by Jorenby
and Hicks7, who suggested that, up to a point, an increase in
fines could cause an increase in the contacts and a filling of the
voids between large particles. Beyond that point, excess fines could
displace the coarse particles leading to an aggregate matrix of fines
that has a reduced load-carrying capability. Some studies showed
that well-graded aggregates have a higher resilient modulus than
uniformly graded aggregates27, while other studies concluded the
opposite21.

The moisture content or degree of saturation is a critical factor
influencing the resilient modulus. Dawson et al.4 found that below
the optimum moisture content, an increase in moisture level causes
an increase in resilient modulus. On the other hand, above the
optimum moisture content, increases in moisture cause a decrease
in the resilient modulus. This behavior can be explained by three
mechanisms:

❑ At low levels of moisture content, suction may increase the
apparent cohesion between particles and result in an increase
in the resilient modulus.4

❑ At high levels of moisture content, pore pressures can cause a
decrease in effective stress, hence a reduction in the resilient
modulus.3,6

❑ Fines may have a ‘‘lubricating’’ effect, even without the devel-
opment of pore pressure, and can cause a reduction in the
resilient modulus.20

In terms of aggregate physical characteristics, angular and rough-
textured particles have been found to have a higher resilient modu-
lus than uncrushed or partially crushed particles.3,22

3.3.2 Experi-
mental

Measurements

The method for measuring the resilient modulus of soils and aggre-
gate materials is described in the AASHTO T 307–99 standard.
It includes a procedure for measuring the resilient modulus of
untreated granular base/subbase materials, which are defined as
soil-aggregate mixtures and naturally occurring materials that do
not include a stabilizing agent. It also includes a procedure for
measuring the resilient modulus of subgrades, which are defined as
soil compacted before the placement of subbase and/or base layers.
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The resilient modulus is measured using repeated load triaxial
compression tests using a setup similar to that shown in Figure
3.6. A repeated axial cyclic stress of fixed magnitude with a load
duration of 0.1 second within a cycle duration between 1.0 and
3.1 seconds is applied to a cylindrical test specimen subjected
to a confining stress. The axial stress is applied in a haversine
format, which is mathematically expressed as (1 − cos ω)/2 with

Not to ScaleSection View
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Figure 3.6
Schematic of the Triaxial Setup Used for Measuring the Resilient Modulus (AASHTO T
307–99)
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ω ranging from 0 to 2π . The total resilient (i.e., recoverable) axial
deformation response of the specimen is measured and used to
calculate the resilient modulus. This test is intended for determining
the ki coefficients for the base/subbase materials and the subgrades
involved in Equation 3.6 and Equation 3.9, respectively.

Undisturbed subgrade soil specimens are tested at the natural
moisture content. Reconstituted test specimens are prepared to
approximate the in-situ wet density and moisture content. If either
the in-situ moisture content or the in-place density is not available,
it is recommend to use a certain percentage of the maximum dry
density and the corresponding optimum moisture content according
to AASHTO T 99 or AASHTO T 180. The testing program for the
subgrade soil in shown in Table 3.3; the testing program for the base
and subbase materials is shown in Table 3.4.

NCHRP study 1–28A29 made a number of recommendations for
enhancing the AASHTO T 307–99 testing procedure. These include
a sample size that depends on the maximum aggregate size being
tested, a longer loading time of 0.2 second for subgrade soils, and
a shorter loading period of 0.8 second for base aggregates, and a
different loading sequence. The resilient modulus model adopted

Table 3.3
Testing Sequence for Subgrade Soil (after AASHTO T 307–99)

Sequence Confining Max Axial Cyclic Constant No. of
No. σ3(kPa) σmax(kPa) (kPa) 0.1σmax (kPa) Cycles

0 41.4 27.6 24.8 2.8 500–1000
1 41.4 13.8 12.4 1.4 100
2 41.4 27.6 24.8 2.8 100
3 41.4 41.4 37.3 4.1 100
4 41.4 55.2 49.7 5.5 100
5 41.4 68.9 62 6.9 100
6 27.6 13.8 12.4 1.4 100
7 27.6 27.6 24.8 2.8 100
8 27.6 41.4 37.3 4.1 100
9 27.6 55.2 49.7 5.5 100

10 27.6 68.9 62 6.9 100
11 13.8 13.8 12.4 1.4 100
12 13.8 27.6 24.8 2.8 100
13 13.8 41.4 37.3 4.1 100
14 13.8 55.2 49.7 5.5 100
15 13.8 68.9 62 6.9 100
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Table 3.4
Testing Sequence for Base/Subbase Materials (after AASHTO T 307–99)

Sequence Confining Max Axial Cyclic Constant No. of
No. σ3 (kPa) σmax (kPa) (kPa) 0.1σmax (kPa) Cycles

0 103.4 103.4 93.1 10.3 500–1000
1 20.7 20.7 18.6 2.1 100
2 20.7 41.4 37.3 4.1 100
3 20.7 62.1 55.9 6.25 100
4 34.5 34.5 31.0 3.5 100
5 34.5 68.9 62.0 6.9 100
6 34.5 103.4 93.1 10.3 100
7 68.9 68.9 62.0 6.9 100
8 68.9 137.9 124.1 13.8 100
9 68.9 206.8 186.1 20.7 100

10 103.4 68.9 62.0 6.9 100
11 103.4 103.4 93.1 10.3 100
12 103.4 206.8 186.1 20.7 100
13 137.9 103.4 93.1 10.3 100
14 137.9 137.9 124.1 13.8 100
15 137.9 275.8 248.2 27.6 100

by the NCRHP 1–28A study is:

Mr = k1Pa

(θ − 3 k6

Pa

)k2
(τoct

Pa
+ k7

)k3
(3.14)

where k1, k2 ≥ 0, k3, k6 ≤ 0, and k7 ≥ 1.

Example 3.1 A series of repeated triaxial tests were conducted to determine the
resilient modulus of an unbound granular material that is intended
as a base layer for an asphalt concrete pavement (Table 3.5). The
tests were carried out at different confining and axial stresses, as
shown in Table 3.5. Based on these results:

❑ Plot the resilient modulus Mr versus bulk stress θ and versus
octahedral stress τ oct and discuss these relationships.

❑ Determine the appropriate constants for these relationships,
(i.e., k1, k2, k3) by fitting Equations 3.4 and 3.6 to this data.

ANSWER

For the triaxial stress condition of this test, the bulk stress and
the octahedral shear stress are computed using θ = σ 1 + 2σ 3
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Table 3.5
Data for Example 3.1

Confining Max Axial Cyclic Constant
Sequence No. σ3 (kPa) σmax (kPa) (kPa) 0.1σmax (kPa) Mr (kPa)

1 20.7 20.7 18.6 2.1 69,527.30
2 20.7 41.4 37.3 4.1 68,981.57
3 20.7 62.1 55.9 6.25 73,893.20
4 34.5 34.5 31.0 3.5 112,849.34
5 34.5 68.9 62.0 6.9 111,939.53
6 34.5 103.4 93.1 10.3 119,866.90
7 68.9 68.9 62.0 6.9 217,409.41
8 68.9 137.9 124.1 13.8 215,703.02
9 68.9 206.8 186.1 20.7 231,037.44

10 103.4 68.9 62.0 6.9 341,371.40
11 103.4 103.4 93.1 10.3 319,456.68
12 103.4 206.8 186.1 20.7 316,926.56
13 137.9 103.4 93.1 10.3 438,251.20
14 137.9 137.9 124.1 13.8 419,713.98
15 137.9 275.8 248.2 27.6 416,389.81

and τoct =
√

2
3 σd , respectively. The calculated values are shown in

Table 3.6. The relationships between the resilient modulus and
the bulk stress is plotted in Figure 3.7, which shows clearly that
the resilient modulus increases with increasing bulk stress. The
relationship between resilient modulus and the octahedral shear
stress is shown in Figure 3.8. It is noted that at a given bulk
modulus, an increase in octahedral shear stress causes a decrease
in the resilient modulus (i.e., it is anticipated that the coefficient
k3 in Equation 3.6 is negative). However, it is difficult to conduct
the test at a constant bulk stress. For a given stress combination,
the increase in octahedral shear stress can be combined with an
increase in the bulk stress. Therefore, depending on the values of
the exponents k2 and k3 in Equation 3.6, the resilient modulus can
increase or decrease with increasing octahedral shear stress, for a
given confining pressure (σ 3). For this data, the modulus tended to
increase with increasing octahedral stress at low-confining pressures,
while it decreased with increasing octahedral stress at high-confining
pressures. Hence, a granular base resilient modulus model needs
to account for the effects of both bulk stress and octahedral stress
changes.



56 3 Characterization of Pavement Subgrades and Bases

Table 3.6
Computing Bulk and
Octahedral Stresses for
Example 3.3

θ (kPa) τoct (kPa)

82.8 9.758074
103.5 19.51615
124.2 29.27422

138 16.26346
172.4 32.47977
206.9 48.74323
275.6 32.47977
344.6 65.00668
413.5 97.48645
379.1 32.47977
413.6 48.74323

517 97.48645
517.1 48.74323
551.6 65.00668
689.5 130.0134

0

100000

200000

300000

400000

500000

0 100 200 300 400 500 600 700 800

Bulk Modulus (kPa)

R
es

ili
en

t M
od

ul
us

 (
kP

a)

Figure 3.7
Relationship between Resilient Modulus and Bulk Stress for Example 3.1
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Relationship between Octahedral Shear Stress and Resilient Modulus for Example 3.1

Finally, the requested coefficients are computed through regres-
sion on the given data. It was carried out with a spreadsheet after
logarithmic transformation of the data. They are as follows:

❑ Equation 3.4: k1 = 709.8 and k2 = 0.985

❑ Equation 3.6: k1 = 306.06, k2 = 1.415, and k3 = −.467

3.4 Plastic Response

Estimating the plastic component of the strain in granular materi-
als is important for quantifying their permanent deformation. The
plastic response of aggregates can be modeled on the basis of two dis-
tinct approaches. The first approach derives the three-dimensional
stress-strain behavior of the aggregates based on plasticity the-
ory. The second approach is based on using laboratory results to
develop a one-dimensional relationship between stress level, num-
ber of cycles, and accumulation of permanent strain. Obviously, the
latter is not capable of determining the three-dimensional plastic
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response of aggregates; but it can be used for material charac-
terization and, in some cases, for estimating the one-dimensional
plastic deformation in asphalt concrete pavements. The following
description focuses on the latter approach, which is commonly
used in predicting permanent deformation in pavement granular
materials13.

Khedr10 developed the following relationship for predicting per-
manent strain:

ε1,p

N
= A1 N −b (3.15)

where ε1,p is the one-dimensional permanent strain, N is number of
cycles, and A1 and b are material constants. A similar relationship
between permanent strain and resilient strain was employed in the
performance prediction model VESYS.9 It was used to predict the
rut depth based on the assumption that the permanent strain is
proportional to the resilient strain by:

ε1,p(N ) = εr ,200 υN −α (3.16)

where ε1,p(N ) is permanent strain due to a single-load application at
the N th cycle, εr,200 is the resilient strain at 200 cycles, υ represents
the constant of proportionality between permanent and resilient
strain, and α is a material representing the rate of decrease in
permanent strain with the number of load applications.

Tseng and Lytton24 developed the following relationship to pre-
dict the permanent strain involving three parameters, namely ε0, ρ

and β:

ε1,p = ε0 e−
(

ρ
N

)β

(3.17)

where, ε0 is the maximum permanent strain at a very high number
of loading cycles. As described in Chapter 11, this expression can be
extended to predict permanent deformation in an aggregate layer
of thickness, h, using:

δ1,p =
(ε0

εr

)
e−

(
ρ
N

)β

εv h (3.18)

where εr is the resilient strain measured in the laboratory and εv is
the vertical elastic strain in the pavement layer computed from layer
elastic analysis (Chapter 7). According to Tseng and Lytton24, the
three parameters ε0, ρ, and β can be expressed as functions of the
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Table 3.7
Data for Example 3.2

Loading Cycles N Axial Permanent Strain (ε1,p) 10−3

10 0.5
100 0.7
1,000 1.2
2,000 1.5
4,000 1.7
8,000 2.0
16,000 2.3
32,000 2.4
64,000 2.6
128,000 2.9
256,000 3.1

resilient modulus, the confining pressure, and the water content. In
addition, for subgrade soils, these three parameters depend on devi-
atoric stress. This model was incorporated into the NCHRP 1–37A
pavement design guide30 for computing the plastic deformation of
granular layers, as described in Chapter 11.

Example 3.2A triaxial permanent deformation test was performed on a granular
base material. The data obtained from this test is given in Table 3.7.
Analyze this data to determine the parameters of Equation 3.17.

ANSWER

Taking natural logarithms, translate Equation 3.17 into:

ln(ε1,p) = ln(εo) −
( ρ

N

)β

The derivative of this expression with respect to N is:

d(ln(ε1,p))
dN

= −(ρ)β(−β)N −β−1

In the preceding equation, substitute ln N for N , using
d
(

lnN
)

dN
= 1

N :

d(ln(ε1,p))
d(ln N )

= −(ρ)β(−β)N −β



60 3 Characterization of Pavement Subgrades and Bases

Table 3.8

Computing
�
(
ln
(
ε1,p

))
�
(
ln N

) and ε0 for Example 3.2

Loading Cycles N
�
(

ln
(
ε1,p

))

�
(

ln N
) ε0(10−3)

10 0.01349
100 0.544 0.00539
1,000 0.234 0.00322
2,000 0.322 0.00332
4,000 0.181 0.00322
8,000 0.234 0.00334
16,000 0.202 0.00348
32,000 0.120 0.00348
64,000 0.057 0.00340
128,000 0.054 0.00335
256,000 0.052 0.00333

Taking logarithms, translate the preceding equation into:

log
d(ln(ε1,p))

d(ln N )
= log(βρβ) − βlogN

The left-hand-side derivative is approximated using the following
finite difference expression:

d(ln(ε1,p))
d(ln N )

= �(ln(ε1,p))
�(ln N )

The values calculated for these finite differences are shown in the
second column of Table 3.8. Subsequently, a regression equation is
fitted, as shown in Figure 3.9, to obtain the slope and intercept of
the preceding equation.

Figure 3.9 gives a slope β = 0.3147. The intercept, which is
expressed as log(βρβ), is equal to 0.437, which gives a ρ value
of 946.1. Finally, the parameter ε0 is calculated for each number
of cycles using Equation 3.17. The results are shown in the third
column of Table 3.8. Typically, a representative ε0 is obtained as the
average of all the ε0 values computed. In this case, however, the best
fit between predicted and observed data was found by averaging all
but the first two ε0 values, yielding a value of 0.00335 (Figure 3.10).
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Observed versus Predicted Plastic Strain Data for Example 3.2

3.5 Other Aggregate Layer Indices

3.5.1 Modulus of
Subgrade
Reaction

The modulus of subgrade reaction is a material input to the analysis
of portland concrete pavements, as will be discussed in Chapter 8. It
represents the elastic constant of a series of springs supporting the
portland concrete slabs under the ‘‘liquid’’, or Winkler slab founda-
tion assumption (Figure 8.2). It is measured through plate-loading
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tests. The vertical stress is applied using hydraulic jack to a maximum
value of 69 kPa, while the deformation is measured using three-dial
gauges placed at 120◦ apart at the outside edge of the plate. The
modulus of subgrade reaction k (MPa/m) is calculated by dividing
the contact stress σ (MPa) by the circular plate deformation δ (m).

k = σ

δ
(3.19)

3.5.2 California
Bearing Ratio

The California bearing ratio (CBR) method provides a comparison
between the bearing capacity of a material relative to a well-graded
crushed stone, which has a reference CBR value of 100%. The
test involves applying load to a small penetration piston at a rate
of 1.3 mm (0.05 in.) per minute and recording the total load
at penetrations ranging from 0.64 mm (0.025 in.) up to 7.62 mm
(0.300 in.). The material resistance is usually maximum at the lowest
penetration of 2.54 mm. If this is the case, the load is recorded at this
penetration. However, in some cases, the load is higher at 5.08 mm,
then the CBR is calculated using the load at 5.08 mm penetration.
The CBR (%) is calculated as follows:

CBR = 100
(x

y

)
(3.20)

where x is the material load resistance at either a 2.54 mm or 5.08 mm
penetrations, and y is the standard pressure for the well-graded
crushed stone used as a reference. Heukelom and Klomp5 related
the resilient modulus (lbs/in2) to the CBR through the following
empirical expression:

Mr = 1500 CBR (3.21)

3.5.3 R-Value This test procedure infers the stiffness of unbound granular mate-
rials from their resistance to deformation. The experimental setup
applies a vertical pressure on a cylindrical sample and measures the
lateral pressure transmitted in response. A vertical stress of 1.1 MPa
is applied to a sample with a diameter of 102 mm and a height
of about 114 mm. The system measures the resulting horizontal
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pressure induced in response to this vertical force. The R -value is
calculated as follows:

R = 100 − 100
2.5
D

(
pv

ph
− 1

)
+ 1

(3.22)

where R is the resistance value, pv is the applied vertical pressure, and
ph is the measured horizontal pressure, and D is the displacement
in the fluid needed to increase the horizontal pressure from 35 to
690 kPa under an applied vertical pressure of 1.1 MPa. Note that
R = 0 for a liquid with pv = ph, while R = 100 for the case of ph = 0.

The Asphalt Institute2 developed the following empirical relation-
ship to relate the resilient modulus in (lbs/in2) to the R -value:

Mr = 1155 + 555 R (3.23)

Table 3.9 gives typical values of CBR , R , and Mr, based on the work
of the Asphalt Institute.2

3.5.4 Coefficient
of Lateral
Pressure

The coefficient of lateral pressure ka is defined as the ratio of the
lateral stress divided by the vertical stress. For unbound granular,
subgrade, and bedrock materials, the in-situ typical ka ranges from
0.4 to 0.6. The coefficient of lateral pressure can be estimated
for cohesionless and cohesive soils using Equations 3.24 and 3.25,
respectively.

ka = μ

1 − μ
(3.24)

kα = 1 − sin φ (3.25)

Table 3.9
Values of CBR, R, and Resilient Modulus (Ref. 2)

Soil Description CBR R-Value Mr(lbs/in2)

Sand 31 60 16,900
Silt 20 59 11,200
Sandy Loam 25 21 11,600
Silt-Clay Loam 25 21 17,600
Silty Clay 7.6 18 8,200
Heavy Clay 5.2 <5 1,600
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Table 3.10
Typical Effective Angle of Internal Friction for Unbound Granular, Subgrade and Bedrock
Materials (Ref. 30)

Angle of Internal Coefficient of
Material Description Frictionφ Lateral Pressure, ka

Clean, sound bedrock 35 0.495
Clean gravel, gravel-sand

mixtures, and coarse sand
29 to 31 0.548 to 0.575

Clean fine to medium sand, silty
medium to coarse sand, silty or
clayey gravel

24 to 29 0.575 to 0.645

Clean fine sand, silty or clayey fine
to medium sand

19 to 24 0.645 to 0.717

Fine sandy silt, nonplastic silt 17 to 19 0.717 to 0.746
Very stiff and hard residual clay 22 to 26 0.617 to 0.673
Medium stiff and stiff clay and silty

clay
19 0.717

where μ is the Poisson’s ratio and φ is the soil angle of internal
friction. Typical ranges of φ and ka are presented in Table 3.10.

3.5.5 The
Atterberg Limits

The Atterberg limits are index properties used to determine the
consistency of soils at different moisture contents. The liquid limit
(LL) is determined by placing a soil sample in a standard device
that consists of a cup and a crank to repeatedly drop the cup.
A groove is cut in the device using a standard tool. The cup is
dropped repeatedly using the crank. The number of drops to close
the groove by 1/2 inch (12.5 mm) is recorded. The test is repeated
at different moisture contents. The liquid limit is defined by the
moisture content at which 25 drops are needed to close the groove
by 1/2 inch (12.5 mm). In essence, this test standardizes the amount
of energy that goes into the deformation of the soil and the amount
of plastic deformation the soil undergoes, while using the moisture
content as the index of the associated shear strength.

The plastic limit (PL) is determined by hand-rolling a soil sample
into threads. The thread becomes thinner and, eventually, breaks
as the rolling process continues. The soil is at the plastic limit
when it breaks at a diameter of 0.125 inches (3.2 mm). In essence,
this tests dries up the sample gradually through hand-rolling, until
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Figure 3.11
Consistency of Fine-Grained Soils at Different Moisture Contents (Ref. 19)

soil suction exceeds its tensile strength. Figure 3.11 illustrates the
consistency of soils at different moisture contents.

The soil with a moisture content between the liquid limit and
plastic limit is considered to be in a plastic state. The plasticity index
(PI = LL−PL) is a measure of the range of moisture contents that
define this plastic state. Soils with a large clay content retain this
plastic state over a wide range of moisture contents, and thus have a
large PI value.

3.6 Aggregate and Soil Stabilization

Expansive clay subgrades exhibit significant changes in volume
in response to changes in water content. These volume changes
result in severe pavement distresses, (e.g., cracking and permanent
deformation). Stabilization is used to reduce the volume change
potential and increase the strength and stiffness of subgrades18.
Similarly, marginal aggregates in base layers are stabilized in order
to reduce plasticity and increase strength and stiffness. The pri-
mary traditional stabilizers are hydrated lime, portland cement, and
fly ash.

Lime has been used in different forms in soil stabilization.
These forms are hydrated high-calcium lime, Ca(OH)2; dihydrated
dolomitic lime, Ca(OH)2Mg(OH)2; monohydrated dolomitic lime,
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Ca(OH)2MgO; Calcitic quicklime, CaO; and dolomite quicklime,
CaOMgO14,15. The majority of the lime stabilization is done using
Ca(OH)2; only about 10 percent of stabilization is done using CaO.
The different forms of dolomitic lime are less popular in stabi-
lization because Mg(OH)2 has much solubility than Ca(OH)2, and
MgO hydrates much slower than CaO.

The addition of lime causes calcium to replace most of the cations
(e.g., Na+, K+) in the water system in clays. As a result, the size of
water layers between the clay particles is reduced, allowing particles
to form a flocculated structure (edge-to-face association of particles).
The new soil structure has a smaller volume, higher internal friction
(greater strength), and better workability than the original structure
prior to stabilization.

Lime stabilization promotes long-term gain of strength through
reactions with soil silica and soil alumina. When sufficient lime
is added to a soil, the pH of the soil-lime mixture increases to
about 12.4. The pH elevation increases the solubilities of silica and
alumina.8 The soil-lime reaction can be described qualitatively as
follows:

Ca[OH ]2(Calcium Hydrate) → Ca++ + 2[OH ]−

Ca++ + 2[OH ]− + SiO2(Silica) → CSH (Calcium Silicate Hydrate)

Ca++ + 2[OH ]− + Al2O3(Alumina) → CAH (Calcium Aluminate Hydrate)

(3.26)

The properties that influence the soil-lime reactivity are soil pH;
organic carbon content; drainage; presence of excessive quanti-
ties of exchangeable sodium; clay mineralogy; degree of weath-
ering; presence of carbonates, sulfates, or both; extractable iron;
silica-sesquioxide ratio; and silica-alumina ratio.23 Soil-lime reac-
tions are time- and temperature-dependent and continue for long
periods of time. Little14,15 has developed a protocol for the design
and testing of soil-lime mixtures that consists of the following steps:

1. Determine the optimum lime content using ASTM D-6274.

2. Simulate field conditions through the use of AASHTO T-180
compaction and seven-day curing at 40◦ C. Subject the samples
to 24 to 47 hours of moisture conditioning.
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3. Evaluate stiffness, moisture sensitivity, and compressive strength
using ASTM D-5102.

4. Measure the resilient modulus using AASHTO T-307.

Little14,15 presented data showing that the benefits of lime stabi-
lization include higher strength, better resilient properties, greater
resistance to fracture and fatigue, and lower sensitivity to changes in
moisture content.

The addition of cement is another method for improving the
properties of base and subgrade soils. The soil-cement mixtures
are tested using durability and strength tests. Durability is assessed
by measuring the weight loss under wet-dry (ASTM D559) and
freeze-thaw (ASTM D560) tests. Strength is typically measured using
the unconfined strength test using the ASTM D1633 procedure.

Cement stabilization of soil is used to achieve one or more of the
following objectives:18

❑ Reduce the PI.

❑ Increase the shrinkage limit.

❑ Reduce the volume change.

❑ Reduce the clay/silt-sized particles.

❑ Improve strength.

❑ Increase the resilient modulus.

The third traditional method of stabilization is the use of coal fly
ash. Fly ash is a synthetic pozzolan that is produced as a result of
the combustion of coal. Although self-cementing fly ash (Class C)
contains lime, or CaO, only a small percentage of CaO is available
as ‘‘free’’ lime that can be used in pozzolanic reaction. Therefore,
the use of ash for the stabilization of clay soils can be effective only
with the addition of either lime or cement. The lime is produced
by the hydration of cement in soil. The addition of lime or cement
modifies the clay surface and provides the necessary lime for the
pozzolanic reaction of fly ash. When fly ash is used, it is important to
consider the rate of the hydration process, the influence of moisture
content, the percentage of free lime, and the percentage of sulfates.
It is especially important to avoid the reaction of soil sulfates with the
calcium or the carbonate present in the stabilizing agents, because
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they form ettringite and thaumasite, which are very expansive, and
produce swelling.
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Problems

3.1 Provide a summary of the subgrade, subbase, and base prop-
erties that are needed as input to the proposed design guide
from the NCHRP 1–37A design approach.

3.2 Plot the relationships between resilient modulus and CBR given
in Equations 3.21 and 3.22 for a range of CBR values from 5 to
50. Comment on the predictions of these two equations.

3.3 Discuss the benefits of subgrade and base stabilization using
lime.

3.4 Based on your background in geotechnical engineering,
describe the influence of moisture content on the resilient
modulus

3.5 Using the data given in Example 3.1, calculate the difference in
the estimates of the resilient modulus obtained from Equations
3.4 and 3.6. Plot the difference versus the ratio of τ oct to θ .
What do you conclude from this plot?



4 Aggregates

4.1 Introduction

Aggregates refer to the material derived from natural rocks, or are
the by-product of the manufacturing process of other materials,
(e.g., the manufacturing of steel generates slag as a by-product
that has been used as an aggregate). Aggregates are an impor-
tant ingredient of the materials used in highway construction.
They constitute 70% to 85% by weight of portland cement con-
crete (PCC) and hot-mix asphalt (HMA). By volume, the cor-
responding ratios are 60% to 75% for PCC and 75% to 85%
for HMA, respectively. The physical, mechanical, and chemical
properties of aggregates play an important role in the perfor-
mance of both rigid and flexible pavements. This chapter discusses
the different classifications of aggregates, aggregate properties,
and the influence of these properties on the performance of
pavements.
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4.2 Aggregate Types and Classifications

4.2.1 Classi-
fication Based
on Source

Aggregates derived from natural rocks can be classified on the basis
of size as crushed stone, sand, or gravel. Crushed stone refers to the
different rock types and sizes that are produced by blasting and then
crushing. Sand and gravel comprise any clean mixture of aggregate
sizes found in natural deposits, such as stream channels. The word
‘‘natural’’ in reference to sand is sometimes used to indicate that this
aggregate is available in natural deposits and not produced through
crushing processes. In some cases, the word ‘‘manufactured’’ in
reference to sand is used to refer to the small sizes of crushed stone.
Based on information from the Bureau of Mines, the Aggregate
Handbook states that the about 2.1 billion tons of aggregates derived
from rocks are produced annually, of which 897 million tons are
sand and gravel; the remaining 1.2 billion tons are crushed stones13.
The percentages of crushed stones produced by geological origin
are given in Figure 4.1.

Aggregates can also be classified on the basis of the geological ori-
gin of their parent rock, as igneous, sedimentary, and metamorphic.
Igneous rocks are formed by cooling of the molten liquid silicate

Limestone and
Dolomite, 71%

Sandstone and
Quartzite, 2.30%

Other (Slate, Marl,
and Shell), 3.90%

Traprock, 8.30%

Granite, 14.50%

Figure 4.1
Percentages of Different Types of Crushed Stone Produced Annually
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referred to as magma. Igneous rocks are either crystalline in struc-
ture, with fine or coarse grains, or have a noncrystalline or glassy
structure. Their texture size and type depend on the geological pro-
cess that created them. Extrusive igneous rocks are formed where
the magma reached the earth’s surface as ash or lava and cooled
rapidly at the surface to form fine-grained or glassy rock. Intrusive
igneous rocks are formed where the magma cooled slower under
the earth’s crust and formed larger crystals. Basalts and granites are
examples of extrusive and intrusive rocks, respectively.

Sedimentary rocks are formed at the earth’s surface or under
water, due to consolidation of sedimentary materials or chemical
precipitates. The sedimentary materials are the result of the dis-
integration of existing rocks under the effect of clastic processes
such as weathering and abrasion by wind, water, ice, or gravity.
The sediments harden due to the cementation by silica and car-
bonate minerals and the pressure under the weight of overlying
deposits. The rocks formed by sediments are referred to as clastic
rocks. Examples of clastic rocks are sandstone, siltstone, and shale.
The sedimentary rocks formed by chemical precipitates are called
carbonate rocks. These rocks are formed by the deposition and cemen-
tation of the shells of marine animals, shells of marine plants, and
fine carbonate mud that precipitates from marine water. Examples
of carbonate rocks are limestone and dolomite.

Metamorphic rocks are formed by the recrystallization of sedi-
mentary and igneous rocks under the influence of pressure and
temperature. Examples of metamorphic rocks are gneiss, quartzite,
and marble.

Aggregates that are by-products of the manufacturing of another
material are referred to, in some cases, as man-made aggregates or
artificial aggregates. An example of by-product aggregate is slag,
which is produced during the metallurgical processing of steel,
iron, tin, and copper. The most widely used variety is blast-furnace
slag, which is a nonmetallic product that is developed in a molten
condition simultaneously with iron in a blast furnace. Expanded slag
is produced by expanding blast-furnace slag by mixing it with water
while it is still molten.

4.2.2 Classifi-
cation Based

on Size

Aggregates are classified in terms of size, as fine and coarse. The
size that separates fine from coarse aggregates differs, based on the
application and the intended use of the aggregates. According to
ASTM C125, which relates to PCC, fine aggregate sizes are defined as
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those passing the No. 4 sieve (4.75 mm) and predominantly retained
on the No. 200 (75 μm) sieve. Coarse aggregates are defined as those
predominantly retained on the No. 4 (4.75 mm) sieve. For HMAs,
the No. 4 (4.75 mm) sieve or the No. 8 (2.36 mm) sieve are typically
used to separate the fine aggregate from the coarse aggregate sizes.

4.3 Aggregate Properties

There are many AASHTO and ASTM specifications and tests for
aggregates, as summarized in Tables 4.1 and 4.2, respectively. Some
of these tests were adapted for use in Superpave,™ a contraction of
Superior Performing Pavements (a trademark of the U.S. Depart-
ment of Transportation), which was developed under the Strategic
Highway Research Program (SHRP). The objective of the discussion
in the following sections is not to describe the details of these tests
but rather to explain the impact of the properties of aggregates on
the behavior and performance of the pavement layers, where these
aggregates are used.

4.3.1 Physical
Properties GRADATION AND SIZE DISTRIBUTION

Aggregate gradation gives the percentage of each of the sizes in a
blend. It is typically expressed as the percentage of the aggregate
blend passing sieves with standard openings. The size distribution
of aggregate particles is directly related to the performance of
the pavement layers. In general, aggregate size distributions are
classified as gap graded, uniform, well-graded, or open graded. These
distributions are shown in a semi-long scale in Figure 4.2. The sieves
that are typically used in determining the gradation are 2 in, 1– 1/2 in.,
1 in., 3/4 in., 1/2 in., 3/8 in., No. 4, No. 8, No. 16, No. 30, No. 50, No.
100, and No. 200 (50.8 mm, 37.5 mm, 25.4 mm, 19.0 mm, 12.5 mm,
9.5 mm, 4.75 mm, 2.36 mm, 1.18 mm, 0.6 mm, 0.3 mm, 0.15 mm and
0.075 mm, respectively).

Aggregate gradation is typically presented in a graphical form in
which the percent of aggregate passing a sieve size is plotted on the
ordinate in an arithmetic scale, and the particle size is plotted on the
abscissa in a logarithmic scale. Alternatively, it can be plotted using
the Fuller and Thompson method, whereby the percent passing
is plotted versus the particle size, raised to an exponent n. Fuller
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Table 4.1
ASTM and AASHTO Aggregate Specifications (Ref. 13)

AASHTO ASTM
Specifications Specifications Title

M-43 C 448 Standard Sizes of Coarse Aggregate
M-283 Coarse Aggregates for Highway and Airport Construction

D 2940 Graded Aggregate for Bases or Subbases
M-147 Materials for Aggregate and Soil-Aggregate Subbase,

Base, and Surface Courses
M-155 Granular Material to Control Pumping Under Concrete

Pavement
M-29 D 1073 Fine Aggregate for Bituminous Paving Mixtures

D 692 Aggregate for Bituminous Paving Mixtures
M-17 D 242 Mineral Filler for Bituminous Paving Mixtures
R-12 Bituminous Mixture Design Using Marshall and Hveem

Procedures
D 3515 Hot-Mixed, Hot-Laid Bituminous Paving Mixtures
D 693 Crushed Aggregate for Macadam Pavements

D 1139 Crushed Stone, Crushed Slag, and Gravel for Bituminous
Surface Treatments

M-6 Fine Aggregate for PC Concrete
M-80 Coarse Aggregate for PC Concrete

C 38 Concrete Aggregates
M-195 C 330 Lightweight Aggregates for Structural Concrete
R-1 E 380 Metric Practice Guide
R-10 Definitions of Terms for Specifications and Procedures
R-11 E 29 Practice for Indicating Which Places of Figures Are To Be

Considered Significant in Specified Limiting Values
M-145 Classification of Soils and Soil-Aggregate, Fill Materials,

and Base Materials
M-146 Terms Related to Subgrade, Soil-Aggregate, and Fill

Materials
D 8 Definitions of Terms Relating to Materials for Roads and

Pavements
C 125 Terminology Relating to Concrete and Concrete

Aggregates
D 3665 Random Sampling of Construction Materials

and Thompson observed that the aggregate reaches its maximum
possible density (i.e., densest packing of particles) when its gradation
matches the following expression:

P = 100(d/D)n (4.1)
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Table 4.2
ASTM and AASHTO Aggregate Tests (Ref. 13)

AASHTO ASTM
Procedures Procedures Title

M-92 E 11 Wire Cloth Sieves for Testing Purposes
M-132 D 12 Terms Relating to Density and Specific Gravity
M-231 — Weights and Balances Used in Testing
— D 3665 Evaluation of Inspecting and Testing Agencies for

Bituminous Paving Materials
— C 1077 Practice for Laboratories Testing Concrete and Concrete

Aggregates
T-2 D 75 Sampling Aggregates
T-248 C 702 Reducing Field Samples of Aggregate to Testing Size
T-87 D 421 Dry Preparation of Disturbed Soil and Soil Aggregate

Samples for Tests
T-146 D 2217 Wet Preparation of Disturbed Soil Samples for Tests
T-27 C 136 Sieve Analysis of Fine and Coarse Aggregates
T-11 C 117 Amount of Material Finer Than the No. 200 Sieve
T-30 Mechanical Analysis of Extracted Aggregates
T-88 D 422 Particle Size Analysis of Soils
T-37 D 546 Sieve Analysis of Mineral Filler
T-176 D 2419 Sand Equivalent Test for Plastic Fines in Graded

Aggregates and Soils
— D 4318 Liquid Limit, Plastic Limit, and Plasticity Index of Soils
T-210 D 3744 Aggregate Durability Index
T-104 C 88 Soundness of Aggregate by Use of Sodium Sulfate or

Magnesium Sulfate
T-103 — Soundness of Aggregates by Freezing and Thawing
— D 4792 Potential Expansion of Aggregates from Hydration

Reactions
T-161 C 666 Resistance of Concrete to Rapid Freezing and Thawing
— C 671 Critical Dilation of Concrete Specimens Subjected to

Freezing
— C 682 Evaluation of Frost Resistance of Coarse Aggregates in

Air-Entrained Concrete by Critical Dilation Procedures
T-96 C 131 or C 535 Resistance to Abrasion of Small- or Large-Size Coarse

Aggregate by Use of the Los Angeles Machine
T-21 C40 Organic Impurities in Sands for Concrete
T-71 C 87 Effect of Organic Impurities in Fine Aggregate on

Strength of Mortar
T-112 C 142 Clay Lumps and Friable Particles in Aggregate
T-113 C 123 Lightweight Pieces in Aggregate
— C 294 Nomenclature of Constituents of Natural Mineral

Aggregate
— C 295 Practice for Petrographic Examination of Aggregates for

Concrete
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Table 4.2
(Continued)

AASHTO ASTM
Procedures Procedures Title

— C 227 Alkali Reactivity Potential of Cement-Aggregate
Combinations

— C 289 Potential Reactivity of Aggregates
— C 586 Potential Alkali Reactivity of Carbonate Rocks for

Concrete Aggregate
— D 4791 Flat or Elongated Particles in Coarse Aggregate
— C 342 Volume Change Potential of Cement-Aggregate

Combinations
— C 441 Mineral Admixture Effectiveness in Preventing

Excessive Expansion Due to Alkali Aggregate
Reaction

T-165 D 1075 Effect of Water on Cohesion of Compacted Bituminous
Mixtures

T-182 D 1664 Coating and Stripping of Bitumen—Aggregate
Mixtures

T-195 D 2489 Determining Degree of Particle Coating of Bituminous
Aggregate Mixtures

T-270 — Centrifuge Kerosene Equivalent and Approximate
Bitumen Ratio (ABR)

T-283 — Resistance of Compacted Bituminous Mixture to
Moisture-Induced Damage

— D 4469 Calculating Percent Absorption by the Aggregate in an
Asphalt Pavement Mixture

— D 1559 Resistance to Plastic Flow—Marshall Apparatus
— D 1560 Deformation and Cohesion–Hveem Apparatus
T-99 D 689 Moisture-Density Relationship Using a 5.5-Pound

Rammer and a 12-Inch Drop
T-180 D 1557 Moisture-Density Relationship Using a 10-Pound

Rammer and an 18-Inch Drop
T-215 D 2434 Permeability of Granular Soils
T-224 D 4718 Correction for Coarse Particles in Soil Compaction

Tests
T-238 D 2922 Density of Soil and Soil Aggregate In-Place by Nuclear

Methods
T-239 D 3017 Moisture Content of Soil and Soil Aggregate In-Place

by Nuclear Methods
— D 4253 Index Density of Soils Using a Vibratory Table
T-191 D 1556 Density of Soil In-Place by the Sand Cone Method
T-205 D 2167 Density of Soil In-Place by the Rubber Balloon Method

(continued overleaf )
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Table 4.2
(Continued)

AASHTO ASTM
Procedures Procedures Title

T-190 D 2844 Resistance R-Value and Expansion Pressure of
Compacted Soils

T-193 C 1883 California Bearing Ratio
T-234 D 2850 Strength Parameters of Soils by Triaxial Compression
T-274 Resilient Modulus of Subgrade Soils
T-212 D 3397 Triaxial Classification of Base Materials, Soils, and Soil

Mixtures
T-84 C 128 Specific Gravity and Absorption of Fine Aggregate
T-85 C 127 Specific Gravity and Absorption of Coarse Aggregate
T-19 C 29 Unit Weight and Voids in Aggregate
T-242 E 374 Frictional Properties of Paved Surfaces Using a

Full-Scale Tire
T-279 D 3319 Accelerated Polishing of Aggregates Using the British

Wheel
T-278 E 303 Measuring Surface Frictional Properties Using the

British Pendulum Tester (BPT)
— D 3042 Insoluble Residue in Carbonate Aggregates
— E 707 Skid Resistance of Paved Surfaces Using the NC State

Variable-Speed Friction Tester
— E 660 Accelerated Polishing of Aggregates or Pavement

Surfaces Using a Small-Wheel Circular Polishing
Machine

— D 4791 Flat or Elongated Particles in Coarse Aggregate
— D 3398 Index of Aggregate Particle Shape and Texture
TP-58 D6928 Resistance of Coarse Aggregate to Degradation by

Abrasion in the Micro-Deval Apparatus

where P is the percentage of aggregates passing the sieve size d, D is
the maximum aggregate size in the gradation, and the exponent n
has a value of 0.5. Note that the FHWA has recommended a slightly
smaller value for this exponent of 0.45. An example of Fuller’s
maximum density line for an exponent for a maximum aggregate
size of 25.0 is shown in Figure 4.3.

Aggregate blends are designated by their maximum aggregate size
or their nominal maximum aggregate. According to ASTM C 125,
the maximum size refers to the smallest sieve through which 100%
of the aggregate sample particles pass, and the nominal maximum
size as the largest sieve that retains some (i.e., less than 10% by
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weight) of the aggregate particles. The Superpave mix design system
defines these properties differently. The maximum size is defined
as one sieve size larger than the nominal maximum size, and the
nominal maximum size as one sieve size larger than the first sieve to
retain more than 10% by weight.

Sieve analysis is conducted under dry conditions (ASTM C 136) or
wet conditions (ASTM C 117). To accurately determine the amount
of material in a sample finer than the No. 200 sieve, ASTM C 117
should be used. In this method, the minus No. 200 size particles
are separated from the coarser particles by placing the aggregate
sample in water and then agitating the solution. The resulting wash
water is passed through the No. 200 sieve to determine the percent
by total weight of fines accurately.

The fineness modulus, which denotes the relative fineness of the
sand, is used to indicate how fine or coarse the sand. It is defined as
one-hundredth of the sum of the cumulative percentages held on
the standard sieves (Nos. 4, 8, 16, 30, 50, and 100) in a sieve test of
sand. The smaller the value of the fineness modulus, the finer the
sand.

Example 4.1 Two aggregate stockpiles are given, designated as A and B. Their
gradation and the ASTM specification limits are given in Table 4.3.
Examine whether, by blending them in a 75/25 percent proportion,
they can meet ASTM gradation specifications. Plot the gradation of

Table 4.3
Gradation data for Example 4.1

Percent Passing (%)
Seive Size Stockpile A Stockpile B Specifications

1/2 in. (12.5 mm) 100.0 100.0 100–100
3/8 in. (9.5 mm) 92.0 100.0 90–100
No. 4 (4.75 mm) 70.0 98.0 50–85
No. 8 (2.36 mm) 43.0 89.0 32–67
No. 16 (1.18 mm) 34.0 60.0 20–45
No. 30 (600 μm) 14.0 53.0 15–32
No. 100 (150 μm) 2.0 27.0 7–20
No. 200 (75 μm) 1.0 9.0 2–10
Bulk-Specific Gravity 2.750 2.600
Absorption 1.5% 2.5%
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Table 4.4
Gradation of Blended Aggregate for Example 4.1

Percent Passing (%)
Sieve Size Stockpile A Stockpile B Specifications Blend Status

1/2 in. (12.5 mm) 100 100 100–100 100 Ok
3/8 in. (9.5 mm) 92 100 90–100 94 Ok
No. 4 (4.75 mm) 70 98 50–85 77 Ok
No. 8 (2.36 mm) 43 89 32–67 54.5 Ok
No. 16 (1.18 mm) 34 60 20–45 40.5 Ok
No. 30 (600 μm) 14 53 15–32 23.8 Ok
No. 100 (150 μm) 2 27 7–20 8.3 Ok
No. 200 (75 μm) 1 9 2–10 3.0 Ok
Bulk-Specific Gravity 2.750 2.600 2.711
Absorption 1.50% 2.50% 1.75%

the blended aggregate and determine its maximum aggregate size
and its nominal maximum aggregate size per ASTM specification
C 125.

ANSWER

The data on the blended gradation is shown in Table 4.4 and
plotted along with the ASTM specification limits in Figure 4.4, which
suggests that the blend meets gradation specifications. According to
ASTM C 125, the maximum size is designated as the smallest sieve
through which 100% of the aggregate sample particles pass; and
nominal maximum size is designated as the largest sieve that retains
some (i.e., less than 10%) of the aggregate particles. Therefore, the
maximum aggregate size and nominal maximum sizes are 12.5 mm
and 9.5 mm, respectively.

SPECIFIC GRAVITY AND ABSORPTION

The specific gravity and absorption of coarse and fine aggregate
are determined by ASTM C 127 and C 128 procedures, respectively.
These tests are based on the Archimedes principle, which states that
a solid immersed in water is subjected to a vertical buoyant force
equal to the weight of the water it displaces. The following are the
definitions of the different measurements of specific gravity:

❑ Apparent specific gravity: The apparent specific gravity is the ratio
of the weight of dry aggregate to the weight of water having a



84 4 Aggregates

0.60.075 12.59.54.752.361.180.15
0

10

20

30

40

50

60

70

80

90

100

Sieve Sizes (mm)

P
er

ce
n

t 
P

as
si

n
g

 (
%

)

Specifications

Figure 4.4
Gradation Results for Example 4.1

volume equal to the solid volume of the aggregate, excluding
its permeable pores.

❑ Bulk-specific gravity: This specific gravity is the ratio of the weight
of dry aggregate to the weight of water having a volume equal
to the volume of the aggregate, including both its permeable
and impermeable pores.

❑ Bulk-specific gravity—saturated, surface dry (SSD): The SSD-
specific gravity is the ratio of the weight of the aggregate,
including the weight of water in its permeable voids, to the
weight of an equal volume of water.

These specific gravity values and absorption are determined by
the following equations:

Apparent specific gravity = A
A − C

(4.2)

Bulk-specific gravity = A
B − C

(4.3)
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Bulk-specific gravity, SSD = B
B − C

(4.4)

Water-absorption (%) = B − A
A

100 (4.5)

where:

A = Weight of oven-dry sample of aggregate in air
B = Weight of saturated, surface-dry sample in air
C = Weight of saturated sample in water

The specific gravity of fine aggregate is measured by immersing a
saturated and surface-dried aggregate sample in a pycnometer that
is filled with water. The pycnometer is rolled, inverted, agitated, and
subjected to suction to eliminate air bubbles. The total weight of the
pycnometer, sample, and water is determined. The fine aggregate
is removed, dried to a constant weight, and weighed. The weight of
the pycnometer is determined, and the bulk-specific gravity, bulk-
saturated surface-dry-specific gravity, apparent specific gravity, and
the absorption are calculated as follows:

Apparent specific gravity = A
B + A − C

(4.6)

Bulk-specific gravity = A
B + D − C

(4.7)

Bulk-specific gravity, SSD = D
B + D − C

(4.8)

Absorption = D − A
A

100 (4.9)

where:

A = weight of oven-dry specimen in air
B = weight of pycnometer filled with water
C = weight of pycnometer with specimen and water to

calibration mark
D = weight of saturated surface-dry specimen
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It is necessary in some cases to blend different stockpiles of
aggregates with known gradations. The percentage of the com-
bined aggregate passing a given sieve size (P) is calculated using
Equation 4.10.

P = A a + B b + C c + · · · (4.10)

where A, B, C · · · are the percentages of each aggregate that passes a
given sieve size, and a, b, c . . . are the proportions of each aggregate
needed to meet the requirements for material passing the given
sieve where a + b + c + · · · = 1.00. The blended specific gravity,
G , and absorption are calculated using Equations 4.11 and 4.12,
respectively.

Combined specific gravity G = 1
a

GA
+ b

GB
+ · · ·

(4.11)

Combined absorption = a AbsorptionA + b AbsortpionB + · · ·
(4.12)

Example 4.2 The following information was obtained on a fine aggregate sample:

Mass of wet sand = 627.3 g
Mass of dry sand = 590.1 g
Absorption = 1.5%.

Calculate the total moisture content of the wet sand, and its
saturated surface dry weight.

ANSWER

The moisture content is computed as:
(Mass of wet sand − Mass of dry sand)/Mass of dry sand = (627.3 −
590.1)/590.1 = 6.30%
The saturated surface-dry weight of the sand is computed as:
Absorption × Dry Weight + Dry Weight = 1.5/100 × 590.1
+ 590.1 = 599.0 g

Example 4.3 Given the data presented in Example 4.1, compute the bulk-specific
gravity and the absorption of the blended aggregate.
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ANSWER

The bulk-specific gravity of the blend is computed from Equation
4.11 as:

G = 1
0.75

100 × 2.750
+ 0.25

100 × 2.600

= 2.771

The absorption of the blend can be found using Equation 4.12.

AbsorptionBLEND = 0.75 × 1.5 + 0.25 × 2.5 = 1.75%

PORE STRUCTURE

Pore structure refers to the size, volume, and shape of the void spaces
within an aggregate particle.13 It is not desirable for aggregates to
have large volumes of permeable pores. Large volumes of pores make
the aggregate more susceptible to degradation or breakage under
the repeated cycles of freezing/thawing and/or wetting/drying. In
HMAs, a large volume of permeable pores increases the absorption
of binder. Also, an aggregate that is porous increases the possibility
of selective absorption taking place. This phenomenon refers to the
absorption of oily constituents of the asphalt into the aggregate,
leaving the harder residue on the surface. As a result, it is possible
for selective absorption to lead to raveling and stripping of asphalt
binder from aggregate.13

GEOMETRY

A particle geometry can be fully expressed in terms of three indepen-
dent properties, namely form (or shape), angularity (or roundness),
and surface texture.2 A schematic diagram that illustrates the differ-
ences between these properties is shown in Figure 4.5. Shape reflects
variations in the proportions of a particle. Angularity reflects varia-
tions at the corners. Surface texture is used to describe the surface
irregularity or asperities at a very small scale. Texture is a function
primarily of aggregate minearlogy, while angularity is influenced
by crushing techniques. As discussed in Chapter 9, these shape
characteristics affect the texture and frictional characteristics of a
pavement surface.

The fine aggregate angularity can be measured using the ASTM
C 1252 method. This method is often referred to as the Fine Aggre-
gate Angularity (FAA) test. It measures the loose uncompacted
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Angularity

TextureShape
(Form)

Figure 4.5
Components of Aggregate Shape Properties: Shape, Angularity, and Texture

porosity, (i.e., volume of voids divided by the total volume) of a
sample of fine aggregate that falls from a fixed distance through
a given-sized orifice. Low porosity is associated with more rounded
and smooth-surfaced fine aggregates that allow closer packing of
particles. This procedure is used by Superpave to determine aggre-
gate angularity to ensure that fine aggregates have sufficient internal
friction to produce rut-resistant HMAs. The apparatus used in this
test method is shown in Figure 4.6.

A similar method is described in AASHTO TP 56 to measure the
loose uncompacted porosity of coarse aggregates. The apparatus
used in this method is shown in Figure 4.7.

The ASTM D 3398 method is used to obtain an index of overall
aggregate particle shape and texture. The test is based on measuring
the change in voids as the aggregate sample is compacted in a stan-
dard mold. It accounts for the combined effect of shape, angularity,
and texture, as well as aggregate uniformity. The index is calculated
using the following equation:

Ia = 1.25V10 − 0.25V50 − 32.0 (4.13)

where Ia is particle index value, V 10 is the percent of voids in the
aggregate compacted with 10 blows per layer, and V 50 is the percent
of voids in the aggregate compacted with 50 blows per layer.

Coarse aggregate angularity is measured using ASTM D 5821. This
method is based on evaluating the angularity of an aggregate sample
by visually examining each particle and counting the number of
crushed faces, as illustrated in Figure 4.8. It is also the method cur-
rently used in the Superpave system for evaluating the angularity of
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Figure 4.6
Uncompacted Void Content of Fine Aggregate Apparatus. Courtesy of FHWA

coarse aggregates used in HMAs. The percent of aggregate crushed
faces (one face, two or more faces) is associated with angularity.
The shape of coarse aggregates is measured by determining the
percentage by number or weight of flat, elongated, or both flat
and elongated particles in a given sample of coarse aggregate using
the ASTM D 4791 procedure. This procedure uses a proportional
caliper device, shown in Figure 4.9, to measure the dimensional
ratio of aggregates. The aggregates are classified according to the
undesirable ratios of width to thickness or length to width, respec-
tively. Superpave specifications characterize an aggregate particle by
comparing its length to its thickness or the maximum dimension to
the minimum one.
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Figure 4.7
Uncompacted Void Content of Coarse Aggregate Apparatus. Image courtesy of Gilson, Inc.

Figure 4.8
Illustration of Counting Percent of Fractured Faces. Image courtesy of Gilson, Inc.

Recently, image analysis methods have been used to quantify
the shape, angularity, and texture of aggregates. These methods
rely on capturing images of particles and then using mathematical
functions to describe the geometry captured in these images. A
system that was developed and used by different research centers
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Figure 4.9
Flat and Elongated Coarse Aggregate Caliper

is called the Aggregate Imaging System (AIMS).10 The first module
of this system is for the analysis of fine aggregates; black-and-white
images are captured using a video camera and a microscope. The
second module is devoted to the analysis of coarse aggregate; gray
images as well as black-and-white images are captured. Fine aggre-
gates are analyzed for shape and angularity, while coarse aggregates
are analyzed for shape, angularity, and texture. The video micro-
scope is used to determine the depth of particles, while the images
of two-dimensional projections provide the other two dimensions.
These three dimensions quantify shape. Angularity is determined by
analyzing the black-and-white images, while texture is determined
by analyzing the gray images. AIMS is shown in Figure 4.10.

Many studies have shown that an increase in aggregate angu-
larity and texture increase the strength and stability of HMAs.10

In general, open-graded mixtures were found to be influenced
more by the angularity and texture of aggregates than dense-graded
mixtures. Also, fine aggregate angularity plays a more critical role
than coarse aggregate angularity in influencing the properties of
HMAs. The presence of excessive flat and elongated aggregate par-
ticles is undesirable in asphalt mixtures because they tend to break
down (especially in open-graded mixtures) during production and
construction, thus affecting the durability of HMAs.

Performance of PCCs is influenced by aggregate properties. The
properties of the aggregate used in the concrete affect the perfor-
mance of both fresh and hardened PCC. Aggregate characteristics
affect the proportioning of concrete mixtures, the rheological
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Figure 4.10
Aggregate Imaging System (AIMS).

properties of the mixtures, the aggregate-mortar bond, and the
interlocking strength (load transfer) of the concrete joint/crack.

Meininger11 indicated that fine aggregate content and properties
mostly affect the water content needed in the concrete mix. Thus,
selecting the proper fine aggregate content and proper particle
shape and texture ensures a workable and easily handled mix.
Coarse aggregate particle shape and angularity are related to critical
performance parameters such as transverse cracking, faulting of
joints, and cracks. Using a high percentage of flat and/or elongated
particles might cause problems when placing the concrete, since
it may result in voids and incomplete consolidation, which in the
long run may result to spalling. Coarse aggregate shape, angularity,
and surface texture are believed to have a significant effect on the
bond strength between aggregate particles and the cement paste.
Weak bonding between aggregates and mortar leads to distresses in
concrete pavements, including longitudinal and transverse cracking,
joint cracks, spalling, and punchouts. The increase in bond strength
is a consideration in selecting aggregate for concrete, where flexural
strength is important or where high compressive strength is needed.
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Kosmatka et al.7 indicated that aggregate properties (shape and
surface texture) affect freshly mixed concrete more than hardened
concrete. Rough-textured, angular, and elongated particles require
more water to yield workable concrete than smooth and rounded
aggregates. Angular particles require more cement to maintain the
same water-to-cement ratio. However, with satisfactory gradation,
both crushed and noncrushed aggregate of similar rock origin
generally give the same strength, given the same cement amount.
Another detrimental effect of angular and poorly graded aggregates
is that they may be difficult to pump.

The performance of unbound granular pavement base and sub-
base layers is greatly affected by the properties of the aggregates
used. Poor performance of unbound granular base layers can result
in premature pavement surface failure in both HMAs and PCCs. Dis-
tresses in an asphalt pavement due to poor unbound layers include
rutting, fatigue cracking, longitudinal cracking, depressions, corru-
gations, and frost heave. There is significant correlation between
aggregate shape properties and the resilient modulus and shear
strength properties of unbound aggregates used in base layers (e.g.,
reference 1), as discussed earlier (Chapter 3).

Figure 4.10 shows the correlation between the shear strength
of unbound aggregates and aggregate angularity measured using
image analysis methods. The trend in this data suggests that as the
angularity values increase, the angle of internal friction increases
exponentially. The correlation between the deviator stress at failure
and the angularity value is plotted in Figure 4.11 for the three con-
fining pressures. As the angularity value of the unbound aggregate
material increases, the deviator stress at failure also increases for
each of the three confining pressures.

DURABILITY AND SOUNDNESS

Durability and soundness of aggregates refer to their resistance to
temperature and moisture, as well as to the presence of deleterious
substances such as soft particles, clay, and organic materials.13 Clay
particles can adversely affect the bond between the aggregates and
asphalt, which can lead to stripping and raveling in HMAs. Also, the
presence of these particles weakens the bond between aggregates
and paste in PCCs, leading to cracking. The sand-equivalent test
(ASTM D 2419) is used to determine the relative proportions of clay
and dust in fine aggregates. In this test, a sample of fine aggregates
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Correlation between Coarse Aggregate Angularity (AI) Angle of Internal Friction φ and
Deviatoric Stress Failure at Different Confinement Stresses σ 3 (Ref. 14).

is agitated in water and allowed to settle. The sand particles settle
and separate from the flocculated clay, and the heights of clay and
sand in the cylinder are measured. The sand equivalent is the ratio
of the height of sand to the height of clay times 100. The ASTM
C 142 procedure (clay lumps and friable particles in aggregates)
is another method that can be used to measure the cleanliness of
fine aggregates. The ASTM C 40 procedure is used to determine
the organic impurities in sands for concrete. This procedure is
used to determine if organic impurities are present to a level that
requires further tests before they are approved for use. ASTM D 3744
(aggregate durability index) is another procedure that can be used
to determine the relative resistance of an aggregate in producing
detrimental clay like fines when subjected to mechanical methods
of degradation in the presence of water.

The coefficient of thermal expansion is defined as the change in
the volume of aggregate produced by a unit change in temperature.
It is desirable to have a small difference in the coefficient of thermal
expansion between the aggregate parent rock minerals to reduce the
differential expansion within the aggregate that can cause internal
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fracture. The coefficient of thermal expansion of aggregates ranges
from 0.5 × 10−6 to 9 × 10−6 in/in/◦F.13

Thermal conductivity is the capability of an aggregate to transmit
heat. The advantage of low thermal conductivity is to decrease the
depth of frost penetration through a pavement. However, there
is an advantage of higher thermal conductivity in minimizing the
differential temperatures between the top and bottom of PCC slabs:
a uniform temperature through the slab decreases curling and
cracking. Thermal compatibility between aggregate and cement
paste in a PCC pavement is also an important consideration. An
increase in the difference in the coefficient of thermal expansion of
the aggregate and that of the cement binder increases the chances
of PCC cracking.

The wetting and drying process influences the volume change
of aggregates and the pavement layer in which the aggregates are
used. Aggregates should exhibit little or no volume change with
variations in moisture content. The freezing and thawing process
is another phenomenon that could cause fracture of aggregates
due to the buildup of internal stresses as a result of the increase
of water volume inside the aggregate. The sulfate soundness test
(ASTM C 88) is used to measure the aggregate resistance to freezing
and thawing. The aggregate sample is immersed into a solution
of sodium or magnesium sulfate of specified concentration for a
period of time. The sample is then removed and permitted to drain,
after which it is placed in an oven to dry to constant weight. The
process of immersion and drying is typically repeated for five cycles.
During the immersion cycle, the sulfate salt solution penetrates
the aggregate. Oven-drying dehydrates the sulfate salt precipitated
in the aggregate pores. The internal expansive force, due to the
formation of the sulfate salt crystals, is intended to simulate the
expansion of water upon freezing. The aggregate sample is washed
and sieved, and the reduction in aggregate sizes due to breakage is
used as the indication of durability of the aggregate.

The influence of freezing and thawing and the presence of delete-
rious materials cause major distresses in PCC, such as pitting, D-line
cracking, and map cracking. Pitting is the result the disintegration
of weak aggregates near the surface under the freezing and thawing
action. D-line cracking appears initially as fine cracks near transverse
joints and cracks in pavements, and progresses to become cracks
near longitudinal joints and free edges. This distress is caused by the
change in volume and breakage of coarse aggregates as a result of



96 4 Aggregates

water freezing in aggregate pores. Map cracking refers to random,
well-distributed cracks over the pavement surface. This distress is
attributed to the expansion of aggregate particles along with shrink-
age of the concrete mortar. A complete description of the pavement
distresses is given in Chapter 9.

4.3.2 Chemical
Properties

The chemical properties of aggregates influence their adhesion to
asphalt. Poor adhesion of the asphalt to the aggregate in the pres-
ence of moisture leads to stripping and raveling. There are several
theories that explain the asphalt-aggregate adhesion mechanism.5

Aggregates that are susceptible to adhesion loss in the presence of
moisture are typically called hydrophilic (exhibiting water affinity)
or acidic.15 Aggregates that have good adhesion with asphalt and
exhibit good resistance to moisture damage are called hydrophobic
(exhibiting water aversion) or basic. The nature of electric charges
on the aggregate surface when in contact with water also influences
the adhesion between the aggregate and the asphalt. Most siliceous
aggregates (e.g., sandstone, granite, quartz, and siliceous gravel) are
negatively charged in the presence of water. Other aggregates, such
as limestone, exhibit a positive charge in the presence of water. A
classification of aggregates based on their silica or alkaline content
is shown in Figure 4.12.

Content of silica SiO21 %

0 10 20 30 40 50 60 70 80 90 100

100 90 80 70 60 50 40 30 20 10 0
Content of Alkaline or Alkaline Earth Oxide, %

Silicious Limestone

Basalts Porphyries

Silica

Positive (Mixed) Negative
Sandstone

Limestone
(Content of C30)

Diorites

Ophites
Granites

Figure 4.12
Classification of Aggregates by Surface Charges (Ref. 15).
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Certain forms of silica and siliceous material react with the alkali
released during the hydration of portland cement, which leads to
the formation of a gel-like material around aggregate particles.
This gel-like material expands, leading to random cracking at the
concrete surface. The ASTM C 289 procedure, entitled potential
reactivity of aggregates, or chemical method, is used to quickly
determine the potential reactivity of an aggregate with the alkali
in PCCs.

Aggregate surface energy measurements have been shown to be
good indicators of the adhesion potential between aggregates and
asphalt binders3,8. The surface-free energy of a material is defined
as the amount of work required to create a unit area of a new
surface of that specific material in a vacuum. The surface-free
energy of a material is divided into three separate components.
These components are the monopolar acidic γ +, the monopolar
basic γ −, and the apolar, or Lifshitz-van der Waals γ LW. The total
surface-free energy of a material, γ Total, is obtained from the three
components, as shown in Equation (4.14).

γ Total = γ LW + 2
√

γ +γ − (4.14)

The bond energy between the aggregate and asphalt binder with-
out (WAS) and with moisture (WASW ) is calculated using Equations
4.15 and 4.16, respectively.3,8

WAS = 2
√

γ LW
A γ LW

S + 2
√

γ +
A γ −

S + 2
√

γ −
A γ +

S (4.15)

WASW = γAW + γSW − γAS (4.16)

where, the subscripts A, S , and W represent the asphalt binder,
aggregate (stone), and water, respectively. The surface energy with
two subscripts, γ ij represents the energy of the interface between
any two materials, i and j, which is computed using the surface-free
energy components as follows:

γij = γi + γj − 2
√

γ LW
i γ LW

j − 2
√

γ +
i γ −

j − 2
√

γ −
i γ +

j (4.17)
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4.3.3 Mechanical
Properties

The mechanical properties of aggregates are related to their resis-
tance to degradation due to abrasion, polishing, impact, or loading
stress in the pavement layers. The nature and mineralogy of the
aggregates determine the aggregate resistance to these factors.
Aggregate strength and stiffness have been used as indicators of
aggregate resistance to degradation. Strength is quantified by the
maximum tensile or compressive stress that an aggregate sample
can sustain prior to failure. Stiffness is the resistance of an aggre-
gate particle to deformation, and it is quantified by the modulus
of elasticity. Strength and stiffness are measured on cylinders or
cubes cored from the parent rock. It is difficult to measure these
properties on individual aggregate particles, as their irregular shape
makes it impractical. An aggregate with a high degree of stiffness
is desired for most construction applications. However, overly stiff
aggregates can cause microcracking of the cement paste surround-
ing the particle during the plastic shrinkage stage of the hydration
process.

Aggregates are exposed to impact and/or abrasion forces during
plant operations and compaction. These forces might cause changes
in aggregate size distribution, leading to field-produced mixes dif-
ferent from the laboratory-designed ones. Aggregate breakage can
also occur under traffic loads, especially in pavement layers that rely
on stone-on-stone contacts such as the open-graded friction course
(OGFC), stone matrix asphalt (SMA), and unbound layers. These
materials experience high stresses at the aggregate contact points,
which might cause aggregate fracture and reduction in load-carrying
capacity.

The Los Angeles Degradation Test (ASTM C 131) is the most
widely specified test for evaluating the resistance of coarse aggregates
to abrasion and impact forces. In this test, a sample of coarse
aggregates with a specified gradation is placed in a steel drum along
with steel balls. The drum is rotated, and the tumbling action causes
abrasion between particles and between steel balls and particles.
Following the completion of the revolutions, the sample is removed
and sieved. The percent passing the No. 12 sieve is used as a measure
of the Los Angeles degradation value for the sample.

Aggregate resistance to breakage due to impact can also be mea-
sured using the Page Impact Test (ASTM D 3). This test measures
the resistance of a cylindrical core specimen to the impact of a
hammer dropped freely from different heights. The height of drop
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in centimeters causing fracture of the specimen is reported as the
toughness value.

The aggregate impact value (AIV) (British Standard: BS 812-Part-
112) is also used to measure aggregate resistance to impact. A stan-
dard sample of coarse aggregates is placed in a cylindrical mold. The
sample is subjected to blows from a hammer. Degradation is mea-
sured by the aggregate weight passing a British Standard 2.40-mm
sieve, which corresponds to approximately the U.S. Standard No. 8
sieve size. The aggregate crushing value (ACV) (British Standard:
BS 812-Part-110) is another test in which a coarse aggregate sample
in a cylindrical mold is subjected to a continuous load transmitted
through a piston in a compaction test machine. A load is applied
gradually over a specified time. The ACV is equal to the percentage
of fines created that pass the British Standard (BS) 2.40-mm sieve,
expressed as a percentage of the initial percent passing value.

The Micro-Deval test (ASTM D 6928) was developed in the 1960s
in France for measuring aggregate resistance to abrasion. Coarse
aggregate abrasion takes place in this test through the interaction
among aggregate particles and between aggregate particles and
steel balls in the presence of water. Sieve analysis is conducted after
the Micro-Deval test to determine the weight loss in the coarse
aggregate sample as the material passing sieve No. 16 (1.18 mm).
Figure 4.13 shows the components of the Micro-Deval test, while
Figure 4.14 shows aggregate particles before and after abrasion in
the Micro-Deval.

The resistance of aggregates to polishing influences asphalt pave-
ment frictional resistance, also known as skid resistance. The fine
aggregate fraction in PCCs is important to the friction characteristics
of the surface. The friction characteristics of HMAs are influenced
mostly by the coarse aggregate exposed at the surface.

The most widely used method for measuring aggregate resistance
to polishing employs the British Wheel device (ASTM D 3319).
Aggregate friction can be measured by the British Portable Pendu-
lum Tester (ASTM E 303) device (Figure 4.15). This device involves
a rubber slider at the end of a pendulum. The friction, hence
the degree of polishing, is measured by the height reached by the
slider as it swings past the point of contact with the test specimen.
Figure 4.16 shows an example of aggregate coupons before and after
polishing.

Many studies have shown that the measurements of the British
pendulum are a function of many other factors besides aggregate
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Container in which aggregate
and steel balls are placed

Steel balls
Machine used for tumbling
the container

Figure 4.13
Micro-Deval Test Components. Image courtesy of Gilson, Inc.

(a) (b)

Figure 4.14
Aggregate Particles (a) before Abrasion in the Micro-Deval, and (b) after Abrasion in
the Micro-Deval

texture. These factors include coupon curvature, aggregate arrange-
ment, and aggregate size. Kandhal et al.6 and Mahmoud9 indicated
that the measurements are within a narrow range, which makes it
difficult to distinguish among aggregates based on their polishing
resistance.

Crouch and Dunn4 developed the Micro-Deval Voids at nine
hours (MDV9) to evaluate aggregate resistance to polishing. In this
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Rubber

Figure 4.15
British Pendulum Tester and British Polishing Wheel

(a)

(b)

Figure 4.16
Aggregate Coupons (a) before Polishing and (b) after Polishing Using the British Wheel.

method, the Micro-Deval apparatus is used to polish an aggregate
sample for nine hours. Then the voids in an uncompacted sample of
aggregates are used to measure their packing, as reflected by their
void ratio. The lower the void ratio, the smoother the polished aggre-
gates, hence the lower their polishing resistance. Mahmoud9 used
the Micro-Deval to polish an aggregate sample, and measured the
resulting loss in texture using the Aggregate Imaging System (AIMS).
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Table 4.5
Typical Physical Properties of Common Aggregate (Ref. 13)

Property Granite Limestone Quartzite Sandstone

Unit Weight (lbs/in3) 162–172 117–175 165–170 119–168
Compressive Strength ( × 103 lbs/in2) 5–67 2.6–28 16–45 5–20
Tensile Strength (lbs/in2) 427–711 427–853 NA∗ 142–427
Modulus of Elasticity ( × 106 lbs/in2) 4.5–8.7 4.3–8.7 NA∗ 2.3–10.8
Water Absorption (% by weight) 0.07–0.30 0.50–24.0 0.10–2.0 2.0–12.0
Average. Porosity (%) 0.4–3.8 1.1–31.0 1.5–1.9 1.9–27.3
Linear Expansion ( × 10−6 in/in/◦C) 1.8–11.9 0.9–12.2 7.0–13.1 4.3–13.9
Specific Gravity 2.60–2.76 1.88–2.81 2.65–2.73 2.44–2.61

∗NA = Data not available.

The ASTM D 3042 procedure is used to determine the percent-
age of insoluble residue in carbonate aggregates (e.g., limestone,
dolomite). The test is primarily used to identify carbonate aggregates
that are prone to polishing, hence should be avoided in constructing
HMA friction courses. In this test, a hydrochloric acid is added to
an aggregate sample and agitated. Then the diluted solution and
residue are washed from the aggregates. The diluted solution is dis-
carded, and the insoluble residue is dried, sieved, and weighted. The
higher the weight of the insoluble residue, the higher the resistance
of aggregates to polishing. Shown in Table 4.5 are typical values for
some of the aggregate properties discussed in this chapter.
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Problems

4.1 Name three common minerals and identify their geological
origin. Which one is more porous, and why?

4.2 Name three common types of igneous rocks used as aggre-
gates.

4.3 Given the following measurements on a sample of fine aggre-
gate, calculate the bulk dry, bulk SSD, and apparent specific
gravities:

Aggregate saturated surface dry (SSD) weight = 459.34 g
Weight of pyenometer and water = 2345.67 g
Weight of pyenometer, water, and sample = 2640.35 g
Aggregate weight after being dried in oven = 454.12 g

4.4 Plot typical gradation curves for two samples, one with a
fineness modulus of 2.2 and the other of 3.2.

4.5 Calculate and plot the gradation of the sieve analysis data
shown in Table 4.6 on a semilog plot.

4.6 Repeat thesolution toproblem4.5,using theFuller-Thompson
approach. Also plot the Fuller line using an exponent of 0.45.
How dense do you think this aggregate packs?

4.7 Table 4.7 shows the grain size distribution for two aggregates
and the specification limits for an asphalt concrete. Determine
the blend proportion required to meet the specification and
the gradations of the blend. On a semilog gradation graph,
plot the gradations of aggregate A, aggregate B, the selected
blend, and the specification limits.
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Table 4.6
Data for Problem 4.5

Cumulative Cumulative
Amount Amount Percent Percent

Sieve Size Retained, g Retained, g Retained Passing

25 mm (1 in.) 0
9.5 mm (3/8 in.) 35.2
4.75 mm (No. 4) 299.6
2.00 mm (No. 10) 149.7
0.425 (No. 40) 125.8
0.075 mm (No. 200) 60.4
Pan 7.3

Table 4.7
Data for Problem 4.7

19 12.5 9.5 4.75 2.36 0.6 0.30 0.15 0.075
mm mm mm mm mm mm mm mm mm

Specification
Limits

100 80–100 70–90 50–70 35–50 18–29 13–23 8–16 4–10

Aggregate A 100 85 55 20 2 0 0 0 0
Aggregate B 100 100 100 85 67 45 32 19 11

4.8 Laboratory measurements of the specific gravity and absorp-
tion of two coarse aggregate sizes are:

Aggregate A: Bulk dry-specific gravity = 2.81; absorption =
0.4%

Aggregate B: Bulk dry-specific gravity = 2.44; absorption =
5.2%

What is the average specific gravity of a blend of 50% aggregate
A and 50% aggregate B by weight, and what is its average
absorption?



5 Asphalt
Materials

5.1 Introduction

The hot-mixed asphalt (HMA) used in constructing the surface layer
of asphalt concrete pavements consists of asphalt binder, aggregates,
and, in some cases, chemical additives. Asphalt binder is a blend
of hydrocarbons of different molecular weights. It is the product
of the distillation of crude oil. The chemical additives are usually
used to enhance the mixture resistance to some pavement distresses,
such as moisture susceptibility, rutting, or fatigue cracking. Around
30 million tons of asphalt are used in highway construction in the
United States every year.

Aggregate properties have been discussed in Chapter 4. This
chapter discusses the chemical, physical, and mechanical properties
of asphalt binders and asphalt mixtures that influence the design
and performance of asphalt concrete pavements. Included here is
a brief description of the state-of-the-art tests used for measuring
these properties. More details on these tests can be found in the
pertinent ASTM and AASHTO standards.
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5.2 Chemical Composition of Asphalt Binders

The purpose of this section is twofold: first, to introduce the chem-
istry of asphalt binders at the molecular level and the chemistry of
the interactions among these molecules, and, second, to present a
model for the chemical composition of asphalt binders. The main
sources for the information presented are Robertson18 and the
Western Research Institute (WRI).20

5.2.1 Asphalt
Chemistry at the
Molecular and
Intermolecular
Levels

At the molecular level, asphalt consists of compounds called hydro-
carbons, made of hydrogen and carbon atoms. Asphalt molecules
have: (1) an aliphatic structure of straight or branched chains;
(2) an unsaturated ring or aromatic structure; or (3) saturated
rings or branches, which have the highest hydrogen-to-carbon ratio.
Examples of these structures are given in Figure 5.1. The atoms
within asphalt molecules are held together by strong covalent bonds.

In addition to hydrocarbons, asphalt includes heteroatoms such
as nitrogen, sulfur, oxygen, and metals. Although these heteroatoms
exist in small percentages compared to the hydrocarbons, they
influence the interactions among molecules and asphalt properties.
Distribution of metals such as vanadium, nickel, and iron depends
on the crude oil source. As such, these metals can be used to identify

(b) Saturated Molecule with Branched Structure 

(c) Aromatic Molecules

H3C

H3C CH3

OH

O

(a) Aliphatic Molecule

Figure 5.1
Examples of Asphalt Molecules
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Table 5.1
Elemental Analyses of Representative Petroleum Asphalts (Ref. 15)

B-2959 B-3036 B-3051 B-3602
Mexican Arkansas-

Elements Blend Louisiana Boscan California

Carbon, percent 83.7 85.78 82.90 86.77
Hydrogen, percent 9.91 10.19 10.45 10.93
Nitrogen, percent 0.28 0.26 0.78 1.10
Sulfur, percent 5.25 3.41 5.43 0.99
Oxygen, percent 0.77 0.36 0.29 0.20
Vanadium, ppm 180 7 1380 4
Nickel, ppm 22 0.4 109 6

the binder source. Table 5.1 shows elemental compositions of a
number of asphalts.

The distribution of heteroatoms causes an asymmetric charge
distribution or polarity in the molecules. The molecules remain
neutral in terms of the overall charge, but the center of electron
density is different from the center of the positive charge. This polar-
ity increases the interaction and association among the molecules
to form large groups of connected or associated molecules. This
interaction can occur in the form of moderately strong electrostatic
forces among the polar part of the molecules or through weak
forces among the nonpolar part of the molecules called Vander
Waal’s forces. Therefore, an increase in temperature or the applica-
tion of stress influence more the weakening of these intermolecular
bonds than the intramolecular covalent bonds.

Oxidation has a significant effect on the asphalt structure. It
changes the chemical structure of the molecules (i.e., changes the
covalent bonds) and increases the polarity of the molecules. There-
fore, it promotes greater association among molecules, leading to a
more brittle asphalt structure. The level of association of molecules
affect the binder sensitivity to changes in temperature (temperature
susceptibility) and its sensitivity to changes in shear stress (stress
susceptibility).

5.2.2 Asphalt
Chemical Model

Several models are available for describing the asphalt binder struc-
ture. The model presented by WRI20 consists of polar and nonpolar
molecules. The polar molecules tend to associate strongly and are
dispersed in the continuous phase of the relatively nonpolar portion
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CH3

S

Figure 5.2
Example of Resin Molecule

of the asphalt. As the temperature rises, associations of the least
polar molecules decrease, and the material becomes less viscous. As
the temperature rises higher, the higher-polarity molecules disasso-
ciate. A decrease in temperature causes greater association among
asphalt molecules, leading to higher resistance to flow.

The polar component of the model is matrix-structured. Each
matrix consists of a nucleus that has mostly an aromatic structure
of highly polar and associated molecules (asphaltene), surrounded
by aromatic molecules with branches (adsorbed resin), as shown in
Figure 5.2, and an immobilized solvent. This matrix structure follows
the model presented by Pfeiffer and Saal,16 as shown in Figure 5.3.
The matrices are dispersed in a relatively nonpolar solvent, which
is referred to as maltene. The maltene consists of the free resin
(not adsorbed to the asphaltene) and oils. Oils consist primarily of
nonpolar aliphatic and saturated molecules.

Asphaltenes are generally dark brown solids; resins are generally
dark and semisolid; oils are usually colorless or white liquids. Several
methods have been used to separate asphalt into these different
chemical fractions. However, the proportions of these fractions have
been found to depend on the method and the chemical used to sep-
arate the groups. For example, when n-heptane is used to separate
the asphalt, the highly aromatic nucleus precipitate is referred to as
n-heptane asphaltene; when iso-octance is used, the nucleus and the
adsorbed resin with the matrix precipitate is referred to as iso-octane
asphaltene.

The amounts of adsorbed resin and immobilized solvent depend
on temperature and applied stresses. At mix-plant temperatures,
the asphaltene molecular associations are stabilized by fairly small
amounts of adsorbed resins. As the temperature is lowered, more
resin adheres to the asphaltene, causing an increase in its volume
and in the amount of immobilized solvent.20 In addition to the
increase of the volume of the matrix, a floc formation occurs in
which more solvent is immobilized between the matrices, according
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Figure 5.3
Schematic of Asphalt Chemical Structure (Ref. 20)

to the Pal-Rhodes model (Figure 5.3). The result is a reduction in the
amount of resin in the free solvent and an increase in the amount
of resin associated with the asphaltene. As temperature increases, or
shear forces are applied, more resins are dissolved and more solvent
joins the surrounding free solvent.

5.3 Preliminaries on Rheology and Viscoelasticity

5.3.1 Newtonian
versus

Non-Newtonian
Behavior

It is useful to discuss the principles of rheology and linear viscoelas-
ticty as they form the basis for understanding the behavior of asphalt
binders and mixtures. Rheology is the study of the flow properties of
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Shear Strain rate

Shear Stress

Newtonian
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Figure 5.4
Illustration of Newtonian Behavior and Examples of Non-Newtonian Behavior

materials. The rheological properties of asphalts influence pavement
performance. In simple terms, a liquid that has a linear relationship
between shear stress and shear strain rate, and that relationship
passes through the origin, is described to have a Newtonian behavior
(Figure 5.4). The slope of this linear relationship is the absolute
viscosity, which is defined as the force (dynes) per square centimeter
required to maintain a relative velocity of 1 centimeter per second
between two planes separated by 1 centimeter of the fluid:14

η = shearing stress
rate of shear

= (F /A)
(dv/dx)

= τ

γ̇
(5.1)

The linear relationship indicates that absolute viscosity is indepen-
dent of shearing rate. Absolute viscosity (η) is measured by the units
of Pascal.second (Pa.s), or poise, where 1 Pa.s is equal to 10 poises.
In a Newtonian liquid, all the applied energy is dissipated in heat,
and the liquid does not go back to its original condition when the
load is removed.

The term non-Newtonian behavior is used to describe viscosity that
is a function of shear strain rate, or a relationship between stress
and shear rate that does not go through the origin. Examples of
non-Newtonian behaviors are shown in Figure 5.4.

5.3.2 Linear
Viscoelasticity

In asphalt testing and specifications, the non-Newtonian behavior
is studied using linear viscoelasticity theory. A linear viscoelastic
behavior indicates that the material properties change as a function
of shearing rate and temperature. A viscoelastic material combines
the behavior of an elastic solid and a viscous liquid. The elastic
solid is represented by Hooke’s law, τ = Gγ , where G is the shear
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modulus; the viscous liquid is represented by the Newtonian viscous
relationship τ = ηγ̇ , where η is the viscostiy. The proportions of the
elastic and viscous components depend on the rate of shear and
temperature. The elastic behavior increases and the viscous behavior
decreases as the temperature decreases and shearing rate increases.

The discussion here is limited to linear viscoelastic behavior, which
means that the material properties are assumed independent of the
applied stress or strain levels. The linear viscoelastic behavior under
one-dimensional loading is described by its response to relaxation,
creep, or steady state dynamic loading. Under a creep loading, a
specimen is subjected to a constant stress, and strain is measured as
a function of time. The ratio of strain ε(t) to the constant stress σ o
is the creep compliance.

D(t) = ε(t)
σo

(5.2)

Of course, creep compliance can be measured under shear load-
ing or axial loading. It is customary to refer to the shear creep
compliance as J (t), and to use D(t) to refer to the axial creep
compliance. The response of a linear viscoelastic material under
creep loading is depicted in Figure 5.5. It should be noted that a
viscoelastic material can recover all the strain after the elapse of
certain time, a behavior that solidlike viscoelastic materials exhibit;
or it can maintain some residual strain, a behavior that liquidlike
materials exhibit.

In a relaxation experiment, the material is subjected to a constant
strain, εo, and stress is measured as a function to time, σ (t). The
ratio of stress to strain is referred to as the relaxation modulus.

E(t) = σ (t)
εo

(5.3)

It is also customary to denote the shear relaxation modulus as
G(t), and denote the axial modulus as E(t). The relation between
these two moduli is analogous to Hooke’s law, as follows:

G(t) = E(t)
2(1 + μ(t))

(5.4)

where μ(t) is the Poisson’s ratio, which is a function of time for
viscoelastic materials. The response of viscoelastic materials under
relaxation loading is illustrated in Figure 5.6. It is noted that the
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Figure 5.5
Creep Behavior of Viscoelastic Materials

stress required to maintain a constant strain decreases with time; it
reaches zero after the lapse of certain time for liquidlike materials,
and it reaches a constant value for solidlike viscoelastic materials.

Under a sinusoidal dynamic stress loading, the response has also
a sinusoidal shape, but the strain response will lag behind the stress.
The ratio between the stress amplitude (σ o) and strain amplitude
(εo) is known as the dynamic modulus, which is denoted as |E*| for
axial loading or |G*| for shear loading. The inverse of the modulus
is called the dynamic creep compliance, which is referred to as |D*| for
axial loading or | J *| for shear loading. The angle that describes the
lag between the stress and strain is referred to as the phase angle
(δ). An increase in phase angle indicates an increase in the viscous
behavior of the material and a decrease in the elastic behavior. A
Newtonian viscous liquid has δ value of 90◦, while an elastic solid
has a δ value of 0◦. Asphalt binders have a phase angle between
these two extremes. The dynamic modulus and phase angle are
the two fundamental properties needed to describe the viscoelastic
response under dynamic harmonic loading. These two properties
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Relaxation Behavior of Viscoelastic Materials

are functions of the frequency of loading, which can be described
by frequency (f ) in Hertz (Hz) or angular frequency (ω) in rad/s.

The dynamic properties can also be described by the storage
modulus G ′ and loss modulus G ′′ which are defined in Equations
5.5 and 5.6, respectively.

G ′ = |G∗| cos δ
(5.5)

G ′′ = |G∗| sin δ
(5.6)

There are exact and approximate methods to relate the dynamic
properties to the relaxation modulus and the creep compliance.
The presentation of these relationships is, however, beyond the
scope of this text. The ratio of the shear dynamic modulus to the
radial frequency, ω, is equivalent to the apparent viscosity or shear
dependent viscosity (|η*| = |G*|/ω).

The supplied energy during loading is divided into a stored energy
and dissipated or loss energy. The loss energy in loading cycle i is
given in Equation 5.7.
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	Wi = πτoiγoi sin δ = πγ 2
oi|G∗| sin δ = πτ 2

oi

|G∗|/sin δ
(5.7)

The significance of the dissipated energy will become apparent with
some of the indices used to describe binder behavior later in this
chapter.

As can be seen from Equation 5.7, the loss energy is the area in
the loop equal to zero for elastic material, with δ = 0◦; and it is
maximum for a viscous material with δ = 90◦. The dissipated energy
is illustrated in Figure 5.7.

It should be emphasized that the stored dynamic modulus and the
loss dynamic modulus do not correspond to the elastic and viscous
energy, respectively. In order to illustrate this point, consider the
simple Burger model that has been used to describe the behavior of
asphalt binders (Figure 5.8). This model combines elastic behavior,
Newtonian viscous behavior, and delayed elastic behavior. The elastic
behavior is represented by a spring that has an elastic modulus E (or
a creep compliance D = 1/E), which is not a function of time—or, in
other words, gives an instantaneous deformation and recovery. The
Newtonian viscous behavior is represented by a dashpot connected
in a series to the spring. The material property that describes the
behavior of the dashpot is absolute viscosity η or fluidity (φ = 1/η).
The spring has a δ value of 0◦; the dashpot has a δ value of 90◦.
The delayed elastic is represented by a parallel configuration of a
spring and a dashpot. This delayed elastic comes from the parallel
configuration that indicates that the spring and dashpot should have
the same strain. Therefore, a compromise has to be reached between
the spring that has instantaneous response and the dashpot that has
a time-dependent response. The compromise is a retardation of
the spring deformation and a time-dependent response that is faster
than that of the dashpot, but of course slower than the instantaneous
response of the spring.

Under dynamic loading, the stored and loss compliances for a
Burger model are given in Equations 5.8 and 5.9.

J ′ = J
1 + τ 2

v ω2 + Jg (5.8)

J ′′ = J τvω

1 + τ 2
v ω2 + φf

ω (5.9)

where τv = φ

J .
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Figure 5.7
Dissipated Energy for Elastic, Viscoelastic, and Viscous Materials
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Figure 5.8
Description of the Burger Model

As can be seen in these relationships, the stored compliance
combines the spring in a series (pure elastic response) and part
of the delayed elastic response. The loss compliance includes the
dashpot in a series and part of the delayed elastic. The proportion
of the delayed elastic between the two compliances at a given
temperature depends on the applied loading frequency.

5.3.3 Time-
Temperature
Superposition

The viscoelastic properties are functions of time and temperature.
It is sometimes difficult to measure these properties for a long time
at a given temperature. Luckily, the majority of asphalt binders are
considered thermorheologically simple, which means the effect of
time on the material properties can be replaced by the effect of
temperature, and vice versa. In other words, E(t1,T1) = E(t2,T2),
where t2 is higher than t1, and T2 is lower than T1, as illustrated
in Figure 5.9. Therefore, if the relaxation modulus is needed at a
low temperature, (T2), and a very long loading time, (t2), one can
increase the temperature to T1 and decrease the loading time to t1
to obtain the same modulus. This feature is very important to obtain
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Illustration of the Time-Temperature Concept

the viscoelastic material properties at a wide range of temperatures
and loading times.

The time-temperature superposition is applied to experimental
measurements of viscoleastic properties (relaxation modulus, creep
compliance, dynamic modulus, phase angle) at a wide range of
temperatures and loading times (or frequencies) to obtain two
relationships:

❑ A master curve that describes the viscoelastic property at a
reference temperature and over a range of time or frequency

❑ A shift function-temperature curve that describes the ratio between
the actual time at which the test was conducted and the refer-
ence time to which the data is shifted versus the temperature
at the actual time

The master curve allows the estimation of mechanical properties
over a wide range of temperatures and times (or frequencies), which
could be realized in the field but are not practical to simulate in the
laboratory. The concept of establishing the master curve and shift
functions is illustrated next by assuming that the relaxation modulus
follows a simple power law:

E(t) = E1t−m (5.10)

Taking the log of both sides of Equation 5.10 converts it to a linear
function:

log(E(t)) = log E1 − m log t (5.11)

If the relaxation modulus is conducted at different temperatures,
the curves shown in Figure 5.10a will be produced. The curves in
Figure 5.10a can be shifted horizontally to a reference temperature
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such as T2, which results in the curve in Figure 5.10b. Note that
the x-axis in Figure 5.10b is labeled tr, which stands for reduced
time, to indicate that this is the reference time after shifting, not the
actual time at which the test was conducted. The shifting function is
aT = t/tr, and is plotted as a function of temperature (Figure 5.11).

(a) Data before Shifting.

(b) Data after Shifting. 

log E

Log t

T1

T2

T3

T4

T2
(Reference
Temperature)

log E

Log tr

Figure 5.10
Data Shifting to Construct Master Curve

TT1 T2 T3 T4

1

aT

Figure 5.11
Shift Factor versus Temperature
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5.4 Asphalt Binder Properties

5.4.1 ViscosityViscosity is an important rheological property for measuring the
consistency of asphalt. For a Newtonian liquid, viscosity is indepen-
dent of shearing rate. Asphalt binders are typically considered to
exhibit Newtonian behavior at mixing temperature, which is around
160◦C. However, as the temperature decreases, asphalts start to
exhibit non-Newtonian behavior, where by the viscosity becomes
dependent on the shear strain rate. The temperature at which this
occurs depends on binder type.

There are different methods for measuring asphalt binder vis-
cosity. Absolute viscosity can be measured at a given temperature
using tube viscometers by timing the binder flow between two marks
(ASTM D 2171 or AASHTO T 202). This time is multiplied by a vis-
cometer calibration factor to obtain absolute viscosity. As discussed
earlier, absolute viscosity is expressed in Pa.s (1 Pa.s = 10 poise).
The viscosity is measured at 140◦F (60◦C). At this temperature, a
binder is too viscous to flow; therefore, a vacuum pressure is applied
to cause asphalt to flow.

Viscosity is also measured at 275◦F (135◦C), which is a high enough
temperature for asphalt to flow under gravitational forces without
the need to apply a vacuum pressure (ASTM D 2170 or AASHTO
T 201). This measured quantity is called kinematic viscosity, which
quantifies the resistance to flow under gravity. Kinematic viscosity
is equal to the viscosity in Pa.s divided by the density in kg/m3.
Therefore, the unit of kinematic viscosity is:

Unit of Kinematic Viscosity = Pa s/
kg
m3 = N s

m2 /
kg
m3

= kg m s
m2 s2 /

kg
m3 = m2/s

The unit Stoke = 1 cm2/s or centiStoke (cSt) = 1 mm2/s is typically
used to express kinematic viscosity.

The rotational viscometer test (ASTM D 4402 or AASHTO T 316)
is another method for measuring viscosity (Figure 5.12). The test is
performed by rotating a spindle with a radius equal to Ri and length
equal to L in a binder placed in a chamber with an internal radius
of Ro. The test measures the torque required to maintain a constant
rotational speed (ω) at a constant temperature. The shear stress at
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Figure 5.12
A Schematic of the Rotational Viscometer (Ref. 12)

the surface of the spindle is given in Equation 5.126.

τb = T

2πR2
i L

(5.12)

The viscosity is measured in the units of Pa.s or poise and is
calculated using Equation 5.13.

η = T(1/R2
i − 1/R2

o )
4πω

(5.13)
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5.4.2 Pene-
tration

This is an empirical method for measuring asphalt consistency
(ASTM D 5 or AASHTO T 49). It does not measure a fundamental
property and it does not control rate of loading. It is expressed as the
distance, in tenths of a millimeter, that a standard needle penetrates
an asphalt binder under standard conditions of loading, time, and
temperature.

5.4.3 Dynamic
Shear

The dynamic shear rheometer (DSR) is used to measure the dynamic
viscoelastic properties of asphalt binders (|G*|, δ). It is a parallel
plate rheometer that is used to apply shear strain or shear stress
under a controlled temperature and frequency (Figure 5.13). The
test is performed according to the AASHTO T 315 procedure. The
maximum shear stress and shear strain in the DSR are calculated
using Equations 5.14 and 5.15, respectively:

τmax = 2T/πr3 (5.14)

γmax = θr/h (5.15)

Oscillating
Plate

Fixed
Plate

Proper Amount
of Asphalt

Applied Stress
or Strain

Oscillating
Plate

Asphalt

Fixed Plate

Position of
Oscillating Plate B

A
A

A

C

Time

1 cycle

B A C

Figure 5.13
Schematic of the Dynamic Shear Rheometer (Ref. 12)
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Figure 5.14
Schematic of the Bending Beam Rheometer (Ref. 12)

where T is the maximum applied torque, r is the radius of plate, θ

is the deflection angle, and h is specimen height.

5.4.4 Flexural
Creep

Flexural creep is measured using the bending beam rheometer
(BBR). In this test, a beam is placed under a controlled temperature,
and a creep load in applied in the middle of the beam (Figure 5.14).
The test is performed according to the ASTM D 6648 (AASHTO
T 313) procedure. As the beam creeps, the midpoint deflection is
monitored after 8, 15, 30, 60, 120, and 240 seconds. The deflection
as a function of time (	(t)) in the middle of the beam is used to
compute the creep compliance (D(t)) using:

	(t) = PL3

48I
D(t) (5.16)

where, P is the applied force, L is the beam length, I = bh3/12
is the moment of inertia, b is the beam width, and h is the beam
height. The term stiffness, S(t), is introduced here as the inverse of
compliance (S(t) = 1/D(t)), which can be computed directly using:

S(t) = PL3

4bh3	(t)
(5.17)
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The maximum flexural stress and flexural strain are calculated as
follows:

σmax = 3PL
2bh2 (5.18)

εmax = 6	(t)h
L2 (5.19)

The BBR is used for measuring the binder properties at low
temperatures. It was found that at these low temperatures, the
relationship between log(S(t)) and log(t) can be described by a
second-order polynomial, as in Equation 5.20.

log(S(t)) = A + B log(t) + C(log(t))2 (5.20)

The derivative of log(S(t)) with respect to log(t) gives the slope
of the relationship as a function of time:

m(t) = d log(S(t))
d log(t)

= B + 2C log(t) (5.21)

Example 5.1The following deflection data (Table 5.2) was obtained from testing
an asphalt binder using the BBR at the following conditions:

❑ Test temperature = −18.0◦C
❑ Constant load applied to the beam = 0.98 N
❑ Beam width = 12.70 mm.
❑ Beam thickness = 6.35 mm
❑ Distance between beam supports = 102 mm
Assuming the load and length of the beam are constant through-

out the test, calculate the stiffness of the material (S(t)) at every
reported time. Plot the results.

ANSWER

Equation 5.17 can be used to determine the stiffness of the material
with the following parameters:

❑ Constant load applied to the beam, P = 100 g (980 mN)
❑ Distance between beam supports, L = 102 mm
❑ Beam width, b = 12.7 mm
❑ Beam thickness, h = 6.35 mm
The results are presented in Table 5.3 and plotted in Figure 5.15.
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Table 5.2
Data for Example 5.1

Time (sec) Deflection (mm)

8 0.1877
15 0.2231
30 0.2730
60 0.3364

120 0.4152
240 0.5327

Table 5.3
Deflection and Stiffness Data for Example 5.1

Time (s) Deflection (mm) S(t) (Mpa)

8 0.1877 425.97
15 0.2231 358.38
30 0.2730 292.87
60 0.3364 237.68
120 0.4152 192.57
240 0.5327 150.09

5.4.5 Tensile
Strength

The asphalt tensile strength is measured by the direct tension test
(DTT) using AASHTO T 314. In this system, a direct tension load is
applied to maintain a constant displacement rate at a standard low
temperature (Figure 5.16). The maximum load developed during
the test is monitored. The tensile strain and stress in the specimen
when the load reaches a maximum are reported as the failure
strain and failure stress, respectively. The strain at failure is used for
specifying low-temperature properties of the binder.

5.4.6 Surface
Energy

As defined in Chapter 4, surface energy (γ ) is the amount of external
work done on a material to create a new unit surface area in vacuum.
This property is important to determine the binder fracture property
and the bond of the binder with aggregates5,11. The binder surface
energy components have been calculated by measuring contact
angles with various probe liquids using the Wilhelmy plate method.5

Using this method, the contact angle is calculated as shown in
Equation 5.22 from equilibrium considerations of a glass slide thinly
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Figure 5.15
Stiffness of the Asphalt Binder as a Function of time

coated with the asphalt film and immersed in a probe liquid,

cos θ = 	F + Vim(ρL − ρair )g
Ptγ

Tot
P

(5.22)

where, Pt is the perimeter of the asphalt slide, γ Total
P is the total

surface energy of the probe liquid, θ is the contact angle between
the bitumen and the liquid, V im is the volume of the slide immersed
in the liquid, ρL is the liquid density, ρair is the air density, and g is the
gravity acceleration. The measured contact angles and the known
surface energies of the probe liquids are then used to calculate the
surface energy components of asphalt.

5.4.7 AgingAging refers to the change in the binder structure and/or compo-
sition due the influence of temperature and oxygen. This change
makes the binder harder and more brittle. Aging is caused by dif-
ferent mechanisms, such as volatilization of hydrocarbon elements
at high temperatures, and breaking of intermolecular bonds to
form new molecular structures, and oxidation. Oxidation combined
with high temperatures can disrupt and change the strong cova-
lent bonds, cause an increase in polarity of the molecules, and
consequently, increase association among these molecules.

During construction, aging is attributed primarily to loss of
volatiles and oxidation. Aging during construction is referred to
as short-term aging , and it is simulated in the laboratory using
the rolling thin-film oven (RTFO), according to ASTM D 2872
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Schematic of the Geometry and Change in Length in the Direct Tension Specimen
(Ref. 12)

(AASHTO T 240) procedure. In this test, a bottle with a small
amount of asphalt is placed in a rack in an oven at a temperature
similar to that used in asphalt mixing in the field. The rack rotates,
and the asphalt forms a thin film covering the bottle (Figure 5.17).
This thin film is subjected to an air jet during the rotation of the
bottle. This process causes oxidation and volatilization of hydro-
carbons. Another, less common, method for simulating short-term
aging utilizes the thin film oven (TFO). This concept is similar to
that of the RTFO, but the asphalt is placed in a pan that rotates
horizontally. Aging in the RTFO is faster than in the TFO.
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Figure 5.17
Schematic of the Rolling Thin Film Oven Test (Ref. 17)

Aging also occurs during the pavement service due to oxidation.
This process is simulated in the laboratory by the pressure aging
vessel (PAV). The PAV procedure is described in ASTM D6521. An
asphalt binder is subjected to oxygen at high pressure and relatively
high temperature. Aging in the field is more severe for thin asphalt
films and asphalt mixtures with connected voids.

5.5 Asphalt Grades

Different methods have been developed over the years for grading
asphalt binders. The main objective of these grading systems is to
classify binders based on their rheological and mechanical proper-
ties, assuming that these properties relate to the field performance.
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The asphalt grading systems are:
❑ Penetration grading
❑ Viscosity grading
❑ Viscosity of aged residue grading
❑ Superpave performance grading
The Superpave performance grading is the most commonly used.

Nevertheless, the first three grading system are described here as
well, because some properties utilized in these grading systems are
input in the design guide proposed in NCHRP 1-37A.

In the penetration grading system (ASTM D 946), asphalts are
graded based on the penetration of a standard needle in asphalt at
25◦C in units of 0.1 mm. Binders also have to meet other require-
ments to be graded in this system. There are five grades, namely:
Pen 40–50, Pen 60–70, Pen 85–100, Pen 120–150, and Pen 200–300.
The binders are tested in unaged condition in this grading system.

The viscosity grading system (ASTM D 3381) is based on the
absolute viscosity at 140◦F (60◦C) in poise. In addition to viscosity, the
binder has to meet other properties in order to be graded.17 There
are five grades in this system, namely: AC-2.5, AC-5, AC-10, AC-20,
and AC-40. The number following ‘‘AC’’ indicates the absolute
viscosity in hundreds of poise. For example, AC-5 indicates that
the absolute viscosity is 500 poise. Viscosity is measured on unaged
binders.

The viscosity of aged residue grading system (ASTM D 3381) is
based on measuring the binder viscosity after aging in the TFO.
Absolute viscosity is measured in poise at a temperature of 140◦F
(60◦C). There are five grades; AR-1000, AR-2000, AR-4000, AR-8000,
AR-16000. The number in the grade refers to absolute viscosity in
poise.

The Superpave performance grading system has several advan-
tages over the other three systems. It was developed considering the
influence of rate of loading on the binder properties, and the tests
are conducted at temperatures that represent the geographic loca-
tion in which a binder will be used. A number of tests are involved
in the Superpave system to obtain the binder rheological properties
at various temperatures. Recall that the penetration and viscosity
grading systems are based on tests at fixed temperatures that may
not represent the field temperature.

A binder grade indicates the pavement temperatures at which
this binder can be used. For example, PG 64-22 indicates that this
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Table 5.4
Superpave Binder Grades

High Temperature Grade (°C)

46 52 58 64 70 76 82
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binder can be used where the average seven-day maximum pavement
temperature is lower than or equal to 64, and the minimum pave-
ment temperature is higher than or equal to −22. The asphalt
grades according to this system are shown in Table 5.4.

The testing conditions and the specifications the binder needs to
pass in the superpave system are discussed next.

The rotational viscometer is conducted to determine the binder
viscosity at a temperature of 135◦C, which represents construction
conditions. Viscosity should be less than 3 Pa.s for the binder to have
the proper workability for use in asphalt mixtures.

The DSR is used to measure the binder viscoelastic properties
(|G*|,δ) at an angular speed of 10 rad/s. The test is conducted at
the maximum average seven-day pavement temperature to assess
the binder resistance to permanent deformation. This temperature
is obtained from climatic conditions collected from weather stations
and an equation that calculates the pavement temperature from
the climatic conditions. The diameter of the DSR plate used for
measuring the resistance to rutting test is 25 mm. The DSR test
is conducted on an unaged binder and RTFO-aged binders. For
the binder to pass the rutting test at a given temperature, the
value of the index G*/sin δ should be higher than 1.00 kPa for
the unaged binder and more than 2.2 kPa for the aged binder.
This means that is it is desirable to increase the |G*| value (higher
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stiffness) and decrease the value of δ decrease in viscous dissipation).
According to the original Superpave developments1, the index
(|G*|/sin δ), is inversely proportional to the energy dissipated in
viscoleastic deformation. Therefore, it is postulated that permanent
deformation can be decreased by decreasing the dissipated energy
or increasing the |G*|/sin δ value.

The DSR is also used to measure the binder resistance to
fatigue cracking. The test temperature is taken as 0.5 × (seven-day
average maximum pavement temperature + minimum pavement
temperature) + 4. For example, the fatigue test temperature for PG
64-22 binder is 25◦C. The test is conducted after aging the binder
in both the RTFO and PAV. The diameter of the DSR plate is 8 mm
for fatigue testing. The calculated index is (|G*| × sin δ) and should
be lower than or equal to 5000 kPa for the binder to pass the fatigue
test at a given temperature.

Selection of the |G*| × sin δ index suggests that it is desirable to
decrease the modulus (decrease stiffness) and decrease phase angle
(decrease viscous dissipation) to reduce fatigue cracking. As sug-
gested in the development of the Superpave binder specifications,1

the |G*| × sin δ index is directly proportional to dissipated energy
assuming that the analysis is conducted at a constant strain (Equation
5.7). This type of loading, however, is considered applicable to thin
asphalt concrete layers only (i.e., this specification was developed
considering fatigue cracking in thin pavements). It is worth men-
tioning, that in thick asphalt concrete layers (i.e., approximately
thicker than 125 mm), it is usually found that fatigue cracking can
be reduced by increasing the stiffness rather than decreasing it. The
Superpave specifications for fatigue and permanent deformation
are currently being revised to better relate performance indices to
energy dissipation and mode of loading.

The resistance to low-temperature cracking is assessed using the
BBR and the DTT. Both of these tests are conducted in a binder
that is aged using both the RTFO and PAV. Also, both tests are
conducted at a temperature 10◦C higher than the pavement’s lowest
temperature. For example, a PG 64-22 is tested at −12 ◦C. The
increase in temperature is used to reduce the testing time. Using
the time-temperature superposition, it was found that the creep
compliance value at 60 seconds and a temperature 10◦C higher
than the lowest temperature is equivalent to the creep compliance
needed for low-temperature cracking, which is measured after two
hours of loading at the lowest temperature. Therefore, the creep
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compliance can be measured within a short loading time by utilizing
the time-temperature superposition.1,3 In the BBR test, the binder
stiffness S(t) should be lower than 300 MPa, and the slope of the log
S(t) − log(t) relationship at 60 seconds (m(t = 60 sec)) should be
higher than 0.3 for the binder to pass the low-temperature cracking
test at a given temperature. The decrease in stiffness indicates a
decrease in the developed thermal stress value; an increase in m(t)
indicates an increase in the binder capability to release thermal
stresses.

It was noticed that although some binders are stiff, they can have
very good resistance to low-temperature cracking because they can
exhibit high failure strain. Therefore, the DTT was developed to
measure the strain at failure in the binder. The binder is pulled at
a constant rate of deformation of 1 mm/min. The tensile strain and
stress in the specimen, when the load reaches a maximum value,
is reported as the failure strain and failure stress, respectively. The
strain at failure εf should be greater than 1% for the binder to
pass. This test is conducted only if the binder stiffness in the BBR
is between 300 MPa and 600 MPa. A binder that passes this BBR
requirement is considered to pass the low-temperature test without
running the DTT. On the other hand, a binder with a stiffness
higher than 600 MPa does not pass the binder grade, regardless
of the failure strain in the direct tension test. A summary of the
Superave tests and requirements is shown in Table 5.5.

Example 5.2Using the information obtained in Example 5.1 from a BBR test,
determine whether this asphalt meets the Superpave requirements
for low-temperature cracking.

ANSWER

To prevent low-temperature cracking, Superpave requires that the
binder stiffness, S(t), be lower than 300 MPa, and the slope of the
log S(t) − log(t) relationship at the same time (i.e., m(t = 60 sec))
be higher than 0.3.

The data obtained in Example 5.2 show that at 60 seconds the
stiffness of the binder, S(t), is 237.68 MPa. By calculating the slope
of the plot log (S(t) versus log(t) at 60 seconds, an approximate
value of 0.311 for m(t) is obtained.

By comparing the requirements with the results from the BBR
test, it can be concluded that the asphalt binder does satisfy the
Superpave conditions for low-temperature cracking.
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Example 5.3The following data on the dynamic shear modulus G* (Table 5.6)
was obtained by performing DSR tests on an asphalt binder. The
DSR test was conducted at three temperatures (12◦C intervals) at
frequencies ranging from 1 to 100 rad/s using the 25-mm DSR
plates and at frequencies from 0.1 to 100 rad/s using the 8-mm DSR
plates. Construct the master curve for the dynamic shear modulus
for a reference temperature of 25◦C and present the corresponding
shifting factors versus temperature plot. It is noted that the symbol
‘‘| |’’ is omitted around the modulus G* to simplify the notation.

ANSWER

The Master curve should include relationships of both dynamic
modulus and phase angles as functions of frequency. However,
this example demonstrates only the dynamic modulus relationship.
There are several methodologies for constructing a master curve.
For simplicity, in this example, shifting is conducted through the
following steps:

1. For each curve, a value of aT(Ti) (shift factor for the i-th
temperature) is assumed.

2. Using that shift factor, the reduced frequency for the whole
curve is calculated (reduced frequency = aT(Ti) × frequency).

3. The plot of dynamic shear modulus versus reduced frequency
is compared with the original plot of dynamic shear modulus
versus frequency at the reference temperature (i.e., 25◦C).

4. If the plot does not follow the same trend with the curve at the
reference temperature, a new value of aT(Ti) is selected and
the process is repeated.

5. Once the shift factor values corresponding to each temperature
curve are found, they are fitted into a William-Landel-Ferry
(WLF) equation. The WLF is a common equation used in the
construction of master curves:7

log(aT ) = − C1(T − TR)
C2 + T − TR

(5.23)

where, C1 and C2 are the parameters of the curve, T is the temper-
ature at which the shift factor is needed, and T R is the reference
temperature (25◦C, in this case). The fitting process consists of
obtaining the C1 and C2 parameters that minimize the sum of the
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Table 5.6
Complex Shear Modulus (G*) Obtained from DSR Tests at Different Temperatures

DSR with 8-mm Plate DSR with 25-mm Plate
Frequency Dynamic Shear Modulus (Pa) Frequency Dynamic Shear Modulus (Pa)
rad/sec T4=37◦C T5=25◦C T6=13◦C rad/sec T1=76◦C T2=64◦C T3=52◦C

0.10 6.31E+02 6.31E+03 1.00E+05 1.00 31.62 100.00 630.96
0.13 7.76E+02 7.59E+03 1.17E+05 1.26 39.81 125.89 794.33
0.16 9.55E+02 9.12E+03 1.38E+05 1.58 50.12 158.49 1000.00
0.20 1.17E+03 1.10E+04 1.62E+05 2.00 63.10 199.53 1258.93
0.25 1.45E+03 1.32E+04 1.91E+05 2.51 79.43 251.19 1584.89
0.32 1.78E+03 1.58E+04 2.24E+05 3.16 100.00 316.23 1995.26
0.40 2.19E+03 1.91E+04 2.63E+05 3.98 125.89 398.11 2511.89
0.50 2.69E+03 2.29E+04 3.09E+05 5.01 158.49 501.19 3162.28
0.63 3.31E+03 2.75E+04 3.63E+05 6.31 199.53 630.96 3981.07
0.79 4.07E+03 3.31E+04 4.27E+05 7.94 251.19 794.33 5011.87
1.00 5.01E+03 3.98E+04 5.01E+05 10.00 316.23 1000.00 6309.57
1.26 6.17E+03 4.79E+04 5.89E+05 12.59 398.11 1258.93 7943.28
1.58 7.59E+03 5.75E+04 6.92E+05 15.85 501.19 1584.89 10000.00
2.00 9.33E+03 6.92E+04 8.13E+05 19.95 630.96 1995.26 12589.25
2.51 1.15E+04 8.32E+04 9.55E+05 25.12 794.33 2511.89 15848.93
3.16 1.41E+04 1.00E+05 1.12E+06 31.62 1000.00 3162.28 19952.62
3.98 1.74E+04 1.20E+05 1.32E+06 39.81 1258.93 3981.07 25118.86
5.01 2.14E+04 1.45E+05 1.55E+06 50.12 1584.89 5011.87 31622.78
6.31 2.63E+04 1.74E+05 1.82E+06 63.10 1995.26 6309.57 39810.72
7.94 3.24E+04 2.09E+05 2.14E+06 79.43 2511.89 7943.28 50118.72

10.00 3.98E+04 2.51E+05 2.51E+06 100.00 3162.28 10000.00 63095.73
12.59 4.90E+04 3.02E+05 2.95E+06
15.85 6.03E+04 3.63E+05 3.47E+06
19.95 7.41E+04 4.37E+05 4.07E+06
25.12 9.12E+04 5.25E+05 4.79E+06
31.62 1.12E+05 6.31E+05 5.62E+06
39.81 1.38E+05 7.59E+05 6.61E+06
50.12 1.70E+05 9.12E+05 7.76E+06
63.10 2.09E+05 1.10E+06 9.12E+06
79.43 2.57E+05 1.32E+06 1.07E+07

100.00 3.16E+05 1.58E+06 1.26E+07

squares error between the shift factors obtained in the first part of
the exercise and the shift factors estimated with the WLF equation.

The plot in Figure 5.18 presents the information provided and
shows the direction in which each curve should be shifted to
construct the master curve. After following the iterative process
described, the shift factors shown in Table 5.7 were found for each
temperature curve.
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Complex Shear Modulus (G*) versus Frequency and Reduced
Frequency Obtained from DSR Tests
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Figure 5.18
Dynamic Shear Modulus versus Frequency Obtained from DSR tests

Table 5.7
Shift Factor Calculations for Example 5.3

Temperature Shift Factor (aT)

13 2.44 × 101

25 1.00 × 100

37 9.39 × 10−2

52 1.04 × 10−2

64 1.67 × 10−3

76 5.00 × 10−4

Based on these shift factors, the master curve for the dynamic shear
modulus can be obtained by plotting the dynamic shear modulus
versus the reduced frequency (Figure 5.19). Note that the values
of shear complex modulus do not change during the process of
constructing a master curve. What changes is the horizontal position
of the curve (horizontal shift) in order to follow the trend of the
25◦C curve.

Table 5.8 shows the estimated shift factors obtained by fitting the
data to the WLF equation. The C1 and C2 parameters of the WLF
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Master Curve for the Complex Shear Modulus (G*) at a 25°C Reference
Temperature
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Figure 5.19
Master Curve for the Complex Shear Modulus (G*)

Table 5.8
Shift Factors Obtained During Construction of the
Master Curve and Estimations Using a WLF Equation
(in base 10 logarithm).

Log (Shift Factor) [log(aT)]
Estimated with WLF

Temperature Obtained Equation

13 1.39 1.46
25 0.00 0.00
37 −1.03 −1.08
52 −1.98 −2.08
64 −2.78 −2.70
76 −3.30 −3.21

equation that minimizes the square differences between the real and
the estimated values were found to be 8.20 and 79.3, respectively.
The relationship between log(aT) versus temperature is given in
Figure 5.20.
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Shift factor, aT, versus. Temperature 
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Figure 5.20
Log (aT ) versus Temperature for the Master Curve of the Dynamic Shear Modulus (G*)

Table 5.9
Data for Example 5.4

Original RTFO-Aged PAV-Aged
Asphalt Asphalt Asphalt

DSR

G∗(kPa) 0.98 1.4 6000
δ(◦) 75 70 60

BBR
S (MPa) 300 450 650
m 0.6 0.5 0.4

DTT
Failure Strain (%) 2.5% 2% 1.2%

Example 5.4The following results were obtained from testing an asphalt binder
(Table 5.9). Determine if the asphalt meets the specification require-
ments to resist the following distresses:

❑ Rutting

❑ Fatigue cracking
❑ Low-temperature cracking

❑ Rutting
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ANSWER

The Superpave PG grading system controls rutting based on the
rheological parameters G* and δ, as follows: (1) G*/sin δ > 1.0 kPa
for unaged asphalt, and (2) G*/sin δ ≥ 2.2 kPa for short-term
aged asphalt (i.e., RTFO-aged asphalt). The G*/sin δ values for
the asphalt binder under analysis are: (1) G*/sin δ = 1.014 kPa
for unaged asphalt, and (2) G*/sin δ = 1.49 kPa for RTFO-aged
asphalt. It can be concluded that this asphalt binder does satisfy the
requirement in its original conditions; but it does not satisfy the
requirement when is short-term aged. As a result, this asphalt does
not satisfy the specifications for rutting.

Fatigue cracking is controlled by the following requirement: G*sin
δ≤ 5000 kPa (in long-term aged asphalt samples using the PAV).
The result for G*sin δ obtained from the DSR for the long-term aged
asphalt under analysis is 5196 kPa. Therefore, it can be concluded
that the asphalt binder does not meet the requirement for fatigue
cracking.

Low-temperature cracking is controlled by limiting the stiffness
(S) and the m-value obtained from the BBR test in long-term
aged samples (PAV), as follows: (1) stiffness (S) ≤ 300 MPa (in
long-term aged asphalt samples), and (2) m-value ≥ 0.3 (in the
same conditions). The BBR results obtained for the long-term aged
samples are: (1) stiffness (S) = 650 MPa, and (2) m-value = 0.4.

Overall, it can be concluded that the asphalt binder does not
satisfy the requirement for stiffness, although it does satisfy the
requirements for the m-value. Although the asphalt binder did not
satisfy the performance requirements at the conditions at which
the tests were conducted, it might satisfy those conditions at other
temperatures.

5.5.1 Temp-
erature
Susceptibility

Asphalt binder properties are dependent on temperature, a phe-
nomenon referred to as temperature susceptibility. Conventional tests
of penetration and viscosity are conducted at one temperature and,
consequently, they cannot reflect the temperature susceptibility. To
overcome these limitations, some indices have been developed to
determine the change in binder properties as a function of time. An
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index that has been used for measuring temperature susceptibility
based on penetration is the penetration index (PI ):

PI = 20 − 500 A
1 + 50 A

A = log Pen at T1 − log Pen at T2

T1 − T2

(5.24)

where T 1 and T 2 are in degrees Centigrade. Other indices have also
been used based on changes of viscosity as a function of temperature.

One of the main advantages of the Superpave system is that
temperature susceptibility is accounted for by measuring the binder
properties at different temperatures that represent construction,
rutting, fatigue, and low-temperature cracking.

5.6 Binder Modification

Different processes and materials are used to enhance the binder
properties. Binder modification has been driven by the increase in
traffic loads, new refining technologies, enhancement in polymer
technology, the increasing need to recycle waste such as rubber,
and the need to meet the performance grades in the Superpave
system.10 This enhancement is realized in increasing the maximum
temperature and/or reducing the minimum temperature at which a
binder can be used. King et al.10 indicate that the results of modifying
asphalts depend on a number of factors, including concentration of
the modifiers; molecular weight; chemical composition; particle size;
and molecular orientation of the additive, crude source, refining
process, and the grade of the original unmodified binder. A list of
binder modifiers is given in Table 5.10.

Several studies and experience from performance of asphalt
pavements have shown that the current Superpave system needs
improvements to better characterize the performance of modified
binders. A number of recent studies have shown progress toward the
goal of enhancing the Superpave system to grade binders, including
modified binders based on their performance. A brief summary of
these efforts is given in this section with emphasis on the results
from NCHRP.4



142 5 Asphalt Materials

Table 5.10
Types of Asphalt Binder Modifiers (Ref. 9)

Categories of Modifier Examples of Generic Types

Thermosetting polymers Epoxy resin
Polyurethane resin
Acrylic resin

Elastomeric polymers Natural rubber
Volcanized (tyre) rubber
Styrene—butadienc—styrene (SBS) block

copolymer
Styrene—butadiene—rubber (SBR)
Ethylene—propylene—diene terpolymer

(EPDM)
Isobutene—isoprene copolymer (IIR)

Thermoplastic polymers Ethylene vinyl acetate (EVA)
Ethylene methyl acrylate (EMA)
Ethylene butyl acylate (EBA)
Polythylene (PE)
Polyvinyl chloride (PVC)
Polystyrene (PS)

Chemical modifiers and Organo-managanese/cobalt compound
extenders (Chemrete)

Sulphur
Lignin

Fibers Cellulose
Alumino-magnesium silicate
Glass fiber
Asbestos
Polyester
Polypropylene

Antistripping Organic
amines
Amides

Natural binders Trinidad lake asphalt (TLA)
Gilsonite
Rock asphalt

Fillers Carbon black
Fly ash
Lime
Hydrated lime
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5.6.1 Resistance
to Permanent
Deformation

The repeated creep and recovery test is recommended to estimate
the rate of accumulation of permanent strain. This test involves
applying a constant stress for a period of time and then removing
the load stress to allow the binder to recover the elastic and delayed
elastic responses. This process is repeated for a specified number
of cycles. This test can be conducted using the DSR. The Burger
model is fitted to the creep compliance as a function of loading and
unloading time. Then, the part of the compliance that represents
the dashpot in series (ηf in Figure 5.8) is calculated after a specified
number of cycles. Some researchers recommend using the inverse
of the compliance (termed ‘‘stiffness’’) associated with the dashpot
as a parameter for quantifying resistance to rutting. A higher value
of stiffness is taken as a measure of better resistance to permanent
deformation.

5.6.2 Fatigue
Cracking

The recommended fatigue parameter in NCHRP9-10 is based on
plotting the ratio of the accumulated dissipated energy divided by
the energy dissipated in the current cycle as a function of loading
cycles.4 The energy ratio is shown in Equation 5.25.

Dissipated Energy Ratio =

n∑
i=1

	Wi

	Wn
(5.25)

where 	W i is the dissipated energy in cycle i (	W i = πτ oiγ oisin δ),
with τ oi the amplitude of the stress function, γ oi the amplitude of
the strain function, and 	W n the dissipated energy in the current
cycle denoted by n.

Bahia et al.4 suggested that the fatigue life consists of three stages.
In the first stage, the relationship is linear, indicating there is no
damage and energy is dissipated in viscoleastic deformation. In
the second stage, the relationship deviates from linearity, which is
attributed to crack initiation. In the third stage, crack propagation
occurs and is manifested as a rapid change in the slope of the
relationship. The number of cycles to failure (N p) is defined by the
intersections of asymptotes, as shown in Figure 5.21.

LOW-TEMPERATURE CRACKING

The method requires conducting the DTT at two loading rates and
two temperatures. These measurements are used to establish curves
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Figure 5.21
Definition of Fatigue Life Based on the Dissipated Energy Concept

that define the failure stress and failure strain. The BBR is used to
determine the thermal stresses and strain of the binder at different
temperatures. The intersection of the curves of thermal stresses and
strains from BBR with the failure stress and failure strain curves,
respectively, from the DTT are used to determine two cracking
critical temperatures based on stress and strain. The higher of these
two temperatures is used to determine the grade.

Recently, an AASHTO standard practice (AASHTO PP 42) has
been developed for determining the low-temperature performance
grade. This method relies on the BBR to obtain the binder relaxation
modulus of the binder. This relaxation modulus, along with the
changes in temperatures, is used to calculate the thermal stresses
induced at low-temperatures. The thermal stresses are multiplied by
a constant to determine the mixture thermal stresses and compare to
the failure stress measured using the DTT to determine the critical
cracking temperature.

5.7 Asphalt Mixture Volumetric Analysis

The volumetric composition of asphalt mixtures affects significantly
their properties and performance. This section provides a brief
description of these volumetrics and their calculations. The nota-
tions and equations used here are according to Roberts et al.17.
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The bulk-specific gravity of a compacted asphalt mixture (Gmb)
is determined according to ASTM D 1189 and ASTM D 2726
(AASHTO T 269) procedures. Experimentally, it is calculated using
Equation 5.26.

Gmb = WD

WSSD − Wsub
(5.26)

where W D is the dry weight of the compacted sample in air, W SSD is
the weight of the asphalt mixture in saturated surface-dry condition,
and W sub is the weight of the sample submerged in water.

The theoretical maximum specific gravity (Gmm) is the specific
gravity of the mixture without voids. This specific gravity is measured
using the ASTM 2041 (AASHTO T 209) procedure. One of the most
important properties of the asphalt mixture is air voids in the total
mix (VTM), which is calculated as follows:

VTM =
(

1 − Gmb

Gmm

)
× 100 (5.27)

Voids in mineral aggregate (VMA) is a term that refers to the total
volume of air voids and effective asphalt. Effective asphalt is equal to
the total volume of asphalt minus the asphalt absorbed by aggregates.
By definition, VMA can be calculated as in Equation 5.28.

VMA = VT − VAgg (bulk)
VT

(5.28)

where V T is the total volume of the compacted mixture, and
V Agg(bulk) is the bulk volume of aggregates. The term bulk is used
here to indicate that the aggregate volume includes the surface voids
filled with asphalt. After some mathematical manipulations, VMA
can be calculated as shown in Equation 5.29.

VMA = 100
(

1 − Gmb(1 − Pb)
Gsb

)
(5.29)

where Gsb is the bulk-specific gravity of aggregate in dry conditions,
and Pb is the asphalt content with respect to the total mixture weight.

The voids filled with asphalt (VFA) is the percentage of VMA filled
with asphalt; it is calculated using Equation 5.30.

VFA = VMA − VTM
VMA

× 100 (5.30)
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An important quantity in the analysis of mixture volumetrics is
the effective specific gravity of aggregate. It is equal to the weight of
aggregate divided by the effective volume of aggregate. This effective
volume is the volume of aggregate plus the external voids not filled
with asphalt. The aggregate-effective specific gravity is related to the
mixture maximum specific gravity using Equation 5.31.

Gse = 1 − Pb

1
Gmm

− Pb

Gb

(5.31)

where Gb is the binder-specific gravity. Finally, asphalt absorption
quantifies the ratio of weight of asphalt absorbed to weight of
aggregates. Therefore, it is calculated as in Equation (5.32).

Pba = WAAC

WAgg
× 100 (5.32)

where W AAC is the weight of absorbed asphalt. It can be shown that
the absorbed asphalt is calculated as follows:

Pba = 100
Gse − Gsb

GsbGse
Gb (5.33)

Example 5.5 An asphalt mixture has a bulk-specific gravity (Gmb) of 2.329.
The phase diagram in Figure 5.22 shows five properties (four spe-
cific gravities and the asphalt content) of a compacted specimen of
HMA that have been measured at 25◦C. Using only these values,
find all the volumetric properties and mass quantities as indicated
on the component diagram.

ANSWER

The information provided is summarized in Table 5.11. Based on
this information, the values of the component diagram can be
obtained as follows:

❑ V mb = 1 cm3 and Gmb = 2.329, then, γ mb = Gmbγ w = 2.329 g/cm3

= W mb/V mb, then W mb = 2.39 g/cm3 × 1 cm3 = 2.329 g
❑ Pb = 5% by mix, then Pb = 0.05 = W b/W mb, then W b = 0.05 ×

2.329 g = 0.1164 g
❑ Gb = 1.015, then γ b = Gbγ w = 1.015 g/cm3 = W b/V b; therefore,

V b = W b/γ b = 0.1164 g/1.015 g/cm3 = 0.1147 cm3
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Vol (cm3) Mass (g)

Effective Asphalt
Gb = 1.015

Air

Absorbed Asphalt

Aggregate
Gsb = 2.705
Gse = 2.731

Gmb = 2.329

1 cm3

Figure 5.22
Asphalt Mix Phase Diagram

Table 5.11
Data for Example 5.7

Material Property

Mixture Gmb = 2.329
Vmb = 1 cm3

Effecive asphalt Gb = 1.015
Pb = 5% by mix

Aggregate Gagg-sb = 2.705
Gagg−se = 2.731

❑ W agg = W mb−W b = 2.329 g − 0.1164 g = 2.2126 g

❑ Gagg−se = 2.731, then γ agg−se = Gagg−seγ w = 2.731 g/cm3 =
W agg/V agg−se, then V agg−se = W agg/γ agg−se = 2.2126 g/2.731
g/cm3 = 0.8102 cm3

❑ V air = V mb − V agg−se − V b = (1 − 0.8102 − 0.11473) cm3 =
0.0751 cm3

❑ Gagg−sb = 2.705, then γ agg−sb = Gagg−seγ w = 2.705 g/cm3 =
W agg/V agg−sb, then V agg−sb = W agg/γ agg−sb = 2.2126 g/2.705
g/cm3 = 0.8180 cm3

❑ Volume of VMA = V mb + V agg−sb = (1 − 0.8180) cm3 =
0.18203 cm3. Therefore, % VMA = 18.203%
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Mixture

Wa 0.0000 Va 0.0000 Air Va 0.0751 Va 0.0751

Wba 0.0079 Asphalt absorbed Vba 0.0078

Pb Percentage of binder by weight of mixture Gagg 2.731 Specific gravity of aggregates
P’b Percentage of binder by weight of aggregate %VMA 18.20% Voids in mineral aggregates
Ps Percentage of aggregate by weight of mixture %VFA 58.75% Voids filled with asphalt
Gmb Bulk-specific gravity %Pa 0.357% Percentage of absorbed binder
Gmm Maximum specific gravity %Pe 4.66% Percentage of effective binder
Gb Specific gravity of asphalt Cv 88.44% Concentration of aggregates

Volumetrics

HMA Composition: Volume and Weights

Mass (g) Volume (cm3)

Wmb 2.3290

VMA 0.1820

Vmb 1.0000

Wasp
0.1069

0.1164
Wbe 0.1085 Asphalt effective

Vb 0.1147
Vbe

Vagg-sb 0.8180
Wagg 2.2126 Wagg 2.2126 Aggregate Vagg

-se
0.8102

5.00%
5.26%

95.00%
2.329%

2.51808%
1.01456%

Figure 5.23
Mixture Volumetrics and Weight in Phase Diagram for the Given HMA

❑ V ba = V air + V b − VMA = (0.0751 + 0.1147–0.18203) cm3 =
0.007787 cm3

❑ V be = V b − V ba = (0.1147 − 0.007787) cm3 = 0.10694 cm3

❑ W be = γ be − V be = 1.015 g/cm3 × 0.10694 cm3 = 0.1085 g

❑ W ba = W b − W be = 0.1164 g − 0.1085 g = 0.0079 g

At this point, it is possible to complete the initial component
diagram and to calculate other volumetrics of the mixture. Figure
5.23 presents the summary of such results.

5.8 Asphalt Mixture Properties

5.8.1 Dynamic
Modulus Test

This test is used to measure the dynamic modulus |E∗| of an HMA
mix at different temperatures and loading frequencies. The test was
originally developed by Coffman and Pagen at Ohio State University
in the 1960s. It can be conducted in a uniaxial or triaxial condition in
either compression or tension. However, the majority of tests during
the past years were in compression. The procedure for this test is
now available in the AASHTO provisional standard TP 62. When the
test is conducted in compression, the specimen experiences creep,
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in addition to the dynamic response. The decomposition of loading
to creep and dynamic responses is shown in Figure 5.24. The strain
response is shown in Figure 5.25, where the response in Figure 5.25a
is the summation of the responses in Figures 5.25b and 5.25c. In
the analysis, the creep response is typically ignored and the dynamic
modulus is taken as the ratio of the amplitude of the dynamic
stress function to the amplitude of the dynamic strain function.
In the AASHTO procedure the peak stress level for measuring the
dynamic modulus was chosen to maintain the total measured strain
per cycle within 50 to 150 microstrain. This strain range is selected
to conform to the linear viscoelastic behavior of the mixture. Three
axial linear variable differential transducers (LVDTs) are used to
record deformation and calculate strain. A schematic of the LVDT
mounted on the specimen is shown in Figure 5.26. If the modulus
is needed at a range of temperatures and a range of frequencies,
the order of conducting each the test is from lowest to highest
temperature and highest to lowest frequency of loading at each
temperature.

The data obtained from this test can be used to construct the
master curve for the mix, as shown in Example 5.3. There are
several methods for constructing and mathematically representing
the master curve.21,22 Some studies found that |E*| correlated to the
rutting resistance of accelerated loading tests of pavements when the
test was conducted at 10 Hz and 130◦F.21,22 The 10 Hz is considered
to represent highway speeds of about 60 miles per hour based on
equivalent pulse-time conversion for sinusoidal loading.

Witczak et al.21 recommended the use of the sigmoidal function
in Equation 5.34 to describe the master curve.

log|E∗| = λ + α

1 + eβ+γ logtr
(5.34)

where tr is the reduced time at the reference temperature, λ is
minimum value of |E*|, λ + α is the maximum value of |E*|, and β

and γ are parameters describing the shape of the sigmoidal function.
Witczak22 have expressed the sigmoidal function parameters as
functions of mixture volumetrics and gradations.

5.8.2 Creep
Compliance

In this test, an asphalt mix specimen is subjected to a constant stress,
and strain is measured as a function of time. Creep compliance
is calculated as the ratio of the measured strain to the applied
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Figure 5.24
Decomposition of Stress Used in Dynamic Modulus into Dynamic and Creep Compo-
nents
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Decomposition of Strain into Dynamic and Creep Components
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d
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Figure 5.26
General Schematic of Gauge Points (not to scale) (AASHTO TP 62)

stress. The flow-time test showed very good correlation with the
field rutting performance of mixes.21 A schematic of an asphalt mix
creep function is shown in Figure 5.27. There are distinct regions
for the creep response, namely primary creep, secondary creep, and
tertiary creep. The strain rate decreases as a function of time in the
primary creep region, is constant in the secondary creep region,
and increases as a function of time in the tertiary creep region.
Three parameters are typically used to relate the results to asphalt
mixture performance in the field. These parameters are flow-time
value, flow-time slope, and flow-time intercept (Figures 5.27 and
5.28). The flow-time value is marked by the time at which the rate
of change in compliance is minimum. The flow time and flow-time
intercept can be obtained graphically from the log compliance
versus log time plot shown in Figure 5.28.



5.8 Asphalt Mixture Properties 153

Flow-Time
Slope

Primary Zone

Secondary Zone

Log Time

F
lo

w
-T

im
e

In
te

rc
ep

tLo
g 

C
om

pl
ia

nc
e 

D
(t

)

Tertiary Zone

Figure 5.27
Compliance versus Time Curve on Log Scale
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Rate of Change of Compliance versus Time on Log Scale

5.8.3 Repeated
Dynamic

This test consists of applying load repetitions using a haversine
pulse load of 0.1 second loading and 0.9 second of rest time.
The cumulative permanent strain is measured and plotted versus
the number of cycles. Similar to the creep test, the response can be
defined by the primary, secondary, and tertiary zones. Permanent
strain increases rapidly but at a decreasing rate in the primary zone.
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Permanent strain rate reaches a constant value in the secondary
zone and then increases in the tertiary creep zone. The point
at which the tertiary flow starts is called the flow number.21 It
was proposed to use the relationship in Equation 5.35 to describe
the accumulation of permanent strain as a function of loading
cycles:

εp = aN b (5.35)

By taking the log of both sides, the preceding equation becomes
linear:

log εp = log a + bN (5.36)

The flow number value and slope are derived in exactly the same way
as the flow-time value and the flow-time slope, with the exception
that the number of load cycles is plotted on the x-axis in place of
the loading time.

5.8.4 Indirect
Tension

The indirect tensile (IDT) creep and strength tests were improved
during the Strategic Highway Research Program (SHRP) to char-
acterize the resistance of hot-mix asphalt concrete (HMA) to
low-temperature cracking.8,19 The test was standardized in AASHTO
T 322. In this test, a cylindrical asphalt concrete specimen is loaded
in compression through its diametrical axis at three temperatures,
of 0◦C, −10◦C, and −20◦C. The application of the diametral com-
pression load creates tensile stresses in the horizontal direction
along the specimen diameter. Strains are measured close to the
center of the specimens using four LVDTs placed at right angles
on each side of a specimen to measure both horizontal and vertical
deformations.

The calculated creep compliances at these three temperatures
are used to determine the master curve for the creep compliance.
Then, mathematical conversions are used to obtain the relaxation
modulus. The master curve of the relaxation modulus, along with the
temperature changes in the pavement, are used to calculate thermal
stresses, as explained in Chapter 11. The indirect tensile strength
of the specimen for thermal cracking analysis is determined by
applying a load at a rate of 12.5 mm per minute until the load starts
to decrease because of specimen failure. The calculated thermal
stresses are compared to the tensile strength to determine whether
the mixture will experience low-temperature cracking.
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5.8.5 Beam
Fatigue

Load-associated fatigue cracking is one of the most critical distress
types that occurs in flexible pavement systems. Fatigue testing of
asphalt mixtures has been the focus of many studies that have
utilized different sample shapes, sizes, and testing equipment. The
beam fatigue test has been used to provide a measure of the
laboratory fatigue life (number of cycles to failure) at different stress
or strain values.2

The test consists of applying a repeated constant vertical strain
or stress to a beam specimen in flexural tension mode until a
certain criterion is met, such as complete failure or 50% reduc-
tion in initial modulus. The components of the test are shown in
Figure 5.29. Under a harmonic sinusoidal loading, the energy dis-
sipated in each cycle can be represented as in Equation 5.7. The
difference is, however, that the modulus, stress, and strain corre-
spond to the flexural condition. Flexural deflections are recorded
via a single LVDT attached to the center of the specimen. Under
controlled strain loading, damage is detected by the reduction in
stress; under stress-controlled loading, damage is detected by the
increase in strain. The measurements can be used to plot various
relationships, as shown in Equations 5.37 to 5.40.

Nf = k1

(
1
εo

)n1

(5.37)

Nf = k1

(
1
σo

)n1

(5.38)

Nf = k1

(
1
εo

)n1
(

1
|E∗

o |
)n2

(5.39)

Nf = k1

(
1

	Wo

)n1

(5.40)

where εo is the initial strain, σ o is the initial stress, |E∗
o | is initial

modulus, and 	W o is the initial dissipated energy.

Example 5.7A series of flexural fatigue tests were conducted on beam specimens
in strain-controlled mode. A beam specimen has the reactions
12 inches apart, and the cross-sectional dimensions are 3 inches
by 3 inches. The initial flexural stiffness of the asphalt mix is
450,000 lb/in2. Based on the results given in Table 5.12, determine
the following:
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KEY

1.   Reaction Clamp
2.   Restrainer
3.   End Plates
4.   Specimen
5.   Loading Rod
6.   Stop Nuts
7.   Load Bar
8.   Piston Rod
9.   Thompson Ball Bushing
10. LVDT Holder
11. LVDT

10

11

9

7

8

6

6

5

3

124

Repeated Flexure Apparatus

Figure 5.29
Components of the Beam Fatigue Test (Ref. 17)

❑ The initial applied load and beam deflection at each strain
level

❑ The coefficients (k1, n1) of the equation that describes the rela-
tionship between strain (ε), and number of load applications

to failure N f (i.e., Nf = k1

(
1
ε

)n1
).

ANSWER

The initial applied load and beam deflection at each strain level
can be obtained as follows. At each strain level (ε) the initial stress
can be calculated using the elastic relation: σ = Eo

∗ε, where Eo
∗ is

the initial flexural stiffness of the beam (450,000 lbs/in2). Once the
stress is known, the initial total load applied to the beam (P) can be
obtained from:

P = σ b h2

3a
(5.41)

where, a is the distance between the support and the first applied
load (4 in), b is the specimen width (3 in), and h is the specimen
height (3 in). Using the values of the initial applied load (P),
the initial dynamic deflection of the beam at the center can be
determined using the expression:

d = P a (3l2 − 4a2)
48 IEs

(5.42)
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Table 5.12
Data Obtained from a Flexural Test
in Controlled Strain (ε) Conditions

Controlled Strain Nf

2.00E-04 1.00E + 05
3.50E-04 7.00E + 04
5.00E-04 2.00E + 04
5.50E-04 6.50E + 04
6.00E-04 6.00E + 04
6.50E-04 8.30E + 03
7.00E-04 7.50E + 03
9.00E-04 2.50E + 03
9.50E-04 6.00E + 03
1.00E-03 6.50E + 03
1.05E-03 3.00E + 03
2.00E-03 8.00E + 02
2.50E-03 2.00E + 03
3.00E-03 3.00E + 02

where I is the moment of inertia of the beam, I = bh3

12
= 6.75 in4,

and l is the reaction span length (12 in).
Table 5.13 shows the results for the initial stress, the initial applied

load, and the initial deflection at the center of the beam for each of
the tests conducted.

Taking logarithms of equation Nf = k1

(
1
ε

)n1
, gives:

log(Nf ) = log(k1) + n1log
(1

ε

)
(5.43)

The plot of log(1/ε) versus log(N f) corresponding to the data
provided is presented in Figure 5.30.

Linear regression gives the following expression:

log(Nf ) = −2.8315 + 2.1858 log
(1

ε

)
(5.44)

By comparing this equation with Equation 5.43, it is clear that the
two parameters, k1 and n1 are 10−2.8315 = 1.47 × 10−3 and 2.1858,
respectively.
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Table 5.13
Initial Flexural Stress, Initial Total load, and Initial Maximum Deflection in
Flexural Fatigue Tests Conducted at Different Constant Strain level

Initial Flexural
Controlled Strain Stress (psi) Initial P (lb) d (inches)

2.00E-04 90.00 202.50 2.044E-03
3.50E-04 158.00 354.38 3.578E-03
5.00E-04 225.00 506.25 5.111E-03
5.50E-04 248.00 556.88 5.622E-03
6.00E-04 270.00 607.50 6.133E-03
6.50E-04 293.00 658.13 6.644E-03
7.00E-04 315.00 708.75 7.156E-03
9.00E-04 405.00 911.25 9.200E-03
9.50E-04 428.00 961.89 9.711E-03
1.00E-03 450.00 1012.50 1.022E-02
1.05E-03 473.00 1063.13 1.073E-02
2.00E-03 900.00 2025.00 2.044E-02
2.50E-03 1130.00 2531.25 2.556E-02
3.00E-03 1350.00 3037.50 3.067E-02

log(1/strain) versus log (Nf)
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Figure 5.30
Log (Nf) versus Log(1/ε)
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Problems

5.1 Discuss the influence of oxidation on mixture molecular struc-
ture and viscosity.

5.2 Use a book on rheology to describe the behavior of a Bingham
fluid and a thixotropic fluid.
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5.3 Use the LTPPBind software to determine the required span of
pavement temperatures and the appropriate PG binder grades
in each of the following locations:

◆ Houston, Texas (Bush Intercontinental Airport)
◆ Anchorage, Alaska (Anchorage International Airport)
◆ New York, New York (New York JF Kennedy Airport)

The LTPPbind software can be accessed through the book Web
site.

5.4 An engineer wants to determine if a certain asphalt would be
graded as PG 58-28. At what temperatures should he or she
run the following tests?

Table 5.14
Asphalt Cement Test Results—Problem 5.5

Test Results
Original Properties

Flash point temperature, ◦C 278
Viscosity at 135◦C 0.490 Pa.s
Dynamic shear rheometer
at 82◦C G* = 0.82 kPa, δ = 68◦
at 76◦C G* = 1.00 kPa, δ = 64◦
at 70◦C G* = 1.80 kPa, δ = 60◦

Rolling Thin Film Oven-Aged Binder
Dynamic shear rheometer
at 82◦C G* = 1.60 kPa, δ = 65◦
at 76◦C G* = 2.20 kPa, δ = 62◦
at 70◦C G* = 3.50 kPa, δ = 58◦

Rolling Thin Film Oven-and PAV-Aged Binder
Dynamic shear rheometer
34◦C G* = 2500 kPa, δ = 60◦
31◦C G* = 3700 kPa, δ = 58◦
28◦C G* = 4850 kPa, δ = 56◦
Bending beam rheometer
−6◦C S = 255 MPa, m = 0.329
−12◦C S = 290 MPa, m = 0.305
−18◦C S = 318 MPa, m = 0.277
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◆ DSR for rutting analysis
◆ DSR for fatigue cracking analysis
◆ BBR

5.5 What is the PG grade of the asphalt whose results are shown
in Table 5.14? Show all calculations and comparisons with
Superpave requirements.

5.6 An asphalt mixture has been compacted with the Marshall
hammer, using 50 blows. The following data was obtained in
the laboratory:

Aggregate Blend
Aggregate saturated surface dry

(SSD) weight
= 459.34 gm

Weight of flask and water = 2345.67 gm
Weight of flask, water, and sample = 2640.35 gm
Aggregate weight after being dried

in oven
= 454.12 mg

Asphalt Mixture
Weight of dry-compacted asphalt

mixture in air
= 3600.0 gm

Weight of SSD-compacted mixture
in air

= 3724.2 gm

Weight of compacted mixture in
water

= 2200.86 gm

Theoretical maximum specific
gravity

= 2.50

Asphalt binder percent per weight
of mix

= 5.0%

Specific gravity of asphalt binder = 1.00

Calculate the bulk dry-specific gravity of aggregate, bulk-specific
gravity of the asphalt mixture, the void, in mineral aggregate
of the mix, and the percent of air voids in the compacted mix.

5.7 A uniaxial creep test was conducted on an axial mix at 40◦C.
The data for this test is available on the book’s Web site under
the name ‘‘mix creep data.xls.’’ Use this data to calculate
flow-time value, flow-time slope, and flow time intercept.



6 Concrete
Materials

6.1 Introduction

Concrete can be described as ‘‘a mixture of glue (cement, water,
and air) binding together fillers (aggregate)’’5. Typically, other
supplementary cementitious and chemical admixtures are added
to the mixture. The combination of water and cement is referred
to as paste, while the combination of paste and fine aggregates is
referred as mortar . Aggregate properties were discussed in Chapter 4.
This chapter discusses the properties of the other components of
concrete and the properties that are relevant to the design and
performance of concrete pavements. It provides a brief description
of the tests used for measuring these properties, as the details of
these tests are readily available in ASTM and AASHTO standards.

6.2 Cementitious Materials

Cementitious materials include hydraulic cements and supplemen-
tary cementitious materials. Hydraulic cements include portland
cements and blended cements. Portland cement is specified in
ASTM and AASHTO on the basis of either chemical/physical prop-
erties (ASTM C 150 or AASHTO M 85) or performance (ASTM
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C 1157). Blended cements are classified in terms of their major
constituents (ASTM C 595 and AASHTO M 240).

In terms of chemical physical properties, portland cements are
classified into the following types:

❑ Type I: Normal resistance
❑ Type II: Moderate sulfate resistance
❑ Type III: High early strength
❑ Type IV: Low heat of hydration
❑ Type V: High sulfate resistance
In term of performance, portland cements are classified into:
❑ Type GU: General use
❑ Type MS: Moderate sulfate resistance
❑ Type HE: High early strength
❑ Type: MH: Moderate heat of hydration
❑ Type LH: Low heat of hydration
In terms of constituents, blended cements are classified into:
❑ Type IS: Portland blast-furnace slag cement
❑ Type IP and P: Portland-pozzolan cement
❑ Type I(PM) Pozzolan-modified portland cement
❑ Type S: Slag cement
❑ Type I(SM): Slag-modified portland cement
The major compounds of portland cement are shown in Table 6.1.

Supplementary cementitious materials such as fly ash, silica fumes,
and blast-furnace slag are used to enhance some of the con-
crete properties. The majority of these supplementary materials
are by-products of industrial processes. Their effects on concrete
properties are summarized in Table 6.2.

6.3 Hydration

Hydration refers to the reaction of cement and water leading to the
hardening of the paste. Hydration is an exothermic process that
leads to heat generation. The hydration process is divided into five
stages, as shown in Figure 6.1.

In the mixing stage, significant heat is generated due primarily
to the immediate reaction between tricalcium aluminate (C3A) and
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Table 6.1
Major Compounds of Portland Cement

Amount Primary Influence on
Group Compound (%) Concrete Properties

Aluminates Tricalcium Aluminate (C3A) 5–10 Can cause premature
stiffening

Tetracalcium aluminoferrite
(C4AF)

5–15

Silicates Tricalcium silicate (C3S) 50–70 Contributes to early
strength

Dicalcium silicate (C2S) 15–30 Contributes to long-term
strength

Sulfates Calcium sulfate dihydrate or
Gypsum (CSH2)

3–5 Reduces the chance of
premature stiffening

Calcium sulfate hemihydrate or
Bassanite (CSH1/2)

Anhydrous calcium hydrate
(CS)

water, which produces calcium aluminate hydrate (CAH). The heat
of hydration is tested in accordance to ASTM C 186. The generated
heat could cause flash set, defined as early stiffening of the concrete.
However, gypsum (a source of sulfate) also dissolves and reacts
with the dissolved aluminate to produce ettringite (C–A–S–H). This
reaction reduces the amount of heat and decreases the possibility
of the flash set. Therefore, hydration in the first 15 minutes is a
delicate balance between the aluminate and the sulfate in solution.
Once the gypsum is depleted, the ettringite layer reacts with C3A to
form monosulfate, which has minimal effect on concrete physical
properties.

In the second stage (dormancy), the concrete remains plastic
without heat generation. This is the stage during which concrete
should be placed and finished. This stage could last from two to four
hours. The formation of ettringite is responsible for this dormant
period, as it slows the hydration and the heat generation, but it
contributes to the early concrete strength.

The third stage, hardening, is when concrete starts to stiffen,
and hydration products continue to increase. The hardening stage
is dominated by the silicate reactions that produce calcium sili-
cate hydrate (C–S–H). The C3S reaction is responsible for the
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Heat

Stage 1
Mixing,
15 minutes

Stage 2
Dormancy,
2–4 hours 

Stage 3
Hardening,
2–4 hours 

Stage 4
Cooling

Stage 5
Densification,
Years

Time

Figure 6.1
Illustration of the Different Stages of Hydration (Ref. 5)

early strength gain, while the C2S reaction contributes to long-term
strength gain and low permeability. Calcium silicate hydrate
(C–S–H) is a major contributor to concrete strength and low perme-
ability. Calcium hydroxide (CH) is another product of the reactions
of C3S and C2S with water. This product causes a weak plane in
the concrete structure, and provides a high pH value that allows
C–S–H to be stable. Figure 6.2 shows the rate of reaction of the
main components of cement.

In the fourth stage, cooling, concrete shrinks. This shrinkage is
restrained by friction from the underlying layers, which results in
the buildup of tensile stresses in concrete slabs. Cracking can be
avoided by sawing the concrete to relieve the stresses, as described
in Chapter 8.

The last stage is densification, during which hydration continues as
long as cement and water are present in the mix. Curing compounds
can be used early in this stage to keep the concrete moist, and assists
in the continuation of the hydration process.
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Figure 6.2
Reactivity of Cement Compounds (Ref. 6)

6.4 Chemical Admixtures

Admixtures are materials added to concrete mixtures to modify
concrete properties such as air content, water requirement, and
setting time5. Air-entraining admixtures are specified by ASTM C
260. These admixtures are used to create small air bubbles in
the paste and improve the concrete resistance to freezing/thawing
cycles and scaling. Water-reducing admixtures are used to reduce
the water content without reducing slump. These admixtures are
specified in the ASTM C 494 and AASHTO M 194 procedures.
Admixtures are also specified in these procedures for decreasing
the rate of hydration (retarders) or increasing the rate of hydration
(accelerators).

6.5 Properties of Cement, Paste, and Mortar

The rate of hydration and, consequently, the gain in strength
increase with an increase in cement particle size fineness. However,
an increase in fineness can lead to an increase in permeability in
the long term. In general, 95% of cement particles are smaller than
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45 micrometers, while the average particle is around 15 micro-
meters1. The Blaine test (ASTM C 204 or AASHTO T 153) is typically
used for measuring fineness of cement particles. The underlying
principle of this test is that the permeability of a powder decreases as
the size of particles decreases. The test measures the time required
for a standard volume of air to flow through a standard volume
of portland cement, and compares it to the time required for
the air to flow through a reference material. Typical values for
Blaine fineness of portland cement range from 300 to 450 m2/kg
(3,000 to 4,500 cm2/g)5. Higher values of Blaine fineness indicate a
finer-graded cement.

The density of cement particles without air between them is
measured using the ASTM C 188 or AASHTO T 133 procedure.
This density ranges from 3100 to 3250 kg/m3. The bulk density
includes the volume of air between particles, and depends on the
level of compaction. Uncompacted portland cement has a density
of about 830 kg/m3; it has a density of about 1650 kg/m3 when
consolidated with vibration8.

Another important property is the consistency of paste or mortar.
The Vicat plunger shown in Figure 6.3 (ASTM C 187 or AASHTO
T 129) is used to test the consistency of paste. The water content
is varied in the paste until a penetration of 10 mm is achieved. The
mortar consistency is measured using the flow table test described
in ASTM C 230 or AASHTO M 152 and in ASTM C 1437. Both the
Vicat test and flow table test are used to prepare paste and mortar,
respectively, at a given consistency for further testing.

Cement specifications include limits on the initial set, when the
paste loses its fluidity, and the final set, when the paste attains some
hardness. These two time limits are determined using the Vicat test
according to the ASTM C 191 or AASHTO T 131 procedure. As
discussed earlier in this chapter, the setting time is influenced by
the balance between the sulfate content (primarily from gypsum)
and the aluminate compounds. Cements are tested for early paste
stiffening using ASTM C 451 or AASHTO T 186, and early mortar
stiffening using ASTM C 359 or AASHTO T 185.

A powerful tool that has been used to identify the cement compo-
sition and its interaction with other paste and concrete compounds
is thermal analysis. The main concept in this analysis is heating a
small sample to high temperatures. The increase in temperature



170 6 Concrete Materials

Figure 6.3
Vicat Plunger Used for Measuring Paste Consistency (Ref. 1)

causes some compounds to react or decompose. The analysis identi-
fies these processes by recording the time and temperature at which
these changes take place.

Thermogravimetric analysis (TGA) measures the change in mass
of a sample under a change in temperature. Each compound has
a specific temperature at which it decomposes. Consequently, a
change in mass within a specific temperature range identifies the
presence of a particular chemical compound. For example, cal-
cium hydroxide decomposes to water vapor and calcium oxide at a
temperature between 400◦C and 500◦C. Therefore, the amount of
weight loss at this temperature can be used to determine how much
calcium hydroxide was originally present in the sample, and gives
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an indication of the degree of hydration that has taken place in a
sample.

Another method of thermal analysis is the differential scanning
calorimetry (DSC). This method measures the heat released or
absorbed to identify the presence of a compound. It does not rely
on the loss of mass, therefore it can still identify a compound if
it melts without vaporizing. DSC can be used to determine which
compounds are present at different stages of hydration1.

The compressive strength of mortar is measured on cubes using
the ASTM C 109 or AASHTO T 106 procedure. However, mortar
strength does not have strong correlation with concrete strength,
because the latter is influenced by many other factors, including
aggregate properties and environmental conditions.

6.6 Properties of Concrete

Workability refers to the consistency, mobility, and compactibility of
fresh concrete. Good workability leads to easier finishing and more
uniform properties of the pavement. It also affects the properties of
concrete after it hardens. Workability depends on the physical char-
acteristics of aggregates and cement, proportioning of the concrete
components, water content, the equipment used, and the construc-
tion conditions such as pavement thickness and reinforcement. The
slump test (ASTM C 143 or AASHTO T 119) is still the most pop-
ular method for measuring consistency. Other methods were also
developed that rely on measuring the applied torque required to
rotate an impeller in concrete as a function of rotational speed.
An increase in torque is an indication of a decrease in concrete
workability.

An increase in cement fineness at a given water content causes a
decrease in workability. An increase in water-to-cement ratio (w/c)
causes an increase in workability. A deficiency of fine aggregate can
lead to a harsh mix that is difficult to work, while an increase in
water content will increase the flow and compactability of the mix.
An increase in the aggregate-to-cement ratio results in a decrease in
workability for a fixed w/c ratio2. The increase in aggregate texture,
angularity and elongation causes a decrease in workability. Entrained
air helps improving the workability of concrete1. However, excessive
amounts of entrained air can make a mixture difficult to finish and
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may reduce concrete strength. Water-reducing admixtures are used
to improve workability without increasing the w/c ratio.

Bleeding is a characteristic related to the properties of fresh
concrete, and it refers to the presence of water at the pavement
surface when the concrete is fresh. The main cause of bleeding is
the settlement of cement and aggregates and the migration of water
to the top1. Bleeding causes the presence of fine cement particles at
the surface, which form a weak layer susceptible to scaling3.

6.6.1 Strength Strength is an important property of concrete, which is more influ-
enced by the paste strength than the aggregate strength, for the
majority of concrete mixtures. Theoretically, maximum strength
is expected when the mix contains just sufficient water for hydra-
tion. However, low w/c ratios have adverse effects on fresh concrete
properties, (e.g., on workability and compactability).

Air-entrained concrete is typically used to protect pavements from
the effect of freeze/thaw cycles. At a given w/c ratio, an increase
in entrained air causes a decrease in strength. However, typically
w/c ratio is reduced for air-entrained concretes, hence comparable
strengths with non air-entrained concretes are achieved.

Compressive strength is measured according to ASTM C 39 on
cylindrical specimens of 150 mm diameter and 300 mm height.
The failure load is divided by the cross-sectional area to give the
compressive strength at a given curing period.

f
′

c = P
(π/4)D2 (6.1)

where P is the failure load and D is the diameter of the cylinder.
Tensile strength is an important property in determining the

concrete resistance to cracking under shrinkage and temperature
changes and loads in plain concrete pavements. The two common
methods for measuring tensile strength are the flexural test and
the split cylinder test. In the split cylinder test (ASTM C 496), a
cylindrical specimen of minimum 50 mm diameter is placed on its
axis in a horizontal plane and is subjected to a uniform line load
along the length of the specimen. The tensile strength is calculated
as follows:

ft = 2P
πLD

(6.2)
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Figure 6.4
Schematic of the Flexural Test

where P is the failure load, L is the length, and D is the diameter
of the cylinder. The tensile strength of concrete can be estimated
from its compressive strength using empirical equations. For normal
weight concrete, it can be computed as:

ft = 0.556
√

f ′
c (6.3)

where the strength is expressed in MPa.
In the flexure test illustrated in Figure 6.4, a concrete beam is

tested using third-point loading (ASTM C 78). From the failure load,
the modulus of rupture (f r), which describes the tensile strength, is
calculated as follows:

fr = PL
bd2 (6.4)

where L is the span length, P is the failure load, b is the beam width,
and d is the beam depth.

The following empirical relationship is commonly used to predict
the modulus of rupture from the compressive strength:

fr = 0.75
√

f ′
c (6.5)

where f r and f
′

c are in MPa. The variable Sc ′ is used for the modulus
of rupture.

Example 6.1A 150-mm diameter portland concrete cylinder failed under a
487-kN compressive load. Compute its compressive strength and
estimate its tensile and flexural strengths.
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ANSWER

Use Equation 6.1 to compute the compressive strength:

f
′

c = 487
(π/4)0.152 = 27,580 kPa(4000 lb/in2)

Use Equations 6.3 and 6.5 to compute the tensile strength and the
flexural strength, respectively:

ft = 0.556
√

27.58 = 2.92 MPa (426 lb/in2)

fr = 0.75
√

27.58 = 3.94 MPa (571 lb/in2)

6.6.2 Modulus of
Elasticity and the
Poisson’s Ratio

The stress-strain relationship for concrete is used to determine the
modulus of elasticity and the Poisson’s ratio. These properties are
important in the structural analysis and design of rigid pavements
(Chapters 8 and 12). As shown in Figure 6.5, there are different
definitions for the modulus of elasticity. The tangent modulus is the
slope of a tangent at a point in the stress-strain curve. If the tangent
is taken at the origin, then the slope is called the initial tangent
modulus. The most common method to measure the modulus is
the secant modulus. The secant modulus is measured according to

Initial Tangent 
Modulus

Tangent
ModulusSecant

Modulus

Stress

Strain

Figure 6.5
Illustrations of the Different Types of Elastic Moduli
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ASTM C 469 procedure, and is defined as follows:

E = S2 − S1

ε2 − ε1
(6.6)

where S2 is the stress corresponding to 40% of the ultimate load,
S1 is the stress at a strain, ε1, which is taken at 0.0005, and ε2 is the
strain produced at stress S2.

According to American Concrete Institute (ACI) 318, the mod-
ulus of elasticity of concrete can be calculated using the following
empirical equation:

E = 0.043 ρ1.5
√

f ′
c (6.7)

where E is the modulus in MPa, ρ is the density of concrete in
kg/m3, and f

′
c is the compressive strength of the concrete in MPa.

Special meters are available to measure temperature over time
during the hydration process. This information is used to relate
concrete properties (strength and modulus of elasticity) to time and
temperature. This relationship is known as the maturity curve. The
Poisson’s ratio is defined as the ratio of the lateral strain to the axial
strain measured in a unixial test of concrete. It is used in predicting
the behavior of early-age concretes and in the structural design of
rigid pavements.

6.6.3 Shrinkage
and Creep

The loss of water from concrete causes a reduction in volume or
shrinkage. However, this reduction is restrained by friction between
the concrete pavement and the supporting layer. As a result, stresses
develop in the pavement, leading to shrinkage cracks at the surface,
as will be more fully described in Chapter 8. The loss of water can
occur early in the life of the pavement, when it is plastic, or during
subsequent drying, referred to as plastic shrinkage and drying shrink-
age, respectively. Plastic shrinkage is about 5 to 10 times larger than
drying shrinkage. The decrease in the amount of coarse aggregate
and the increase in sand content increases shrinkage. Conversely,
too much coarse aggregate restrains the shrinkage deformation,
resulting in excessive tensile stresses4. Plain concrete pavements
experience more shrinkage than reinforced concrete. This rein-
forcement does not prevent cracks from occurring, but it does serve
the purpose of controlling the location and width of cracks result-
ing from both shrinkage and temperature effects, as described in
Chapter 8.
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Another type of shrinkage is associated with the fact that some
of the hydration products of cement occupy less space than the
original materials. This is referred to as autogenous shrinkage, and it
becomes significant when the w/c ratio is below 0.40. Shrinkage can
also be caused by concrete contraction under cooling temperatures.

Creep, which is defined as the time-dependent deformation under
load, occurs mostly in the paste of hardened concrete. Creep strain is
different from the elastic strain, which occurs instantaneously when
loads are applied. Creep strain is several times larger than the initial
or elastic strain4. When load is removed, the elastic strain recovers
instantaneously. Some of the creep strain recovers with time, and
is referred to as creep recovery, while some of the strain remains
permanently. ASTM C 157 and AASHTO T 160 are commonly used
to determine the length change in unrestrained concrete due to
drying shrinkage.

6.6.4 Durability Durability refers to the concrete resistance to environmental and
chemical exposure. The main factors that influence concrete pave-
ment durability are permeability, freezing and thawing, temperature
variation, influence of chemicals such as deicers, and chemical
reactions such as alkali-silica reaction and sulfate attack.

Permeability is a property that quantifies the transport of fluids
in concrete. This is an important property because most of the
durability-related problems in concrete pavements are associated
with the transport of harmful materials through the concrete.
These transport mechanisms include water penetration, causing
freezing-related cracking; salt movement, causing scaling at the sur-
face; penetration of sulfates, causing sulfate attacks; and flow of
oxygen, moisture, and chlorides, causing steel corrosion5. There are
several methods for measuring chloride ion penetration (ASTM C
1202 or AASHTO T 277, AASHTO TP 64), chloride resistance of
concrete (ASTM C 1543 and ASTM C 1556), and capillary absorp-
tion of concrete (ASTM C 1585). The flow of water carrying some
of the harmful materials can be quantified by the permeability coef-
ficient determined from Darcy’s law, which is described in detail in
Chapter 10.

Harmful materials can also penetrate concrete through the dif-
fusion process (diffusion of ions of chloride, carbon dioxide, and
oxygen). Diffusion can be described by Fick’s second law:
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dc
dt

= D
d2c
dx2 (6.8)

where c is the concentration of the diffusing material, dc/dt is
the rate of diffusion, dc/dx is the gradient of the concentration
of the material, and D is the diffusion coefficient, which depends
on the diffusing material, concrete properties, and environmental
conditions. An application of this expression in estimating the time
to corrosion initiation is given in Example 6.2.

Example 6.2A reinforced concrete pavement is subjected to chloride concen-
tration of 2.2 kg/m3 at the surface. The critical chloride threshold
at which steel corrosion is initiated is 1.1 kg/m3. The steel cover is
70 mm, and the diffusion coefficient is 1.1 × 10−11 m2/s. Determine
the time (years) to steel corrosion initiation.

ANSWER

The chloride diffusion in concrete is governed by Fick’s second law,
shown in Equation 6.8. The solution for this equation is:

(
C(x,t) − Cinitial

Csurface − Cinitial

)
= 1 − erf

(
x√
4Dt

)

where C(x, t) is the chloride concentration at time t and distance x
from the surface, Cinitial is the initial concentration of chloride prior
to the application of the surface chloride, Csurface is the chloride
concentration at the surface, D is the diffusion coefficient, and erf is
an ‘‘error function’’ given in Table 6.3 for z = x√

4Dt
.

To simplify the solution, it is assumed that the concrete is exposed
to a constant concentration of chloride (Csurface) that does not
change with time, and the initial concentration (Cinitial) is zero.
Therefore, the solution to Equation 6.8 becomes:

C(x,t)
Csurface

= 1 − erf (
x√
4Dt

)

1.1
2.2

= 1 − erf
(

70 × 10−3

√
4 × 1.1 × 10−11 × t

)

0.500 = erf
(

10553√
t

)
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Table 6.3
Values of the Error Function erf for Solving Equation

z erf(z) z erf(z) z erf(z)

0 0 0.55 0.5633 1.30 0.9340
0.025 0.0282 0.60 0.6039 1.40 0.9523
0.05 0.0564 0.65 0.6420 1.50 0.9961
0.10 0.1125 0.70 0.6778 1.60 0.9763
0.15 0.1680 0.75 0.7112 1.70 0.9838
0.20 0.2227 0.80 0.7421 1.80 0.9891
0.25 0.2763 0.85 0.7707 1.90 0.9928
0.30 0.3286 0.90 0.7970 2.00 0.9953
0.35 0.3794 0.95 0.8209 2.10 0.9981
0.40 0.4284 1.00 0.8427 2.20 0.9993
0.45 0.4755 1.10 0.8802 2.30 0.9998
0.50 0.5205 1.20 0.9103 2.40 0.9999

From Table 6.3, z = 0.4772 for erf = 0.5. Therefore, time (sec) is
obtained by solving:

0.4772 =
(

10553√
t

)

which translates to 15.5 years.
Concrete pavement durability is further compromised by the effect

of frost. As temperature drops, water begins to freeze, and increase
in volume. Water does not all freeze at the same temperature since a
lower temperature is needed for water to freeze in smaller pores. The
increase in volume of frozen water causes pressure on the concrete,
causing fracture where this pressure exceeds the concrete strength.
This durability problem is manifested as cracks near the joints,
which are known as D-cracks. The concrete resistance to freezing and
thawing can be measured using the ASTM C 666 procedure. The
resistance to freezing and thawing is related to the air-void system.
The possibility of concrete fracture decreases if there is sufficient
volume of air bubbles where water can freeze without exerting high
pressure on concrete. The air-void system is measured on hardened
concrete using a microscope that gives the size of voids and their
spacing (ASTM C 457).

Scaling or deterioration of the concrete pavement surface is
caused by the chemical reaction of deicers with concrete. As
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discussed in Chapter 4, some aggregates such as cherts, are sus-
ceptible to deterioration from freezing and thawing. The use of
entrained air, low w/c ratio, and low-permeability concrete assist in
reducing the effect of freeze/thaw cycles. Resistance to salt-induced
scaling is determined using the ASTM C 672 procedure.

One important aspect of concrete pavement durability is the
reaction between alkali from cement with silica compounds in
aggregates in the presence of moisture. This reaction causes swelling
of the aggregates due to the formation of sodium silicate gel, leading
to cracks. This problem can be controlled by avoiding the use of
aggregates with soluble silica.

Corrosion of steel in reinforced concrete pavements is caused in
the presence of water with high salinity or deicing salts. Corrosion is
an electrochemical reaction involving four components of an elec-
tron cell, namely an anode, a cathode, an electrolyte, and a conduc-
tor. One part of the reinforcement bar acts like an anode where ions
go into solution and electrons are released, while another part of the
bar acts like a cathode where electrons are consumed4. This move-
ment of electrons combined with moisture in the concrete causes
reinforcement corrosion4, which can progress at a fast rate. Good
protection against corrosion is the use of cements with higher C3A.

Sulfate attack is caused by the reaction of sulfates (such as sodium
sulfate, magnesium sulfate, and calcium sulfate) from soil and
seawater with the free calcium hydroxide and aluminates in the
cement. The reaction causes an increase in volume, leading to
cracking of the concrete. Sulfate attack can be minimized using
cement Types II and V. Also, the use of fly ash and other mineral
admixtures causes a reduction in the potential of sulfate attack4.
Tests on the sulfate resistance of cements are performed on mortars
using the ASTM C 452 and ASTM C 1012 procedures. There are no
standard tests for the sulfate resistance of concrete.

6.6.5 Curling
and Warping

Thermal conductivity controls the temperature distribution in con-
crete pavements. The uniform change in temperature causes shrink-
age due to cooling or expansion due to heating. The resistance to
these changes due to friction with the underlying layers causes
transverse cracks. Also, the variation in temperature or moisture
with depth causes curling/warping, as will be described in detail in
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Chapter 8. Curling and warping cause loss of support under con-
crete slabs, which in turn causes an increase in stresses developed
under applied traffic loads.
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Problems

6.1 Describe the influence of the concentrations of the differ-
ent compounds of cement on the false set and flash set of
concrete.

6.2 Discuss the factors that influence the concrete resistance to
sulfate attack.
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6.3 Discuss the relationship between flexural strength and the
performance of unreinforced or plain concrete pavements.

6.4 Discuss the relationship between concrete shrinkage behavior
and potential cracking.

6.5 The compressive strength obtained from testing cylindrical
specimens of portland concrete was 31,000 kPa (4500 lbs/in2).
Estimate the tensile and flexural strengths of this concrete.

6.6 A reinforced concrete pavement is subjected to chloride con-
centration of 0.75 kg/m3 at the surface. The critical chloride
threshold at which steel corrosion is initiated is 1.25 kg/m3.
The steel cover is 100 mm, and the diffusion coefficient is 1.1
10−11 m2/s. Determine the time in years when steel corrosion
is initiated.

6.7 Plot the following relationships considering ranges of compres-
sive strength and density for normal weight concrete:
a. Flexural strength versus compressive strength
b. Tensile strength versus compressive strength
c. Modulus of elasticity versus compressive strength



7 Flexible
Pavement
Analysis

7.1 Introduction

Flexible pavements are modeled as layered elastic systems with infi-
nite lateral dimensions. These layers rest on the subgrade, which is
often modeled as an elastic layer of infinite depth. Elasticity implies
that all the pavement layers and the subgrade can be described by
their elastic Young’s modulus E and their Poisson’s ratio μ. Further-
more, the layers are assumed to be homogeneous and isotropic. Tire
loads are modeled as either point loads or circular loads of uniform
pressure using Equation 2.1. Under these conditions, the stress state
is axisymmetric; that is, it exhibits rotational symmetry around the
center axis of the load and, as a result, it is easier to describe using
a radial coordinate system. Pavement responses, (i.e., stress, strains,
and deflections) are calculated using relationships from the theory
of elasticity. The responses from multiple loads are calculated by
superimposing the stresses from the individual tires, according to
D’Alembert’s superposition principle. Analyzing these responses is
essential for the mechanistic design of asphalt concrete pavements,
as described in Chapter 11.

The following discussion describes solutions for single-layer,
two-layer and multilayer flexible pavement systems. The granular
layers are treated as linear elastic and nonlinear elastic, (i.e., having
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moduli that are stress-independent and stress-dependent, respec-
tively), while the asphalt concrete is treated as either linear elastic
or linear viscoelastic.

7.2 Single-Layer Elastic Solutions

7.2.1 Point Load The simplest loading condition is that of a single-point load, P ,
applied on a semi-infinite elastic space illustrated in Figure 7.1,
which shows the nonzero stresses at a location defined by a depth
z and a radial offset r . Obviously, due to axial symmetry, the radial
location defined by the angle θ is not relevant. The stresses are
defined as:

σ z = vertical normal stress
σ r = radial normal stress
σ θ = tangential normal stress
τ zr = horizontal shear stress in the radial direction

P

z

r

w

q

sr

sq

sz

trz

u

Figure 7.1
Axisymmetric Stresses State in an Elastic Half Space
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The corresponding strains are:

εz = vertical normal strain
εr = radial normal strain
εθ = tangential normal strain
γ zr = horizontal shear strain in the radial direction.

In defining these strains, it should be noted that the displacement
field is two-dimensional; that is, a point in this semielastic space can
move only vertically or horizontally, denoted by w and u, respectively,
as shown in Figure 7.1. Hence:

εz = ∂w
∂z

(7.1a)

εr = ∂u
∂r

(7.1b)

εθ = u
r

(7.1c)

γzr = ∂u
∂z

+ ∂w
∂r

(7.1d)

where Equation 7.1c suggests that the tangential normal strain is,
in essence, the change in the perimeter of the circle with radius r
divided by the original perimeter, that is, [2π(r + u) − 2πr]/(2πr).

The closed-form solution to this problem was originally developed
by Boussinesq, circa 188011, and adapted by Taylor10 in the following
form:

σz = − P
2π

3z3

(r2 + z2)5/2 (7.2a)

σr = − P
2π

[
3r2z(

r2 + z2
)5/2 − 1 − 2μ

r2 + z2 + z
√

r2 + z2

]
(7.2b)

σθ = P
2π

(1 − 2μ)

[
z(

r2 + z2
)3/2 − 1

r2 + z2 + z
√

r2 + z2

]
(7.2c)

τzr = P
2π

3rz2(
r2 + z2

)5/2 (7.2d)
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Note that for normal stresses, the sign notation is minus for com-
pression and positive for tension. Note also that directly under
the point of load application, (i.e., r = 0, z = 0), the stresses are
undefined. The strain components can be calculated from the stress
components through generalized Hooke’s law.

εz = 1
E

(σz − μ (σr + σθ)) (7.3a)

εr = 1
E

(σr − μ (σz + σθ)) (7.3b)

εθ = 1
E

(σθ − μ (σr + σz)) (7.3c)

γzr = 2τzr (1 + μ)

E
= τzr

G
(7.3d)

where G is the shear modulus of the elastic medium. These
stress-strain relationships can be written in matrix form as:⎧⎪⎪⎨
⎪⎪⎩

σz
σr
σθ

τzr

⎫⎪⎪⎬
⎪⎪⎭ = E

(1 + μ) (1 − 2μ)

⎡
⎢⎢⎣

(1 − μ) μ μ 0
μ (1 − μ) μ 0
μ μ (1 − μ) 0
0 0 0 1−2μ

2

⎤
⎥⎥⎦

⎧⎪⎪⎨
⎪⎪⎩

εz
εr
εθ

γzr

⎫⎪⎪⎬
⎪⎪⎭

(7.4)
The vertical and horizontal deflections, w and u, at any point,

are computed by integrating the vertical and horizontal strains,
respectively. The resulting expressions are:

w = P
2πE

[
(1 + μ) z2 (

r2 + z2)−3/2 + 2
(
1 − μ2) (

r2 + z2)−1/2
]

(7.5a)

u = P
(1 + μ) (1−2μ)

2πr E

[
z
(
r2 + z2)−1/2−1 + 1

1 − 2μ
r2z

(
r2 + z2)−3/2

]
(7.5b)

It should be noted that the surface (i.e., z = 0), the vertical
deflection is:

w =
P

(
1 − μ2

)
πE r

(7.6)

This expression defines the so-called solid or Boussinesq subgrade
foundation model for rigid pavements, which is discussed further
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in Chapter 8. Using these closed-form stress, strain and deflec-
tion expressions are straightforward, as explained in the following
example.

Example 7.1Compute the stresses and strains from a point load of 40 kN resting
on a semi-infinite elastic space. The location of interest is at a depth
of 0.1 m and a radial offset of 0.2 m. Given, E = 140 MPa and μ = 0.4.

ANSWER

Substituting the specified values into Equation 7.2 gives the stresses:

σz = − 40
2π

3 0.13(
0.22 + 0.12

)5/2 = −34.16 kPa

σr = − 40
2π

[
3 0.22 0.1(

0.22 + 0.12
)5/2 − 1 − 20.4

0.22 + 0.12 + 0.1
√

0.22 + 0.12

]
= −119.06 kPa

σθ = 40
2π

(1 − 20.4)

[
0.1(

0.22 + 0.12
)3/2 − 1

0.22 + 0.12 + 0.1
√

0.22 + 0.12

]
= −6.21 kPa

τzr = 40
2π

3 0.2 0.12(
0.22 + 0.12

)5/2 = 68.36 kPa

Equation 7.3 gives the strains:

εz = 1
140000

(−34.16 − 0.4 (−119.06 − 6.21)) = 113.9 10−6

εr = 1
140000

(−119.06 − 0.4 (−34.16 − 6.21)) = −735 10−6

εθ = 1
140000

(−6.21 − 0.4 (−119.06 − 34.16)) = 393 10−6

γzr = 268.36 (1 + 0.4)

140000
= 1367.2 10−6

7.2.2 Circular
Load with Uniform

Vertical Stress

The response under a uniformly distributed stress p on a perfectly
flexible circular area of radius a (e.g., an idealized tire imprint, as
defined in Chapter 2) is obtained by integrating the stress compo-
nents given by Equation 7.2. For points on the centerline of the load
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(i.e., r = 0), these stress expressions are11:

σz = p

[
−1 + z3(

a2 + z2
)3/2

]
(7.7a)

σr = σθ = p
2

[
−(1 + 2μ) + 2

(
1 + μ

)
z√

a2 + z2
− z3(

a2 + z2
)3/2

]
(7.7b)

τzr = 0 (7.7c)

and the vertical deflection under the centerline of the load is
given by:

w = 2
(
1 − μ2

)
E

pa (7.8)

Example 7.2 Compute the stresses from a tire inflated to 600 kPa, carrying 30 kN
resting on a semi-infinite elastic space. The location of interest is
at a depth of 0.1 m and a radial offset of 0.0 m. Also, compute the
surface deflection, (i.e., z = 0.00) under the same tire. Given, E =
140 MPa and μ = 0.4.

ANSWER

The radius of the tire imprint is computed from Equation 2.1.

a =
√

30
600 π

= 0.126 m

The stresses are computed by substituting the given data into
Equation 7.7.

σz = 600

[
−1 + 0.13(

0.1262 + 0.12
)3/2

]
= −455.9 kPa

σr = σθ = 600
2

[
− (1 + 2 0.4) + 2

(
1 + 0.4

)
0.1√

0.1262 + 0.12
− 0.13(

0.1262 + 0.12
)3/2

]

= −89.9 kPa
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The surface vertical deflection is computed from Equation 7.8:

w = 2(1 − 0.42)
140000

600 0.126 = 0.907 10−3m

7.3 Two-Layer Elastic Solutions

This system consists of a finite thickness layer placed on top of
another layer of infinite thickness. These two layers have different
elastic properties, as shown in Figure 7.2. This is an idealized
representation of a simple pavement consisting of a stiffer layer (e.g.,
asphalt concrete) resting on a weaker foundation (i.e., subgrade).
Burmister1 developed the solution for the surface deflection of this
system under the centerline of a uniform vertical stress p distributed
over a circular area of radius a, assuming a Poisson’s ratio of 0.5. In
condensed form, this is expressed as:

w = 1.5 pa
E2

Fw

[
a
h

,
E2

E1

]
(7.9)

where F w is a function that depends on the ratios a/h and E2/E1,
where h is the thickness of the finite layer. Burmister produced a
chart for F w for selected ratios of a/h and E2/E1 based on the theory
of elasticity (Figure 7.3).

h

p

E1 m1

E2 m2

a

∞

Figure 7.2
Schematic of Two-Layer Elastic System
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Figure 7.3
Fw Factors for Computing Surface Deflection at the Centerline of a Circular Imprint Carrying Uniform Stress
(Ref. 1 Reproduced by Permission)

It is worthwhile to note the form similarities between Equation
7.9 and 7.8 when substituting a μ value of 0.5.

Example 7.3 Compute the surface deflection from a circular tire imprint with
0.1 m radius carrying a pressure of 700 kPa resting on a 0.2 m thick
asphalt concrete layer placed on top of a subgrade of infinite depth.
The layer moduli are 1400 MPa and 140 MPa, respectively, and μ is
0.5 for both layers.

ANSWER

For a/h = 0.5 and E2/E1 = 0.1, Figure 7.3 gives an F w value of 0.32,
which substituted into Equation 7.9 gives:

w = 1.5 700 0.1
140000

0.32 = 0.24 10−3m or 0.24 mm.

Fox4 developed expressions for the stress components in the
two-layer system, which were subsequently implemented through
nomographs (e.g., reference 2). Advent of modern computers, how-
ever, enabled solving this problem for multiple layers, as described
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next, rendering such nomographs obsolete. It is, nevertheless, worth-
while mentioning an approximate method for solving the elastic
layered system problem attributed to Odemark8,9. It consists of
translating multiple layers of different moduli into an equivalent
single layer, hence known as the method of equivalent thicknesses.
For a system of two layers, such as the one shown in Figure 7.2,
the top layer with thickness h can be translated into an equivalent
thickness he, with a modulus E2. For μ1 = μ2, the equivalent layer
thickness of the top layer is given by:

he = 0.9
(

E1

E2

) 1
3

h (7.10)

where 0.9 is an approximation factor. This allows utilizing the
single-layer solutions in computing pavement responses in the lower
layer.

Example 7.4Compute the stresses at the bottom of a flexible pavement surface
layer 0.3 m thick resting on a semi-infinite subgrade layer. The load
consists of a circular tire with a 0.1 m radius carrying a uniform
pressure of 700 kPa. The stresses are to be computed under the
centerline of the load. The layer moduli are 1400 MPa and 140 MPa,
respectively, and μ is 0.5 for both layers.

ANSWER

Equation 7.10 gives the equivalent thickness of the top layer in terms
of the modulus of the bottom layer as:

he = 0.9
(

1400
140

) 1
3

0.3 = 0.582 m

which allows using Equation 7.7 to compute the stresses in the
subgrade. At the bottom of the top layer, they are:

σz = 700

[
−1 + 0.5823(

0.12 + 0.5822
)3/2

]
= −29.9 kPa

σr = σθ = 700
2

[
− (1 + 2 0.5) + 2

(
1 + 0.5

)
0.582√

0.12 + 0.5822
− 0.5823(

0.12 + 0.5822
)3/2

]
= −0.218 kPa
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This approach can be extended to translate the thickness of
multiple layers i to an equivalent thickness with a modulus equal to
the modulus of the bottom layer En.

he = f
n−1∑
i=1

{
hi

(
Ei

En

) 1
3
}

(7.11)

where f is the value of an approximation factor that depends on
the ratio of the layer moduli and the relative magnitude of the layer
thicknesses, with respect to the radius of the load.9

7.4 Multilayer Linear Elastic Solutions

A multilayer elastic system consists of multiple finite-thickness layers
resting on a subgrade of infinite thickness (Figure 7.4). It is an ide-
alized representation of multiple pavement layers, such as asphalt
concrete friction and leveling layers, base layers and sub-base layers,
each having different elastic properties. Elastic response solutions
to this system were developed by extending the Burmister analytical
approach for the two layer system (1) to multiple layers. A variety
of software implements such solutions, such as ELSYM57, DAMA5,
KENLAYER6, and EVERSTRESS3. These programs have, to a great
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hn

E1

E2

Ei
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m1

m2

mi

mnz

z
a

x

r

y

p

∞

Figure 7.4
Schematic of Multilayer Elastic System
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extent, similar features and input requirements and can handle up
to five layers, including an infinite depth subgrade. They accept
multiple circular tires and compute stresses at any location in the
layered system. The calculations are made in the radial coordinate
system, and then translated to a Cartesian coordinate system, with its
origin in the middle of a tire imprint (Figure 7.4). In the following
examples, the computer program EVERSTRESS 5.03 is used. Sug-
gestions on available layered analysis software and their sources are
given on the Web site for this book, at www.wiley.com/go/pavement.

Example 7.5Compute the stresses, strains, and deflections in a layered system
under a set of four tires as shown in Figure 7.5. The locations of
interest are the bottom of the asphalt concrete layer and the top
of the subgrade, at coordinates (x = 0, y = 0). Assume full friction
between the layers.

ANSWER

The output of EVERSTRESS is shown in Table 7.1, which lists
stresses, strains, and deflections at the locations requested. They

700 kPa 0.12 m

1400 MPa0.2 m 

600

3000.3

0.2

r

140

0.35

0.4

0.45

0.5

1.2 m

y

x

z

z

0.4 m

AC

Base

Subbase

Subgrade Base

Direction of Travel

∞

Figure 7.5
Layered Elastic System for Example 7.7
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Table 7.1
Results of Problem 7.5: Responses under (x = 0, y = 0) Computed with EVERSTRESS
(Ref. 3)

Depth (cm) σxx(kPa) σyy(kPa) σzz(kPa) τxy(kPa) τyz (kPa) τzx(kPa)

19.999 134.1 176.4 −197.4 2.7 23.3 −0.7
70.001 −5.9 −7.4 −29.9 2.9 4.5 −0.5

Depth (cm) εxx (10−6) εyy (10−6) εzz (10−6) wx (μm) wy (μm) wz (μm)
19.99 101.4 141.8 −218.6 −8.1 −0.8 399.1
70.001 91.2 74.9 −166.1 −19.8 −26.1 304.4

were obtained by setting the coefficient of friction between the
layers to 1.0. As discussed later in Chapter 11, traditional flexible
pavement mechanistic design is based on controlling two of these
response parameters, namely the tensile strain at the bottom of the
asphalt concrete layer and the compressive strain at the top of the
subgrade. They are associated with bottom-up fatigue cracking and
subgrade plastic deformation (i.e., rutting), respectively. As shown
in Table 7.1, the magnitude of the asphalt concrete bottom tensile
strains is 101.4 10−6 and 141.8 10−6 in the transverse and longitudinal
directions, respectively, while the subgrade top compressive strain is
166.1 10−6. It should be noted that the maximum strain under this
set of tires may not be under the (x = 0, y = 0) location.

7.5 Multilayer Nonlinear Elastic Solutions

As discussed in Chapter 3, granular materials exhibit a stress-
dependent behavior; that is, their resilient (i.e., elastic) modulus
is a function of the stress state at any given location. Coarse-grained
layers (e.g., base, subbase) exhibit an exponential dependence
to bulk stress, while fine-grained/cohesive layers (e.g., subgrade)
exhibit an exponential dependence to deviatoric stress (Equations
3.4 and 3.8, respectively).

Layer elastic analysis can handle this nonlinearity using a piecewise
linear iterative algorithm. Seed moduli are initially assigned; the
layered analysis is conducted to compute initial stresses; and in
subsequent iterations, the moduli are updated on the basis of the
calculated stresses, as schematically shown in Figure 7.6. The process
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Schematic Representation of the Iterative Procedure Used to Handle Granular Layer
Nonlinearity

is repeated until the computed moduli in two successive iterations
are within a prescribed tolerance. This process can be refined by
subdividing each granular layer into sublayers and considering the
stresses in the middle of each sublayer. In doing so, the weight of the
layers should also be considered. EVERSTRESS3 handles nonlinear
granular material moduli.

Example 7.6Repeat the solution of the previous example by considering
the stress dependence of the base/subbase and subgrade layers
given by:

E = 400 θ0.6 (7.12)

E = 120 (σ1 − σ3)
0.2 (7.13)

respectively, where E is the elastic modulus in MPa and θ is the
bulk stress in atmospheres (i.e., σ 1 + σ 2 + σ 3), and σ 1, σ 2, and
σ 3 are the principal stresses in atmospheres. The unit weight of the
pavement layers are 22.8, 20.5, 19.7, and 18.9 kN/m3 (i.e., these are
used for computing the stress from the overburden to be added to
the load-induced stresses to obtain the bulk and deviator stresses).
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Table 7.2
Results of Example 7.6: Responses under (x = 0, y = 0) Computed with EVERSTRESS
(Ref. 3)

Depth (cm) σxx(kPa) σyy(kPa) σzz(kPa) τxy(kPa) τyz (kPa) τzx(kPa)

19.999 238.6 296.4 −168.2 3.7 21.9 −1.5
70.001 −5.4 −6.9 −27.2 2.8 4 −0.5

Depth (cm) εxx (10−6) εyy (10−6) εzz (10−6) wx (μm) wy (μm) wz (μm)
19.99 138.4 194.1 −253.9 −13.4 −2.9 587.2
70.001 131.9 106.3 −238.2 −28.5 −39.6 460.7

ANSWER

The answer is given in Table 7.2, which shows the magnitude of
the asphalt concrete bottom tensile strains is 138.4 10−6 and 194.1
10−6 in the transverse and longitudinal directions, respectively,
while the subgrade bottom compressive strain is 238.1 10−6. The
solution was achieved in seven iterations, satisfying a tolerance in E
lower than 1%. After convergence, the moduli of the base, subbase
and subgrade layers were 374.3 MPa, 238.61 MPa and 88.31 MPa,
respectively.

7.6 Viscoelastic Solutions

The previous discussion assumed elastic material behavior. As
described in Chapter 5, however, asphalt concretes exhibit vis-
coelastic behavior, hence their response is time-dependent. Their
response to a time-dependent (e.g., moving) load is computed
through Boltzmann’s superposition principle12, assuming linear vis-
coelastic behavior. In the time domain, this is expressed by the
following convolution integral:

ε (t) =
t∫

o

D
(
t − ξ ′) ∂σ

(
ξ ′)

∂ξ ′ dξ ′ (7.14)

where, ε(t) is the strain at time t, D(t − ξ ′) is the creep compliance
or retardation modulus of the asphalt concrete layer after a lapsed
time of (t − ξ ′), and σ (ξ ′) is the stress history as a function of time
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ξ ′ ranging from 0 to t. Plainly stated, Equation 7.14 means that the
strain at time t, under an arbitrary stress history σ (ξ ′), is the linear
sum of all the strain increments experienced from the beginning of
the stress imposition to time t. The creep compliance is the inverse
of modulus and has units of 1/stress (i.e., 1/kPa or 1/lbs/in.2).

Given a mechanistic model for the creep compliance, the integral
in Equation 7.14 can be computed numerically, as demonstrated
in the following example. It should be noted that this convolution
integral can be written similarly in terms of stress rather than strain,
expressed as:

σ (t) =
t∫

o

E
(
t − ξ ′) ∂ε

(
ξ ′)

∂ξ ′ dξ ′ (7.15)

where, σ (t) is the stress at time t, E(t − ξ ′) is the stiffness or relax-
ation modulus of the asphalt concrete layer, and ε(ξ ′) is the applied
strain history. Mechanistic models can be fitted to describe the creep
compliance or the relaxation modulus based on data obtained from
creep testing or relaxation testing, respectively. Hence, the vis-
coelastic behavior of asphalt binders and asphalt concretes can be
effectively modeled through state-of-the art laboratory testing.

7.6.1 Single
Semi-Infinite

Layers

Implementing Equation 7.14 in a semi-infinite elastic space is
straightforward, because of the availability of closed-form solutions
for the stress (Equation 7.2). An example of computing the response
of a semi-infinite viscoelastic layer to a moving load is given in the
following example.

Example 7.7Consider a 40 kN point load traveling at a speed of 22.22 m/sec
(80 km/h) on a semi-infinite viscoelastic layer with a creep compli-
ance given by:

D(t) = 1

E0 + E1e− t
T1 + E2e

− t
T2

(7.16)

with E0 = 5,000,000 kPa, E1 = 2,000,000 kPa, E2 = 4,000,000 kPa, T 1
= 0.05 sec, and T 2 = 0.005 sec. Compute and plot the vertical strain
εz as a function of time at a depth of 0.1 m, assuming a constant
Poisson’s ratio of 0.40.
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ANSWER

A load influences layer response at a particular location before and
after it reaches this location. The total distance of load influence
depends on the magnitude of the load and the stiffness of the layer.
For this example, assume that the total length of load influence is
1.0 m (i.e., the response is substantial for locations of the load 0.5 m
before and 0.5 m after a point of interest). At 22.22 m/sec, the load
takes 0.045 sec to traverse this 1.0 m length of load influence (i.e.,
1.0/22.22). Obviously, the resulting loading frequency is 22.22 Hz.
According to Equation 7.3a, the vertical strain εz can be computed
from the stress history of the three stress components σ z, σ r, and σ θ .
These can be computed from Equations 7.2 for the given depth z of
0.10 m and any desired offset r ranging from −0.5 to 0.5 m (note
that only stresses for the positive or the negative offsets need to be
computed due to axial symmetry). Hence, according to Equation
7.14, and given a constant Poisson’s ratio, the vertical strain can be
computed using:

εz (t) =
t∫

o

D
(
t − ξ ′) ∂

∂ξ ′
(
σz

(
ξ ′) − μ

(
σr

(
ξ ′) + σθ

(
ξ ′))) dξ ′ (7.17)

This equation was solved numerically using a spreadsheet and
time/distance increments of 0.00045 sec/0.01 m, as shown in
Table 7.3. Note that the value of the creep compliance is com-
puted from Equation 7.16 for values of time, increasing from 0 to
0.045 sec, while the stress history is calculated by positioning the 40
kN point load at successive locations 0.01 m apart and computing
the change in the stress components. The resulting vertical strain
versus time is plotted in Figure 7.7 and has a maximum compressive
value of about 330 10−6.

7.6.2 Multilayer
Systems

Modeling the response of layered systems under moving loads is
more complex because there are no closed-form solutions for the
stress components, hence layered analysis software has to be used
to compute them (e.g., EVERSTRESS). It is not practical, however,
doing so for every distance/time increment (it would involve 100
sets of analysis for the example just presented, with different surface
layer moduli for each set). Alternatively, pavement response can be
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Figure 7.7
Vertical Strain ε1 versus Time for Example 7.7

computed at selected locations and values in between approximated
through interpolation, thus making it possible to use the same
approach followed in the previous example.

Example 7.8 Consider a pair of identical tires moving at a speed of 16.667 m/sec
(i.e., 60 km/h) on a pavement structure, as shown in Figure 7.8.
Assume that these loads influence the response of the pavement
within a radius of 1.00 m around their instantaneous location, (i.e.,
load influence length of 2.0 m). Compute and plot the transverse
and longitudinal strains (i.e., εxx and εyy) at the bottom of the asphalt
concrete layer as a function of time.

ANSWER

At 16.667 m/sec, the load takes 2.0/16.667 = 0.12 sec to traverse its
influence length (i.e., a loading frequency of 8.33 Hz). The stresses
were computed at the bottom of the asphalt concrete layer (i.e.,
0.152 m) in Cartesian coordinates using EVERSTRESS at y intervals
of 0.10 m for the pavement layer layout shown in Figure 7.8. Stress
values between these points were obtained through linear interpola-
tion to yield stress estimates at increments of 0.01 m. Table 7.4 shows
excerpts of the spreadsheet used to compute the stress history and
the creep compliance values necessary for integrating numerically



7.6 Viscoelastic Solutions 201

0.10 0.05+ 2000000 e250000 + 700000 e

1
tt

D(t) =

689 kPa
0.096 m

0.152 m 

413 MPa0.457

r

z

103

AC

Base

Subgrade

0.35 m 0.40

0.40

0.45

∞

−−

Figure 7.8
Layer Viscoelastic System for Example 7.8

Table 7.4
Numerical Integration for Example 7.8

D(t − ξ ′)
y ξ ′ σxx − μ(σyy + σzz) �σxx(ξ ′) D(t − ξ ′) �σxx(ξ ′) εxx(t)

(m) (sec) (kPa) (kPa) (1/kPa 106) (microns) (microns)
−1 0 2.71 — 0.34 0.92 0.92
−0.99 0.0006 2.83 0.12 0.34 0.04 0.96
−0.98 0.0012 2.95 0.12 0.35 0.04 1.00
−0.97 0.0018 3.07 0.12 0.35 0.04 1.04
−0.96 0.0024 3.19 0.12 0.35 0.04 1.09
−0.95 0.003 3.31 0.12 0.36 0.04 1.13
−0.94 0.0036 3.43 0.12 0.36 0.04 1.17
−0.93 0.0042 3.55 0.12 0.36 0.04 1.22
−0.92 0.0048 3.67 0.12 0.37 0.04 1.26
−0.91 0.0054 3.79 0.12 0.37 0.04 1.30
−0.9 0.006 3.91 0.12 0.37 0.04 1.35
And so on.

Equation 7.17. The resulting transverse and longitudinal strains are
plotted in Figure 7.9.

An approximate method was proposed for computing pavement
response under moving loads. It involves direct superposition of
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Transverse and Longitudinal Strains (εxx and εyy) versus Time for Example 7.8

strains weighed by a loading function13, expressed as:

R(t) =
t∫

o

I (t − ξ ′)
∂L(ξ ′)

∂ξ ′ dξ ′ (7.18)

where R(t) is the pavement response parameter at time t (e.g.,
the transverse strain εxx at the bottom of the asphalt concrete
layer), I (t) is the influence function for that pavement response
parameter, and L(t) is the loading function. For a moving load of
constant magnitude A, a common form for the loading function
L(t) is one pulse-shaped

L(t) = Asin2
(

π

2
+ π t

D

)
with − D

2
≤ t ≤ D

2
(7.19)

where D is the time interval required to traverse the length of
the road being affected by the load in any particular location.
Differentiating Equation 7.19, substituting it into Equation 7.18,
and setting the integration limits from –D/2 to time t gives:

R(t) = −
t∫

−D/2

I (t − ξ ′)
Aπ

D
sin

(
2πξ ′

D

)
dξ ′ (7.20)

which can be computed numerically.
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Problems

7.1 Compute the stresses and strains from a point load of 20 kN
resting on a semi-infinite elastic space. The location of interest
is at a depth of 0.10 m and a radial offset of 0.25 m. Given, E =
150 MPa and μ = 0.35. What is the deflection at the surface?

7.2 Compute the stresses from a tire inflated to 750 kPa, carrying
40 kN resting on a semi-infinite elastic space. The location of
interest is at a depth of 0.25 m and a radial offset of 0.0 m.
Given, E = 150 MPa and μ = 0.35.

7.3 Compute the surface deflections of a semi-infinite elastic space
under a point load of 50 kN at radial offsets of 0.10, 0.25, 0.50,
0.75, and 1.00 m. Given, E = 135 MPa and μ = 0.45.

7.4 Use the approximate Odemark approach to determine the
surface deflection under the centerline of a tire with a 0.15 m
radius, carrying a load of 40 kN resting on a 0.4 m thick asphalt
concrete layer placed on top of a subgrade of infinite depth.
The layer moduli are 1300 MPa and 150 MPa, respectively, and
μ is 0.5 for both layers.

7.5 Repeat the computations for the previous question using the
Burmister approach and layered-elastic analysis software. Com-
pare the results.

7.6 For the layered system shown in Figure 7.10, determine and
plot the strains at the bottom of the asphalt concrete layer
versus radial offsets of 0.0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.3, 0.35,
and 0.4.

7.7 For the layered system of the previous question, determine and
plot the surface deflections versus the same radial offsets.

7.8 For the layered system shown in Figure 7.8, compute the
strains at bottom of the asphalt concrete layer for a radial
offset of 0.0, considering that the base and subgrade moduli
are stress-dependent, as defined by:

E = 380 θ0.5

E = 100 (σ1 − σ3)
0.3

respectively, where the moduli are in MPa and the stresses in
atmospheres.
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Layer Viscoelastic System for Problem 7.6

7.9 Consider a point load of 30 kN traveling at a speed of
16.667 m/sec (60 km/h) on a semi-infinite viscoelastic layer
with a creep compliance given by:

D(t) = 1

E0 + E1e− t
T1 + E2e

− t
T2

with E0 = 80000 kPa, E1 = 100000 kPa, E2 = 300000 kPa, T 1 =
0.25 sec, and T 2 = 0.05 sec. Compute and plot the radial strain
εr as a function of time at a depth of 0.15 m. Assume that the
load affects pavement response within a radius of 0.6 m (i.e.,
from −0.6 m to +0.6 m) and that the Poisson’s ratio is constant
and equal to 0.45.



8 Rigid
Pavement
Analysis

8.1 Introduction

Rigid pavements consist of portland concrete slabs resting on a base
course or directly on the subgrade. The modulus of the portland
concrete, which is in the order of 28,000 MPa, is much higher than
the moduli of the underlying layers, which typically range from
80 to 600 MPa. As a result, rigid pavements derive much of their
load-carrying capacity through plate action (i.e., two-directional slab
bending on the x-y plane, as shown in Figure 8.1), while being
supported by the reaction of the lower layers.

As discussed in Chapter 1, unreinforced slabs tend to crack trans-
versely where thermally induced tensile stresses exceed the tensile
strength of the concrete. Hence, they require either transverse
joints or tensile reinforcement. Jointed pavements provide verti-
cal load transfer between adjacent slabs through either aggregate
interlock or dowel bars. They are referred to as jointed plain con-
crete pavements (JPCPs) and jointed dowel-reinforced concrete pavements
(JDRCPs), respectively. Continuous reinforcement keeps the ten-
sion cracks in the portland concrete closed and hence maintains
the integrity of the slab. These pavements are called continuously
reinforced concrete pavements (CRCP). The various design of joints

207Pavement Design and Materials     A. T. Papagiannakis and E. A. Masad
Copyright © 2008 John Wiley & Sons, Inc.
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Figure 8.1
Pure Bending of Slabs

were shown in Figures 1.3 and 1.4. Details on their actual design can
be found in reference 6.

Stresses in concrete pavements are the result of the interaction
of a number of factors, which can be grouped into three main
categories:

1. Environmental (i.e., effect of temperature and moisture
changes in the slab)

2. Traffic loading
3. Base/subgrade support of the slab (i.e., slab curling and volume

changes or erosion of the subgrade)
One of the most common simplifications used in analyzing con-

crete pavements concerns the subgrade and the way it supports the
slab. The subgrade is modeled either as a series of non interacting
linear springs (Figure 8.2) or as an homogeneous and isotropic
continuum of infinite depth (Figure 8.3).



8.1 Introduction 209

i

Fi

Fi = k wi

Figure 8.2
Liquid Concrete Pavement Foundation Model

Fi

Fi

wj

wj =

rij

i

p Es rij

j

1– ms
2

Figure 8.3
Solid Concrete Pavement Foundation Model

The first foundation model is characterized by the elastic con-
stant of the springs, referred to as the modulus of subgrade reaction,
denoted by k. It is defined as the ratio of the stress divided by the
deflection, and measured through plate-loading tests in units of
MPa/m (Equation 3.19). This foundation, referred to as Winkler, or
‘‘liquid,’’ implies that load at a particular point generates subgrade
deflection only directly underneath that point. The second founda-
tion model is characterized by the elastic modulus and the Poisson’s
ratio of the subgrade, denoted by Es and μs, respectively (this is
to differentiate them from the elastic constants of the slab itself,
denoted by E and μ). These subgrade properties are determined
through either triaxial laboratory testing (see Chapter 3) or through
back-calculation based on in-situ surface deflection measurements,
(see Chapter 9). This foundation, referred to as Boussinesq, or
‘‘solid,’’ implies that load at a particular point generates subgrade
deflections at and around that point. The relationship between



210 8 Rigid Pavement Analysis

load and deflection is shown in Figure 8.3, where r ij is the distance
between the location of the load application i and the deflection
location j. Note that this is identical to Equation 7.6 presented
earlier. Clearly, the solid foundation is more realistic than the liquid
foundation model. The most commonly used expression for the
relationship between k and Es is18:

k =
(

Es

E

)1/3 Es(
1 − μ 2

s

)
h

(8.1)

where h is the thickness of the portland concrete slab.
It should stated from the outset that closed-form solutions for the

structural analysis of concrete pavements are available only for a lim-
ited number of simple loading circumstances, which are described
next. More complex problems require the use of numerical meth-
ods, such as the Finite Element Method (FEM), that is introduced
later in this chapter. The FEM allows modeling the slab and the sub-
grade as a whole and can readily analyze load and moment transfer
across joints under a variety of environmental and traffic-loading
input. It is particularly suited to analyzing complex boundary condi-
tions, such as those caused by varying base/subgrade support under
a slab. The structural analysis of concrete slabs in response to each
of the three groups of factors just outlined is presented in detail
next. This discussion begins with a review of the theory of elasticity
on the pure bending of plates.15

8.2 Overview of the Elastic Theory on Plates

Consider a Cartesian coordinate system with its origin on the neutral
axis of a slab with infinite x-y dimensions and finite thickness h, as
shown in Figure 8.1. One-dimensional pure bending of this slab,
say on the x-z plane, yields a deformed slab shape resembling a
cylindrical section and represents a plane-strain state. The resulting
strains at a distance z from the neutral axis are:

εx = z
Rx

(8.2a)

εy = εz = 0 (8.2b)

where Rx is the radius of curvature of the slab on the x-z plane,
and E , μ are its elastic modulus and Poisson’s ratio, respectively.
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The corresponding stresses are:

σx = E
z

Rx
(8.3a)

σy = μσx = μE
z

Rx
(8.3b)

σz = 0 (8.3c)

Note that the maximum values of stress/strain occur at the upper
and lower boundaries of the slab (i.e., for z = h/2 and z = − h/2).
Note also that Equation 8.3b is a consequence of the plane-strain
condition and the generalized Hooke’s law; that is:

εy = 0 = 1
E

(σy − μσx) (8.4)

Taking into account Equation 8.3b, allows expressing the strain
εx in terms of stress:

εx = 1
E

(σx − μ σy) = 1
E

(σx − μ2 σx) = σx

E
(1 − μ2) (8.5)

Solving Equation 8.5 for stress, and considering Equation 8.3b,
gives the following stress-strain expressions for bending in the x
direction only:

σx = Eεx(
1 − μ2

) (8.6a)

σy = μ
Eεx(

1 − μ2
) (8.6b)

Similar expressions can be written for bending in the y direction
only.

Consider now combined bending in both the x and y directions.
The combined stresses are obtained by superimposing the stresses
from the two stress states just described.

σx = Eεx(
1 − μ2

) + μ
Eεy(

1 − μ2
) = E z(

1 − μ2
) ( 1

Rx
+ μ

1
Ry

)
(8.7a)

σy = Eεy(
1 − μ2

) + μ
Eεx(

1 − μ2
) = E z(

1 − μ2
) ( 1

Ry
+ μ

1
Rx

)
(8.7b)
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The corresponding strains are:

εx = z
Rx

= σx

E

(
1 − μ2) (8.8a)

εy = z
Ry

= σy

E

(
1 − μ2) (8.8b)

Consider now the relationship between the radius of curvature R
and the bending moment M :

M =
∫ h/2

−h/2
σ z dA =

∫ h/2

−h/2

E
R

z2 dA = E I
R

(8.9)

where A is the area of the cross section of the slab per unit width,
and I is the moment of inertia of the slab per unit width, being equal
to h3/12. Equation 8.9 can be written in the more familiar form:

1
R

= M
EI

= 12 M
E h3 (8.10)

Hence, taking the area integral of both sides of Equation 8.7 gives:

Mx = E h3

12
(
1 − μ2

) ( 1
Rx

+ μ
1
Ry

)
(8.11a)

My = E h3

12
(
1 − μ2

) ( 1
Ry

+ μ
1

Rx

)
(8.11b)

where Mx and My are the bending moments in the x and y directions,
respectively. Note that the common factor in these expressions is
referred to as the flexural rigidity of the plate, and it is denoted
by D.

D = E h3

12(1 − μ2)
(8.12)

Equation 8.11 allows solving for the radii of curvature:

1
Rx

= 12
Eh3

(
Mx − μMy

)
(8.13a)

1
Ry

= 12
Eh3

(
My − μMx

)
(8.13b)
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which, in turn, are related to vertical deflections w by:15

1
Rx

= −∂2w
∂x2 (8.14a)

1
Ry

= −∂2w
∂y2 (8.14b)

As discussed next, slabs exposed to temperatures of equal mag-
nitudes and opposite signs at their top and bottom are under pure
bending, if their interaction with the subgrade is ignored.

8.3 Environment-Induced Stresses

8.3.1 Stresses
Due to

Temperature
Gradients

Temperature variation within the slab thickness generates variation
in the length of slab fibers, which results in curling. Consider a slab
of length L. Changes in temperature �T at any particular depth in
this slab result in changes of length �L at this depth, assuming that
expansion and contraction are unimpeded, according to:

�L = Lat �T (8.15)

where, L is the length of the slab in the direction of the expan-
sion or contraction (i.e., axis x or y) and at is the coefficient of
linear thermal expansion of the portland concrete, typically about
9 × 10−6/◦C. This implies a strain ε given by:

�L
L

= ε = at �T (8.16)

When the temperatures at the upper half or the slab are lower
than the temperatures at the lower half, as is the case in the evening,
slabs have a concave upper shape (Figure 8.4a). The opposite is true
in early morning, resulting in a convex upper shape (Figure 8.4b).
The weight of the slab acting on these deformed shapes, and the
varying reaction from the subgrade, generates stresses in the slab.
When the slab has a concave upper shape, there is tension at the top
and compression at the bottom. The opposite is true when the slab
has a convex upper shape.
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Slab Warping under Temperature Gradients
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Disaggregating Temperature Gradients

The distribution of temperatures within the slab can be computed
from the boundary temperatures (i.e., the temperatures at the top
and the bottom of the slab, denoted by T t and T b, respectively),
using heat diffusion principles (Chapter 10). However, it can be
assumed that temperature varies linearly with depth. Consider a slab
of infinite x-y dimensions with the linear distribution of temperatures
shown in Figure 8.5.

It can be disaggregated into a uniform temperature change, and
one where temperatures at the top and bottom have the same
magnitude but opposite signs. The first temperature component
causes no bending stresses (i.e., if unimpeded by adjacent slabs,
it is simply resisted by subgrade friction, as discussed later). The
second temperature component has an outer fiber temperature of
magnitude T a:

Ta = Tt − Tb

2
(8.17)

and results in pure bending. The magnitude of the corresponding
outer fiber strains is given by Equation 8.16.

εx = εy = at Ta (8.18)
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Substituting Equation 8.18 into Equations 8.7 gives the outer fiber
slab stresses as:

σy = σx = Eat Ta

(1 − μ2)
+ μ

Eat Ta

(1 − μ2)
= Eat Ta

(1 − μ2)
(1 + μ) = Eat Ta

(1 − μ)
(8.19)

Bradbury3 extended this pure bending formulation to slabs of
finite dimensions by weighing the contribution of stresses from
bending in the two axes through the variables Cx and Cy, resulting
in the following stress expressions:

σx = EatTa(
1 − μ2

) (Cx + μCy
)

(8.20a)

σy = EatTa(
1 − μ2

) (Cy + μCx
)

(8.20b)

where Cx and Cy are obtained from Figure 8.6.
To obtain these variables, the normalized dimensions of the slab

need to be computed by dividing its dimensions in the x and y
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Figure 8.7
Slab Layout for Example 8.1

direction by the radius of relative stiffness �, which for a liquid
foundation, is defined by:

� =
(

E h3

12(1 − μ2)k

)1/4

(8.21)

Example 8.1 A 20 cm thick slab is resting on a liquid subgrade with a modulus
of subgrade reaction of 80 MPa/m. It is subjected to an increase
in temperature of 10◦C at its upper surface and a temperature
decrease of 5◦C at its lower surface. Its dimensions are shown in
Figure 8.7. Determine the stresses at locations 1, 2, and 3. Additional
information given for the portland concrete includes: E = 28 GPa,
μ = 0.15, and at = 9 × 10−6/◦C.

ANSWER

The temperature distribution is disaggregated into a uniform
increase of (10 − 5)/2 = 2.5◦C and a pure bending inducing tem-
perature T a of (10 + 5)/2 = 7.5◦C. Equation 8.21 gives the radius
of relative stiffness.

� =
(

28000 0.23

12(1 − 0.152)80

)1/4

= 0.70 m
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This gives normalized slab dimensions of 3.6/0.7 = 5.14 and
6.0/0.7 = 8.57 in the x and y directions, respectively. Accordingly,
Figure 8.6 yields Cx and Cy values of 0.77 and 1.07, respectively. The
stresses are computed using Equations 8.20 At location 1:

σy = 28 106 9 10−6 7.5(
1 − 0.152

) (
1.07 + 0.15 0.77

) = 2292.2 kPa

σx = 28 106 9 10−6 7.5(
1 − 0.152

) (
0.77 + 0.15 1.07

) = 1799.1 kPa

These stresses are outer fiber stresses, compressive at the top and
tensile at the bottom.

At location 2, there is obviously no stress in the x direction, hence
no contribution from it to the stress in the y direction. Accordingly:

σy = 28 106 9 10−6 7.5(
1 − 0.152

) (
1.07

) = 2068.5 kPa

σx = 0

At location 3, the reverse is true for location 3, hence:

σy = 0

σx = 28 106 9 10−6 7.5(
1 − 0.152

) (
0.77

) = 1488.8 kPa

8.3.2 Stresses
Due to Subgrade

Friction

Consider now uniform expansions/contractions of slabs along their
depth. These can be the result of uniform temperature changes, as
already described, or due to post-construction concrete shrinkage.
This expansion/contraction is impeded only by the shear stresses
generated by subgrade friction, assuming that there is no contact
between adjacent slabs. Subgrade friction is a function of the amount
of slippage between the slab and the subgrade, which increases from
the centerline of the slab toward the edges. The resulting free-body
diagram of a unit width of slab is shown in Figure 8.8. Only half the
slab of length L is shown (i.e., the free-body diagram is symmetric
about the centerline axis of the slab). The distribution of the
shear subgrade friction stresses can be approximated by a uniform
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Figure 8.8
Free-Body Diagram of Half a Slab Subjected to Subgrade Friction

distribution. Equilibrium of horizontal forces gives:

h
L
2

γ f = σ h (8.22)

where γ is the unit weight of concret, (about 22.5 kN/m3) and
f is the coefficient of friction between the slab and the subgrade
(typically around 1.5). The resulting tensile concrete stresses are:

σ = L
2

y f (8.23)

Example 8.2 Compute the tensile stresses generated by subgrade friction in a
6.0 m long concrete slab. How high is this stress compared to the
tensile strength of concrete, which is given equal to 2.44 MPa. The
unit weight of the concrete is equal to 22.5 kN/m3.

ANSWER

Equation 8.23 gives:

σ = 3.0 22.5 1.5 = 101.25 kPa

This value is considerably lower than the concrete tensile strength
of 2.44 MPa specified. This is the case for the typical slab lengths
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encountered in jointed concrete pavements (i.e., JPCP and JDRCP).
Hence, subgrade-friction-induced stresses do not control slab length
in jointed pavements. As discussed next, joint opening is the con-
trolling factor in selecting JPCP slab length.

Consider now situations where two slabs need to be tied together,
as is the case along longitudinal construction joints (e.g., between
driving lane and shoulder or between two adjacent driving lanes).
Since the joint carries no subgrade friction-induced tensile stresses,
they need to be carried by deformed steel bars (i.e., tiebars). Consult
again the free-body diagram shown in Figure 8.8 and rewrite the equi-
librium of horizontal forces by considering only the steel reinforce-
ment of cross-sectional area Ar per unit width of slab carry tension:

h
L
2

γ f = Ar fr (8.24)

where f r is the allowable stress of the steel reinforcement (it ranges
between 186 and 320 MPa, depending on steel quality). Equation
8.24 allows calculation of the required area of tiebar steel per unit
width of slab. It can be generalized to reflect the required area of
steel reinforcement, where tiebars used to tie adjacent lanes:

Ar = L′hγ f
fr

(8.25)

where L′ is the effective length of slab, defined as the distance
between the tiebar location and the farthest free concrete edge.
The corresponding average bond stress between a tiebar and the
concrete, u, is given by:

u = L′hγ f
n�o(t/2)

(8.26)

where n is the number of tiebars per unit width of slab, t is
their length, and �o is their circumference. Typically, the allowable
maximum bonding stress between tiebars and concrete is 2.4 MPa.

Example 8.3Consider the rigid pavement layout shown in Figure 8.9. The slabs
are 0.25 m thick and were poured in two halves by two separate
passes of a slip-form paver (the construction joint indicated by a
dotted line). Compute the necessary area of tiebar steel across the
construction joint and the average bond stress between the tiebars
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Slab Layout for Example 8.3

and the concrete. The allowable stress of the steel f r is given as
186 MPa, and the length of the tiebars is 0.6 m.

ANSWER

The distance L′ between the construction joint and the free pave-
ment edge is 6.6 m. Substituting the values for the given variables
into Equation 8.25 yields:

Ar = 6.6 0.25 22.5 1.5
186000

= 0.0003 m2/m width = 3.00 cm2/m width

Selecting three tiebars per meter of width yields a bar diameter of
(3.00/3 × 4/π)0.5 = 1.1 cm. The corresponding bond stress between
a tiebar and the concrete is given by Equation 8.26:

u = 6.6 0.25 22.5 1.5
3 0.0346 (0.6/2)

= 1788 kPa.

8.3.3 Joint
Opening Due to
Uniform
Temperature
Changes or
Shrinkage

Joint opening is particularly important to JPCPs because they derive
their vertical load transfer only through aggregate interlock. Hence,
as slabs contract from uniform temperature reductions or from
postconstruction shrinkage, the joints open and their vertical load
transfer efficiency declines. Practically, plain joints with openings
larger than 0.1 cm are not effective in transferring vertical loads
across adjacent slabs. Consider the change in slab length �L due
to a combined reduction in temperature �T and post-construction
shrinkage. Expanding Equation 8.15 to incorporate concrete curing
shrinkage gives:
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�L = c L(at �T + ε) (8.27)

where c is a scaling factor accounting for subgrade resistance (typ-
ically around 0.65) and ε is additional strain due to shrinkage,
ranging from 0.5 10−4 to 2.510−4, depending on curing practices.
�T is approximated as the difference between the construction
temperature and the coldest mean monthly temperature.4 Note
that slab shrinkage takes place symmetrically about its center axis
(see Figure 8.8). The reason for not including half the length of the
slab in Equation 8.27 is that the joint opening is made up of two
displacement components from the identical half slabs on either
side of the joint opening.

Example 8.4Compute the maximum feasible slab length for a JPCP pavement
experiencing a temperature difference between construction and
the coldest winter month of 35◦C. Given, at equal to 9 × 10−6/◦C
and ε equal to 0.5 10−4.

ANSWER

Substitute the maximum joint opening of 0.001 m into Equation
8.27, along with the given variables, and solve for L:

0.001 = 0.6 L(9 10−6 35 + 0.5 10−4)

which gives a maximum slab length of 4.5 m. Hence, indeed, slab
length in JPCPs is controlled by the need to limit joint opening.

8.4 Load-Induced Stresses

As mentioned earlier, closed-form solutions of load-induced stresses
in portland concrete pavements are available for a limited number
of simple loading situations, assuming a liquid subgrade. These
are described next, to be followed by a demonstration of a FEM
computer program capable of analyzing more complex situations.

8.4.1 Stresses
under

Concentrated
Point Loads

Consider a point load applied to a jointed portland concrete pave-
ment. The location of the load likely to cause the highest stresses is
near the corner of the slab (i.e., at the edge of a joint). Stress solu-
tions for this problem were developed12 by analyzing the free-body
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Figure 8.10
Stresses under a Concentrated Point Load at the Corner of a Slab

diagram of a slab section oriented 45◦ to the direction of travel
(Figure 8.10). Ignoring the reaction from the subgrade, this section
can be analyzed as a cantilevered beam, whereby the bending
moment M computed from the triangular stress distribution bal-
ances the moment from the point load P :

1
2
σc

h
2

2x
2
3

h = Px (8.28)

which gives an outer-fiber concrete corner stress σ c as:

σc = 3 P
h2 (8.29)

Note that the subgrade reaction would reduce this stress, hence
ignoring it is conservative. Also note that the computed bending
stress is not a function of the location of the slab section considered.

Example 8.5 Compute the maximum tensile stress on a 0.2 m thick slab of a JPCP
under a corner point load of 20 kN.

ANSWER

Substituting the given values into Equation 8.29 gives:

σc = 3 20
0.22 = 1500 kPa
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Figure 8.11
Stresses under a Circular Imprint Load at the Corner of a Slab

Comparing this stress to the 2440 kPa tensile strength of concrete
(Example 8.2), suggests that this load-induced stress is substantial,
hence fatigue damage is an issue. As discussed in Chapter 12, fatigue
is one of the considerations in the mechanistic design of rigid
pavements.

8.4.2 Stresses
under Uniform

Circular Stresses

For loads uniformly distributed over a circular area of radius a, the
cornermost location of the load is shown in Figure 8.11 (i.e., moving
the center of the load closer to the corner would transfer part of
it to the adjacent slabs). Work by Westergard20 determined that,
assuming a Poisson’s ratio of 0.15, the maximum stress occurs at a
distance of 2.38

√
a� from the corner, and amounts to:

σc = 3 P
h2

[
1 −

(
a
√

2
�

)0.6]
(8.30)

where � is the radius of relative stiffness of the slab (Equation 8.21). It
has also provided expressions for the corner deflection �c.

�c = P
k�2

[
1.1 − 0.88

(
a
√

2
�

)]
(8.31)

Example 8.6Determine the maximum tensile stress and the corner deflection
under a circular load of 0.12 m radius carrying a 600 kPa pressure,
given a slab thickness of 0.22 m, a modulus of subgrade reaction
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of 40 MPa/m, a concrete modulus of 28 GPa, and a Poisson’s ratio
of 0.15.

ANSWER

Use Equation 2.1 to compute the load P as π × 0.122 × 600 = 27 kN.
Use Equation 8.21 to compute the radius of relative stiffness.

� =
(

280000.223

12
(
1 − 0.152)40

)1/4

= 0.89 m

Substitute the given and computed quantities into Equations 8.30
and 8.31.

σc = 3 27
0.222

⎡
⎣1 −

(
0.12

√
2

0.89

)0.6
⎤
⎦ = 1054.4 kPa

�c = 27
40000 0.892

[
1.1 − 0.88

(
0.12

√
2

0.89

)]
= 0.00079 m or 0.8 mm

Westergard20 also developed expressions for the stresses under
uniform circular stresses applied to interior points, as well as at the
edge of slabs, denoted by σ i and σ e, respectively. For a Poisson’s
ratio of 0.15, these expressions are:

σi = 0.316 P
h2

[
4 log

(
l
b

)
+ 1.069

]
(8.32)

σe = 0.572 P
h2

[
4 log

(
l
b

)
+ 0.359

]
(8.33)

where:

b = a for a ≥ 1.724 h (8.34a)

b =
√

1.6 a2 + h2 − 0.675 h for a < 1.724 h (8.34b)

Example 8.7 Determine the stresses in the interior and edge point of a 0.20 m
thick slab under a uniform stress of 600 kPa distributed over a
circular area with a radius of 0.15 m. Given, a modulus of subgrade
reaction of 60 MPa/m, an elastic modulus of concrete of 28 GPa,
and a Poisson’s ratio of concrete of 0.15.
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ANSWER

Use Equation 8.21 to compute the radius of relative stiffness of the
slab.

� =
(

28000 0.23

12
(
1 − 0.152)60

)1/4

= 0.75 m

Compute 1.724h = 0.34 m, which is larger than a = 0.15 m; hence
compute b using Equation 8.34b.

b =
√

1.6 0.152 + 0.22 − 0.675 0.2 = 0.141 m

The interior and edge stresses are computed using Equations 8.32
and 8.33, where

P = 600π0.152 = 42.41 kN

σi = 0.316 42.41
0.22

[
4 log

(
0.75
0.141

)
+ 1.069

]
= 1330.9 kPa

σe = 0.572 42.41
0.22

[
4 log

(
0.75
0.141

)
+ 0.359

]
= 1978.5 kPa

Pickett and Ray13 and Pickett and Badaruddin14 produced solu-
tions of rigid pavement response to load in the form of influence
charts for liquid and solid foundations, respectively, for both corner
and interior slab points. An example of these charts is shown in
Figure 8.12 for the deflection � under a load in the interior point of
a slab, with a Poisson’s ratio of 0.15, assuming a liquid foundation.
This influence chart is used by drawing the tire imprint(s) to the
scale dictated by the length of the radius of the relative stiffness of the
slab shown on the chart, counting the number of blocks N and using:

� = 0.0005 p l4 N
D

(8.35)

where p is the uniform contact pressure, � is the radius of relative
stiffness (Equation 8.21), and D is the flexural rigidity of the plate
(Equation 8.12). Note that imperial units need to be used in this
influence chart. Additional influence charts for bending moments
and stresses can be found in the original papers or in earlier text-
books (e.g., reference 16). As will be pointed out later, the advent
of numerical methods (e.g., FEM) has rendered such influence-
function-based solutions somewhat impractical for routine use.
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Figure 8.12
Influence Chart for Computing Surface Slab Deflections (Ref. 13)

8.4.3 Dowel-
Bar-Induced
Stresses in
JDRCPs

Dowel bars in JDRCPs provide vertical load transfer between adja-
cent slabs. The design challenge in transferring these vertical loads
is to prevent fracture of the concrete supporting the dowel bars. The
allowable bearing stress of concrete f b under a dowel bar is adapted
from an expression given in reference 2 as:

fb =
(

4 − 0.3937 d
3

)
f ′
c (8.36)

where f b and f c
′ are in kPa, and the diameter of the dowel bar d is

in cm. Friberg7 developed a solution for the vertical deflection of a
dowel bar at the outer edge of a joint, denoted by y0, (Figure 8.13).
This was done by assuming that the concrete functions as a liquid
foundation, with a spring constant K c in supporting the dowel bar
(typically, between 80,000 and 400,000 MPa/m). This deflection is
calculated as:

y0 = Pt

4β3 Er Ir
(2 + βz) (8.37)
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Pt
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z/2

Figure 8.13
Dowel Bar and Concrete Deflection Under Load Pt (not to scale)

where Er and I r are the modulus and moment of inertia of the
dowel bar reinforcement, respectively; Pt is the load transferred by
the dowel bar, z is the opening of the joint, and β is given by:

β =
(

Kcd
4 Er Ir

)0.25

(8.38)

The corresponding bearing concrete stress at the joint face is
computed as:

σ = Kc y0 (8.39)

In practice, the length of the dowel bars is decided from the
thickness of the concrete slab and the diameter of the dowel, as
shown in Table 8.1.

Table 8.1
Dowel Bar Lengths for JDRCPs (Ref. 6)

Slab Thickness, h (cm) Dowel Diameter (cm) Dowel Bar Length (cm)∗

12.5 1.6 30
15 1.9 36
18 2.2 36
20 2.5 36
23 2.9 40
25 3.2 45
28 3.5 45
30 3.8 50

∗Dowels are assumed to be spaced 0.30 m center to center.
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Example 8.8 A 2.5 cm diameter dowel bar is transferring a vertical load of 3500 N
across a 0.5 cm wide joint. Compute the dowel bar deflection at the
edge of the joint and the corresponding concrete bearing stresses.
Can the concrete handle this stress? Given, K c of 100,000 MPa/m,
Er of 200,000 MPa, and f c

′ of 28 MPa.

ANSWER

Compute the moment of inertia of the circular cross section of the
dowel bar.

Ir = πd4

64
= π0.0254

64
= 1.92 10−8 m4

Compute the quantity β:

β =
(

100000 0.025

4 200000 1.92 10−8

)0.25

= 20.11 m−1

Substituting into Equation 8.37 gives:

y0 = 3.5

4 20.113 200106 1.91 10−8 (2 + 20.11 0.005) = 0.000059 m = 0.059 mm

The concrete bearing stress at the edge of the joint is computed
from Equation 8.39.

σ = 100 106 0.000059 = 5916.2 kPa

Comparing this concrete stress to the allowed bearing stress of
concrete (Equation 8.36):

fb =
(

4 − 0.3937 2.5
3

)
28000 = 28147 kPa

suggests that the concrete can indeed handle the applied stress.
In practice, load is transferred across the joints of JDRCPs by the

combined action of a group of dowels. Work by Friberg7 established
that load affects dowels up to a distance of 1.8� away from its location,
where � is the radius of relative stiffness of the slab (Equation 8.21).
Assuming that the load is distributed across a group of dowels in a
linear fashion allows calculation of the load carried by each dowel,
as demonstrated in the following example.
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Example 8.9Consider a JDRCP consisting of slabs 20 cm thick and 3.6 m wide,
resting on a subgrade with a modulus of subgrade reaction of
60 MPa/m. An axle load consisting of two identical tires 1.8 meters
apart, each carrying 40 kN, is located at the edge of the joint, 0.30 m
from the edge of the slab. Load across the joint is carried by 25 mm
diameter dowel bars placed at 0.3 m center-to-center distances, as
shown in the Figure 8.14. Compute the load carried by each dowel
bar. Given, E for the portland concrete of 28,000 MPa and a Poisson’s
ratio of 0.15. Assume that the tires apply point loads, that the load
transfer across the slabs is 50/50, and that the distribution of load
varies linearly with the distance from each tire load location.

ANSWER

Compute first the radius of relative stiffness of the slabs.

� =
(

28000 0.23

12
(
1 − 0.152)60

)1/4

= 0.75 m

Hence, the loads influence dowels within a distance of 1.8 × 0.75
= 1.35 m away from their location. Given a 50/50 load transfer,
half of the 40 kN load applied by each tire is transferred by the
dowels to the adjacent slab, (i.e., the 50/50 load transfer is ideal;
in practice, less than half of the load is transferred to the adjacent
slab). Hence, a 20 kN load is carried by the dowel bars within the
1.35 m range computed earlier around the location of each tire. The
linear distribution of load allows plotting the distribution of load
under each tire (Figure 8.15).

Using simple geometry allows computing the fraction of the loads
x and y corresponding to each dowel bar location. Equilibrium of

40 kN 40 kN

0.3 m

0.2 m

1.8 m

0.30

Figure 8.14
Slab and Dowel Bar Layout for Example 8.9
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1.35 m 1.35 m7.2
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4.0 2.4
0.8

3.42.41.5
0.5
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3.4
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Figure 8.15
Load Diagrams for Dowel Bars for Example 8.9

forces for the left-hand-side load gives:

x
(

1 + 3.5
4.5

+ 2.5
4.5

+ 1.5
4.5

+ 0.5
4.5

)
= 20

which results in a value for x of 7.2 kN. Similarly, equilibrium of
forces for the right-hand-side load gives:

2y
(

3.5
4.5

+ 2.5
4.5

+ 1.5
4.5

+ 0.5
4.5

)
+ y = 20

which results in a value for y of 4.4 kN. The combined diagram
of dowel bar loads from the two loads is included in Figure 8.15.
Having computed the load carried by each dowel allows calculation
of the bearing stress in the concrete, as described in Example 8.8.

8.4.4 Reinforce-
ment Stresses in
CRCPs

As mentioned in the beginning of this chapter, CRCPs have no
transverse joints, (except construction and expansion joints), relying
instead on steel reinforcement to carry the stresses that result
from subgrade friction in response to post-construction concrete
shrinkage and in-service temperature changes. This reinforcement
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consists of substantial amounts of deformed steel (i.e., rebar) located
at the neutral axis of the slabs. The steel bars are spliced by overlap
to function as continuous reinforcement. Obviously, the portland
concrete will develop transverse cracks where its tensile strength
is reached, which is at predictable intervals. The function of the
reinforcement is to hold these cracks closely together, hence provide
functional continuity for the slab, (transverse crack intervals ranging
between 1 and 3 meters have exhibited excellent performance).

Theoretical work by Vetter19 provided expressions for the
required percentage of rebar reinforcement steel, p, and the corre-
sponding distance interval of concrete cracks L. For post-construction
concrete shrinkage, these expressions are:

p =
(

ft
Sr + ε Er − r S ′

c

)
100 (8.40)

where f t is the tensile strength of the concrete measured through
indirect tension tests, Sr is the elastic limit of steel, ε is the concrete
shrinkage strain (typically ranging from 0.5 10−4 to 2.5 10−4), and
r is the ratio of the elastic modulus of the steel reinforcement Er
divided by the elastic modulus of the concrete E :

r = Er

E
(8.41)

L =
(
ft
)2

r p2 �o
Ar

u
(
ε E − S ′

c

) (8.42)

where u is the average bond stress between the steel reinforcement
and the concrete, Ar is the area of steel reinforcement per unit width
of slab, and �0 is the perimeter of the rebar selected.

For an in-service uniform temperature drop t, these expressions
are:

p =
(

ft
2 (Sr − t at Er )

)
100 (8.43)

L =
(
ft
)2

r p2 �o

Ar
u
(
t atE − S ′

c

) (8.44)

where at is the coefficient of linear thermal expansion of the portland
concrete (approximately 9.0 10−6/◦C).
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Example 8.10 Design the amount of rebar reinforcement required for a CRCP
0.20 m thick slab subjected to a temperature difference between
pouring and the coldest winter day of 30◦C. Given, a coefficient of
linear thermal expansion for the concrete of 9.0 10−6/◦C, a concrete
tensile strength of 3 MPa, a steel elastic modulus of 200000 MPa,
a concrete elastic modulus of 28000 MPa, a steel elastic limit of
320 MPa, and an allowable bonding stress between steel and concrete
of 2.4 MPa.

ANSWER

Using Equation 8.43 gives:

p =
(

3

2
(
320 − 30 910−6200000

))100 = 0.56%

Considering the area of a unit width of slab of 0.2 × 1 = 0.2 m2

gives a required area of steel of 0.2 × 0.0056 = 1.12 10−3 m2 =
11.2 cm2, which, divided between three reinforcing bars per meter
width of slab, gives a diameter of (11.2/3×4/π)0.5 = 2.2 cm and a
rebar circumference of 6.91 cm.

In practice, a minimum of 0.6% of steel reinforcement is used
in CRCPs. Obviously, the free ends of CRCP slabs exhibit large
horizontal displacements, which must be accommodated, where
the pavement transitions to another fixed structure, (e.g., a bridge
abutment). This is done through expansion joints that provide no
resistance to the horizontal slab displacement, hence transmit no
horizontal forces to the fixed structure (see Figure 1.4b).

8.5 Finite Element Method Solutions

The Finite Element Method (FEM) is the recommended approach
for analyzing the complex behavior of slabs under load/environ-
mental input and subgrade support. The method is based on dis-
cretizing the problem (i.e. slabs, subgrade, and reinforcement)
into basic elements, defining the stresses and the strains inside
each element as a function of its nodal displacements, solving for
the nodal displacements of all the elements simultaneously, and,
finally, computing element stresses and strains from the known dis-
placements. Slabs can be modeled as two-dimensional thin plates
or three-dimensional solids, depending on the desired level of
detail.
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Figure 8.16
Degrees of Freedom of Plate Element

8.5.1 Element
Stiffness

Let us consider the simplest slab representation, which is a two-dimen
sional thin plate. An element of this thin plate is shown in Figure
8.16, having dimensions 2a by 2b. Its thickness, h, is considered
negligible, compared to its other two dimensions.

The four nodes of this element are denoted by i, j, k, and l . Each
node is supported by a spring and has three degrees of freedom,
as shown for node j; that is, it can displace vertically, rotate around
axis x, and rotate around axis y, which are denoted by wj, θ jx, and
θ jy, respectively. Hence, this basic thin plate element has 12 degrees
of freedom overall. The forces/moments corresponding to these
degrees of freedom are denoted by F , Mx, and My, with additional
subscripts denoting the node in question. The relationship between
the nodal displacements/rotations and the forces/moments is
given by: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fi
Mix
Miy
Fj

Mjx
Mjy
Fk

Mkx
Mky
Fl

Mlx
Mly

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

= [s]

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

wi
θix
θiy
wj
θjx
θjy
wk
θkx
θky
wl
θlx
θly

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(8.45)

where s is a 12 × 12 matrix that depends on the geometry of
the element and the elastic properties of the concrete. For a rect-
angular element and an orthotropic material (i.e., material that
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exhibits three perpendicular planes of elastic symmetry), s is given
in Table 8.2.17 where:

p = a
b

(8.46)

Dx = Dy = E h3

12
(
1 − μ2

) (8.47)

D1 = E h3

12
(
1 − μ2

)μ (8.48)

Dxy = E h3

24 (1 + μ)
(8.49)

Example 8.11 Consider a thin plate element with dimensions 2a = 2.0 m and 2b =
1.0 m. Compute the stiffness matrix of this element. Given, thickness
h = 0.10 m, E = 28000 MPa, and μ = 0.15.

ANSWER

Compute the rigidity-related parameters of the slab, using Equations
8.46 to 8.49.

p = 1.0
0.5

= 2

Dx = Dy = 28000 0.13

12
(
1 − 0.152

) = 2.387 MN/m

D1 = 28000 0.13

12
(
1 − 0.152

)0.15 = 0.358 MN/m

Dxy = 28000 0.13

24 (1 + 0.15)
= 1.014 MN/m

Substituting these values into the stiffness matrix described by
Table 8.2 gives:

s = 1
410.5

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

11.46 −2.86 9.55 −4.30 −1.43 0 −7.16 0 4.77 0 0 0
29.72 −19.10 1.43 −28.46 −9.55 0 −1.07 0 0.72 0 0 0
−2.03 2.03 −4.06 2.03 0 4.06 2.03 −2.03 0 −2.03 0 0
−4.3 1.43 0 11.46 2.86 9.55 0 0 0 −4.30 0 4.77

−28.64 9.55 0 29.72 19.10 1.43 0 0 0 −4.30 0 0.72
−2.03 0 −4.06 2.03 2.03 4.06 2.03 0 0 −2.03 −2.03 0
−7.16 0 −4.77 0 0 0 11.46 −2.86 −9.55 −4.30 −1.43 0
−1.07 0 −.72 0 0 0 29.72 −19.10 −1.43 −4.30 −9.55 0
−2.03 2.03 0 2.03 0 0 2.03 −2.03 −4.06 −4.77 0 4.06

0 0 0 −7.16 0 −2.03 −4.3 1.43 0 11.46 2.86 −9.55
0 0 0 −1.07 0 −0.72 −28.64 9.55 0 29.72 19.10 −9.55

−2.03 0 0 2.03 4.77 0 2.03 0 −4.06 −2.03 −4.77 4.06

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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Although assembling the element stiffness matrix shorthand is
tedious, it can be readily done through a computer algorithm.

8.5.2 Subgrade
Support Stiffness

Consider now the subgrade support of the thin plate element just
described, in terms of elastic sprigs, one under each node. The
relationship between vertical nodal forces and nodal displacements
defines the type of foundation supporting the thin plate element.
For a liquid (i.e., Winkler) foundation, the vertical forces at a
particular node affect the deflection under that node alone. This
results in the following foundation stiffness matrix:⎧⎪⎪⎨

⎪⎪⎩
Fi
Fj
Fk
Fl

⎫⎪⎪⎬
⎪⎪⎭ =

⎡
⎢⎢⎣

k 0 0 0
0 k 0 0
0 0 k 0
0 0 0 k

⎤
⎥⎥⎦
⎧⎪⎪⎨
⎪⎪⎩

wi
wj
wk
wl

⎫⎪⎪⎬
⎪⎪⎭ (8.50)

where k is the modulus of subgrade reaction. For a solid (i.e., Boussi-
nesq) foundation, a vertical force on the subgrade affects deflections
not only directly under it but also in its vicinity, according to:

wj = (1 − μ 2
s )

π Es rij
Fi (8.51)

where Es and μs are the elastic properties of the subgrade. This
expression can be used for relating nodal displacement to nodal
forces for all load-deflection combinations that do not coincide (i.e.,
for i �= j). Obviously, where i = j,r ij is zero, hence the deflection
directly under a point load would be infinite. This limitation is
circumvented by distributing the load F i uniformly over an area in
the vicinity of node i (i.e., a quarter of the plate element, as shown
in Figure 8.17) and computing the resulting deflections at node i
through numerical integration.

The resulting uniform pressure is F i/(a b), and the deflection at
point i is computed as:

wj =
(
1 − μ2

s

)
πEs

Fi

a b

∫ ∫
A

1
rij

dA

=
(
1 − μ2

s

)
π Es

Fi

a b

a∫
0

[∫ b

0

(
x2 + y2)−0.5

dy
]

dx (8.52)
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Figure 8.17
Distributing a Point Load over an Area for the Purpose of Computing the Deflection
under It in a Solid Foundation

where A is the area of the quarter of the plate element, and x and y
are the Cartesian coordinates of the plate element (ranging from
0 to a and 0 to b, respectively). The computation of this integral
is done numerically using a fifth order Gaussian quadrature,8 as
described in the following example. Hence, the nodal displacement
versus nodal force relationship for a solid foundation can be written
in matrix form as:⎧⎪⎪⎨

⎪⎪⎩
wi
wj
wk
wl

⎫⎪⎪⎬
⎪⎪⎭ =

(
1 − μ2

s

)
π Es

⎡
⎢⎢⎣

d 1/rij 1/rik 1/ril
1/rji d 1/rjk 1/rjl
1/rki 1/rkj d 1/rkl
1/rli 1/rlj 1/rlk d

⎤
⎥⎥⎦
⎧⎪⎪⎨
⎪⎪⎩

Fi
Fj
Fk
Fl

⎫⎪⎪⎬
⎪⎪⎭ (8.53)

where the value of the diagonal elements d is given by:

d = 1
a b

a∫
0

⎡
⎣ b∫

0

(
x2 + y2

)−0.5
dy

⎤
⎦ dx (8.54)

The latter is simply a function of the geometry of the plate element.
Finally, the stiffness matrix of the solid foundation is obtained by

inverting the square matrix in Equation 8.53, to obtain nodal forces
as a function of nodal displacements.

Example 8.12Compute the solid foundation stiffness matrix for the same plate
element described in Example 8.11. Given, subgrade Es of 250 MPa
and μs of 0.35.
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ANSWER

Nondiagonal components of the foundation ‘‘softness’’ matrix can
be readily computed from Equation 8.53.⎧⎪⎪⎨

⎪⎪⎩
wi
wj
wk
wl

⎫⎪⎪⎬
⎪⎪⎭ =

(
1 − 0.352

)
π 250

⎡
⎢⎢⎣

d 1/2 1/
√

5 1
1/2 d 1 1/

√
5

1/
√

5 1 d 1/2
1 1/

√
5 1/2 d

⎤
⎥⎥⎦
⎧⎪⎪⎨
⎪⎪⎩

Fi
Fj
Fk
Fl

⎫⎪⎪⎬
⎪⎪⎭

The diagonal components can be computed using MathCad™ or
shorthand through numerical integration via a fifth order Gaussian
quadrature. This approach suggests that the integral of any function
f between − 1 and 1 can be approximated by:8

1∫
−1

f (t)dt ≈ 0.5555f (−0.7746) + 0.88889f (0) + 0.5555f (0.7746)

(8.55)
For integration limits other than − 1 to 1 (for this problem, it

is either from 0 to a or from 0 to b), a variable transformation is
necessary.

a∫
0

f (x)dx = a
2

1∫
−1

f
(

a t + a
2

)
dt or

b∫
0

f (x)dx = b
2

1∫
−1

f
(

b t + b
2

)
dt

(8.56)
Equations 8.55 and 8.56 allow computation of the double integral

in the expression for the diagonal elements d of the ‘‘softness’’
matrix in two steps. Let us demonstrate the first step by computing
the inside integral of Equation 8.54, after substituting b = 0.5 m.⎡

⎣ 0.5∫
0

(
x2 + y2)−0.5

dy

⎤
⎦ = 0.5

2

1∫
−1

(
x2 +

(
0.5t + 0.5

2

)2
)−0.5

dt

= 0.25
{

0.5555
[
x2 + (0.25 (−0.7746) + 0.25)2]−0.5

+ 0.8888
[
x2 + (0 + 0.25)2]−0.5

+ 0.5555
[
x2 + (0.25 (0.7746) + 0.25)2]−0.5

}
This function of x integrated in the same fashion in the other

direction (i.e., for x ranging from 0 to a = 1.0 m) gives an area
integral of 1.203 m2. Hence, according to Equation 8.54, the value
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of the diagonal components of the ‘‘softness’’ matrix d is 1.203/(1
× 0.5) = 2.406, and the stiffness matrix is obtained from:⎧⎪⎪⎨

⎪⎪⎩
Fi
Fj
Fk
Fl

⎫⎪⎪⎬
⎪⎪⎭ = π 250(

1 − 0.352
)
⎡
⎢⎢⎣

2.406 1/2 1/
√

5 1
1/2 2.406 1 1/

√
5

1/
√

5 1 2.406 1/2
1 1/

√
5 1/2 2.406

⎤
⎥⎥⎦

−1 ⎧⎪⎪⎨
⎪⎪⎩

wi
wj
wk
wl

⎫⎪⎪⎬
⎪⎪⎭

= 895.04

⎡
⎢⎢⎣

0.515 −0.058 −0.031 −0.197
−0.058 0.515 −0.197 −0.031
−0.031 −0.197 0.515 −0.058
−0.197 −0.031 −0.058 0.515

⎤
⎥⎥⎦
⎧⎪⎪⎨
⎪⎪⎩

wi
wj
wk
wl

⎫⎪⎪⎬
⎪⎪⎭

Again, assembling the stiffness matrix for the solid foundation
shorthand is tedious, but it can readily be done through a computer
algorithm. Note that the units of the foundation stiffness matrix are
MN/m.

8.5.3 Overall
Element Stiffness
and Slab Stiffness

The overall stiffness of a plate element is computed by adding the
stiffness matrix due to bending and the stiffness matrix due to the
foundation. In doing so, it should be noted that these two matrices
have different dimensions (12 and 4, respectively), and adding them
involves adding stiffness elements that correspond to forces and
displacements only.

Assembling the element stiffness of an entire concrete slab S is
done by superimposing the stiffness matrices of the individual plate
elements in the slab, according to standard FEM procedures.17 The
corresponding force/moment versus deflection/rotation relation-
ship is given in Equation 8.57, where n is the number of nodes in a
particular slab. ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

F1
M1x
M1y
.
.
.
.
.
.

Fn
Mn x
Mn y

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

= [S]

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

w1
θ1x
θ1y
.
.
.
.
.
.

wn
θn x
θn y

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(8.57)
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After modifying for boundary conditions and externally applied
loads, the 3n linear equations shown are solved simultaneously to
yield the deflections/rotations at the nodes, which allow calculation
of the stresses/strains at any location within each plate element.

8.5.4 Joint
Stiffness

Analysis of jointed rigid pavements requires handling the interaction
between adjacent slabs across each joint. This involves transferring
vertical loads and possibly moments across the joints. JPCP joints
transfer vertical loads only, while JDRCP joints transfer both vertical
loads and moments. A schematic of the load transfer mechanism
across a JPCP resting on a liquid foundation is shown in Figure
8.18, where k is the modulus of the subgrade reaction and cw is the
constant of an idealized linear spring connecting the two slabs.

Consider a load being applied to the right of the joint and
the resulting deflection measurements to the loaded and unloaded
edges of a joint, denoted by wl and wul. Note that such measurements
can be readily obtained by FWD testing, as described in Chapter 9.
Clearly, the force transmitted across the joint to the unloaded slab is
equal to cw(wl − wul). Ignore the slab weight, the free-body diagram
of the unloaded slab on the left (Figure 8.18) gives:

cw(wl − wul ) = k wul (8.58)

which is a practical way of quantifying cw, given the modulus of
subgrade reaction.

k

wl

wul

cw

Figure 8.18
Vertical Load Transfer across a PJCP Joint (not to scale)
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z

Figure 8.19
Vertical Load Transfer across a DRJCP Joint (not to scale)

The vertical load transfer mechanism across JDRCP joints involves
forces/deflections within the concrete itself and within the dowel
rebar. A schematic of these deflection components is shown in
Figure 8.19 and denoted by yo and x, respectively. As shown, the
total relative vertical deflection between adjacent slabs wd is:

wd = 2 y0 + x (8.59)

An expression for the deflection in the concrete yo was given
earlier (Equation 8.37), while a simplified expression for x is:

x = Pt z
Gr Ar

(8.60)

where z is the opening of the joint, Ar is the cross-sectional area
of the dowel bar, and Gr is the shear modulus of steel. Hence,
the expression for the relative deflection between adjacent slabs
becomes:

wd = 2
[

Pt

4β3 Er Ir

(
2 + β z

)] + Pt z
Gr Ar

(8.61)

which gives the following expression for the elastic constant of an
idealized linear spring connecting two adjacent slabs across a JDRCP
joint.

cw = Pt

wd
= 1[

(2+β z)
2β3 Er Ir

]
+ z

Gr Ar

(8.62)

Example 8.13Compute the coefficients of force transmission across a dowel in
a JDRPC pavement. Given, slab thickness of 0.20 m, dowel bar
diameter of 0.025 m, joint opening of 0.005 m, elastic modulus of
the dowel bar steel 200000 MPa, Poisson’s ratio of the dowel bar steel
of 0.4, and spring constant of concrete support K c 100000 MPa/m.
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ANSWER

Compute moment of inertia and area of the dowel bar.

Ir = π d4

64
= π 0.0254

64
= 1.92 10−8 m4

Ar = π 0.0252

4
= 4.91 10−4 m2

Compute the quantity β from Equation 8.38.

β =
(

100000 0.025

4 200000 1.92 10−8

)0.25

= 20.11 m−1

Compute the shear modulus of steel as:

Gr = Er

2
(
1 + μ

) = 200000
2
(
1 + 0.4

) = 71429 MPa

Use Equation 8.62 to compute the constant of transmitting vertical
load cw.

cw = 1[
(2 + 20.11 0.005)

2 20.113 200000 1.92 10−8

]
+ 0.005

71429 4.91 10−4

= 29.61 MN/m

4.6 m

3.6 m

1.8 m

0.75

0.15
0.15

0.2

1.5

2.3

Figure 8.20
Layout for Example 8.14
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Figure 8.21
Stress Plots for Example 8.14, Produced by EVERFE (Ref. 5)

USING AVAILABLE FEM SOFTWARE

A variety of FEM codes are available to implement the plate element
formulation just described. Other codes implement more complex
elements, such as three-dimensional ‘‘brick’’ elements involving 8
nodes and 48 degrees of freedom. Some codes allow modeling of
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the steel reinforcement, hence allow stress analysis of dowel bars and
tiebars. Available software ranges from sophisticated commercially
available packages (e.g., reference 1) to freeware, (e.g., reference
9). Example 8.14 uses the computer model EVERFE, to handle
rigid pavements with multiple base/sub base layers on a liquid
foundation, and utilizes brick elements.5 See the web site for the
book, www.wiley.com/go/pavement, for suggestions on software for
analyzing Portland concrete pavements.

Example 8.14 Compute and plot the tensile and compressive stresses at the bottom
of a single slab resting on a liquid foundation with a modulus of
subgrade reaction of 30 MPa/m. The applied load is in the form of
a tandem axle on dual tires carrying 160 kN. Its configuration and
location on the slab is shown in Figure 8.20. The slab thickness is
0.25 m, its modulus of elasticity is 28000 MPa, its Poisson’s ratio is
0.2, and its unit weight is 23.54 kN/m3.

ANSWER

The solution was obtained using EVERFE version 2.22.5 The element
grid utilized involved 10 × 12 × 2 = 240 brick elements. The results
for the tensile and compressive stresses on the x−y plane at the
bottom of the slab are shown graphically in Figures 8.21(a) and
8.21(b), respectively.
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Problems

8.1 A 28 cm thick isolated slab, with dimensions of 3.6 × 4.2 m, is
resting on a liquid subgrade with a modulus of subgrade reac-
tion of 60 MPa/m. It is subjected to a decrease in temperature
of −12◦C at its upper surface and an increase of +7◦C on
its lower surface. Determine and plot the stresses versus slab
depth at midslab, as well as at midspan of the two free bound-
aries. Additional information given for the portland concrete
includes: E = 28 GPa, μ = 0.15, and at = 9.0 10−6/◦C.

8.2 Compute the tensile stresses generated by subgrade friction in
a 8.0 m long concrete slab. How high is this stress compared
to the tensile strength of concrete, given that the 28-day
compressive strength of the concrete f c

′ is 20 MPa, and γ for
the concrete is equal to 22.5 kN/m3.

8.3 Consider the rigid pavement layout shown in Figure 8.22. The
slabs are 0.20 m thick and were poured in two halves by two
separate passes of a slip-form paver (the construction joint
is indicated by dotted line). Compute the necessary area of

Shoulder

Shoulder

Driving Lane 1 

Driving Lane 2 

Driving Lane 3

1.2 m

1.2

3.6

3.6

3.6Driving Lane 4

3.6

Construction Joint

Figure 8.22
Layout for Problem 8.3
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tiebar steel across the construction joint and the average bond
stress between the tiebars and the concrete. The allowable
stress of the steel f r is given as 200 MPa, the length of the
tiebars is 1.00 m.

8.4 Compute the maximum tensile stress on a 0.25 m thick slab
of a JPCP m under a corner point load of 40 kN.

8.5 Determine the maximum tensile stress and the corner deflec-
tion under a circular load of 0.15 m radius carrying 700 kPa
pressure, given a slab thickness of 0.22 m, a modulus of sub-
grade reaction of 60 MPa/m, a concrete modulus of 28 GPa,
and a Poisson’s ratio of 0.15.

8.6 A 3.0 cm diameter dowel bar is transferring a vertical load
of 4500 N across a 0.35 cm wide joint. Compute the dowel
bar deflection at the edge of the joint and the corresponding
concrete bearing stresses. Can the concrete handle this stress?
Given, K c of 120,000 MPa/m, Er of 200,000 MPa, and f c

′
30 MPa.

8.7 Consider a JDRCP, consisting of slabs 25 cm thick and 3.6 m
wide, resting on a subgrade with a modulus of subgrade
reaction of 50 MPa/m. An axle load consisting of two identical
tires 1.8 meters apart, each carrying 44 kN, is located at the
edge of the joint, 0.30 m from the edge of the slab. The
load across the joint is carried by 30 mm diameter dowel bars
placed at 0.3 m center-to-center distances, as shown in Figure
8.15. Compute the load carried by each dowel bar. Given,
E for the portland concrete of 28,000 MPa and a Poisson’s
ratio of 0.15. Assume that the tires apply point loads, the load
transfer across the slabs is 50/50, and the distribution of load
varies linearly with the distance from each tire load location.

8.8 Design the amount of rebar reinforcement required for a
CRCP 0.25 m thick slab subjected to a temperature difference
between pouring and the coldest winter day of −40◦C, and
estimate the anticipated average spacing of the transverse
concrete cracks. Given, a coefficient of thermal expansion for
the concrete of 9.0 10−6/◦C, a tensile concrete strength of
3.5 MPa, a steel elastic modulus of 200000 MPa, a concrete
elastic modulus of 28000 MPa, a steel elastic limit of 340 MPa,
and an allowable bonding stress between steel and concrete
of 2.6 MPa.
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8.9 Given the stiffness matrix of the plate element described in
Example 8.11, compute the slab stiffness for the slab below
made up of four identical plate elements, laid out as shown
in Figure 8.23.

8.10 Expand the stiffness matrix of the slab in problem 8.9, to
account for a liquid foundation, given a modulus of subgrade
reaction of 40 MPa/m.

8.11 Compute the solid foundation stiffness matrix for a plate
element with dimensions 2a = 4.0 m and 2b = 1.5 m. Given,
subgrade Es of 300 MPa and μs of 0.40.

8.12 A FWD load of 44 kN is applied to the right-hand-side slab
in the middle of a JPCP joint. The deflection measurements
obtained in the right and the left of slabs are 2.08 and
1.82 mm, respectively. Compute the elastic constant of normal
load transmission cw across this joint, given that the modulus
of subgrade reaction k is 60 MPa/m.

x

y

1

5

2.0 m

1.0 m

2 3

46

789

Figure 8.23
Layout for Problem 8.9
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Figure 8.24
Layout for Problem 8.14
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8.13 Compute the coefficient of force transmission across a dowel
in a JDRPC pavement. Given, slab thickness of 0.25 m, dowel
bar diameter of 0.030 m, joint opening of 0.01 m, elastic
modulus of the dowel bar steel 250,000 MPa, a Poisson’s ratio
of the dowel bar steel of 0.4, and a spring constant of concrete
support K c 100,000 MPa/m.

8.14 Utilizing a FEM software package, compute the stresses at the
bottom of a 0.20 m thick portland concrete slab subjected to a
combined load of 100 kN and a thermal gradient consisting of
a reduction at the surface of 5◦C and an increase at the bottom
of 5◦C. The layout of the slab and the load is shown in Figure
8.24. Given, modulus of subgrade reaction of 80 MPa/m,
tensionless subgrade, slab modulus of elasticity of 28000 MPa,
Poisson’s ratio of 0.15, unit weight of 23.54 kN/m3, and
coefficient of linear thermal expansion at of 9.0 10−6/◦C.



9 Pavement
Evaluation

9.1 Introduction

Pavement evaluation encompasses a range of qualitative and quan-
titative measurements intended to capture the structural and func-
tional condition of pavements. The information collected provides
a ‘‘report card’’ of pavement condition at a particular point in
time, while changes in pavement condition define pavement perfor-
mance. The data associated with pavement performance is primarily
technical in nature, but it is often summarized in a format mean-
ingful to the layperson. The latter is essential in conveying funding
needs to legislative bodies that appropriate funds for pavement 4-R
activities (Chapter 13).

Traditionally, the pavement evaluation information collected is
grouped into four broad categories, namely:

❑ Serviceability

❑ Structural capacity

❑ Surface distress and

❑ Safety

This chapter describes each of these four pavement evaluation
components in detail, presents the state-of-the art devices utilized for
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obtaining physical measurements, and describes how these physical
measurements are processed and summarized.

9.2 Serviceability

9.2.1 Defini-
tions—Intro-
duction

The concept of serviceability arises from the well-accepted principle
that pavements are built for serving the traveling public and, there-
fore, the quality of service they provide is best judged by them.7

This principle has motivated the use of a rating scale for pavement
serviceability, ranging from 0 to 5, whereby 0 signifies very poor and
5 signifies very good. Representative samples of public ratings of
pavement serviceability can be obtained through the use of pave-
ment serviceability evaluation panels, which consist of a group of
evaluators, not necessarily technical, riding a popular model passen-
ger car while rating the serviceability of a pavement section using a
standard evaluation form (e.g., Figure 9.1).

Such forms usually solicit additional input on whether the pave-
ment section provides service that is acceptable. The information
collected by such panel ratings is averaged and reported as the
Present Serviceability Rating (PSR). A standard method for con-
ducting panel serviceability ratings is given in reference 37. The
PSR , although widely understood, is largely qualitative and subjec-
tive in nature. It is clearly a function of the pavement condition that
the panel evaluators are accustomed to, hence would vary widely

Yes

Undecided

Acceptable?

No

5

4

3

2

1

0

Very good

Good

Poor

Fair

Very poor

Figure 9.1
Pavement Serviceability Evaluation Form
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between jurisdictions (e.g., industrialized versus developing coun-
tries). Nevertheless, panel ratings have established that PSR values
between 2.0 and 2.50 reflect the lower limit of acceptable pavement
serviceability.

9.2.2 Early
Efforts in

Predicting
Serviceability

Considerable efforts were made in the 1950s to devise an objective
means of estimating pavement serviceability through measurements
of pavement condition. These early efforts correlated panel service-
ability ratings to pavement condition attributes such as roughness,
cracking, and rutting. One of the earliest forms of such relationships
for flexible and rigid pavements, respectively,2 is:

PSI = 5.03 − 1.91 log(1 + SV ) − 0.01
√

C + P − 1.38(RD)2

(9.1a)

PSI = 5.41 − 1.80 log(1 + SV ) − 0.09
√

C + P (9.1b)

where PSI is the Present Serviceability Index (i.e., an estimate
of the panel-obtained PSR index ranging from 0 to 5), SV is a
pavement roughness summary statistic referred to as the slope
variance (rad2), C + P is the relative extent of cracking and patching
in the wheel-path (ft2/1000 ft2), and RD is the average rut depth
in the left and right wheel-paths (inches). The SV was measured in
the left and right wheel-paths through a device shown in Figure 9.2
and averaged. This devise consisted of a long metal frame carried
by a set of large wheels behind a towing vehicle. A set of smaller
wheels, closely spaced, traced the pavement surface in the wheel
path. The variance of the slope of the line defined by the centers of
the two small tracing wheels defined the SV . As will be described in
Chapter 11, this device was used for measuring pavement roughness

7.77 m

0.223 m

Figure 9.2
Schematic of the Pavement Roughness Measuring Devise Used for Obtaining SV
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during the American Association of State and Highway Officials
(AASHO) Road Test, which is one of the most significant past
pavement performance studies.

Equation 9.1 provided early evidence that pavement roughness
is by far the most significant contributor to serviceability loss
(e.g., wheel-paths totally covered with cracks contribute only 0.01
and 0.09 to serviceability loss, for flexible and rigid pavements,
respectively). Hence, early in the development of pavement ser-
viceability prediction models, it was surmised that roughness was
the main contributor to the public perception of pavement service-
ability.

In this context, pavement roughness can be defined as the vari-
ation in the longitudinal (i.e., in the direction of travel) pavement
elevation in the wheel-paths that excites traversing vehicles.32 This
definition associates the longitudinal elevation in the wheel paths,
referred to as the pavement profile, to the riding response of a
vehicle traversing the pavement. A schematic representation of
the pavement profile in the wheel-paths is shown in Figure 9.3.
Figure 9.4 shows a pavement profile with the vertical dimension
exaggerated.

Figure 9.4 shows that some of the variations in elevation have peri-
odic features (i.e., repeat themselves at regular intervals, referred as
wavelengths). It demonstrates that of pavement profile consists of a
wide range of wavelengths ranging from several centimeters to tens
of meters, with varying amplitudes. As described later in this chapter,
these wavelengths affect the excitation of the various vehicles travers-
ing the road in different ways, depending on their traveling speed

Figure 9.3
Schematic of the Pavement Roughness Profile in the Wheel-paths
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0.05 m

10 m

Figure 9.4
Wavelength Content of Pavement Roughness Profile

and dynamic characteristics (e.g., suspension configuration, wheel
and frame inertial properties, and so on).

The device used for measuring the SV in the AASHO Road Test
(Figure 9.2) was one of the predecessors of mechanical devices that
measured roughness in terms of their response to the pavement
roughness profile excitation. These devices are to be distinguished
from another group of devices that collect actual profile elevation
data in the wheel-paths by sampling the pavement profile at regular
intervals. These two groups of devices are referred to as response-type
and profilometer-type, respectively, and are described next, in detail.

9.2.3 Response-
Type Pavement

Roughness
Measuring

Devices

The idea of measuring roughness through the response of ‘‘ref-
erence’’ mechanical systems driven or towed over the pavement
predates the roughness measuring device used in the AASHO Road
Test for measuring SV . One of the earliest such devices is the
roughness meter developed in the 1940s by the U.S. Bureau of
Public Roads, referred as the BPR Roughness Meter (Figure 9.5).
This was a single-wheel trailer, referred to as a quarter-car, towed
behind a vehicle through a hitch that controlled roll. The wheel
was supported by a pair of struts equipped with springs and shock
absorbers. The device was equipped with a mechanical integrator of
the relative displacement of the axle with respect to the frame of the
trailer driven at 32 km/h in a wheel-path. Roughness was reported
in terms of this accumulated relative displacement per unit length
of pavement traveled (in/mi or m/km).

Another type of response roughness measuring device consists
of pairs of such quarter-cars combined to create half-car trailers.
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Figure 9.5
Components of the Roughometer. Yoder, 1975, Courtesy of John Wiley & Sons, Inc.

Speed Sensor
Mechanical
Displacement
Accumulator

Strip Chart

Figure 9.6
Schematic of a Mays Ride Meter (MRM)

The most common example of such devices is the Mays Ride Meter
(MRM), still in production today (Figure 9.6). The device is driven
over the pavement at speeds of either 56 km/h or 80 km/h. It yields
a continuous trace of the relative displacement of the middle of
the axle with respect to the frame of the trailer, which is not to
be confused with the road profile. This signal is integrated either
mechanically or electronically, divided by the distance traveled, and
reported in units of m/km or in./mi.

Variations of this type of device have subsequently emerged,
incorporating the relative displacement integrating hardware into
the rear axle of a vehicle, and thus doing away with the need to tow
a separate vehicle. These devices, shown in Figure 9.7, are known
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CPU

Mechanical
Displacement
Accumulator

Speed Sensor

Figure 9.7
Schematic of a Car Road Meter (CRM)

as Car Road Meters (CRM), and often incorporate a variety of
instruments that collect other pavement evaluation data in addition
to pavement roughness (e.g., surface distress data).

The response-type roughness measuring systems just described
have a number of limitations. The main one is that the roughness
statistic reported depends on the properties of the mechanical
system used. This means that the unavoidable variations in tire
inflation pressure, spring elastic properties, and shock absorber
damping properties affect device response. As a result, the output of
these type of devices is neither stable (i.e., repeatable for a particular
device) nor universal (i.e., comparable between devices of the same
manufacturer and model).

An entirely different generation of response-type roughness mea-
suring devices are based on the principle of the rolling straightedge
(RSE), shown in Figure 9.8. In its simplest form, this device con-
sists of a beam carried by two wheels at either end and a middle
wheel that traces the road surface. The device is hand-pushed in the
wheel-path and yields a continuous trace of the distance between the
center of the beam and the tracing wheel. Clearly, this continuous
trace is not the pavement profile, because the measurements are
affected by the length of the RSE beam. This is explained through
the following example.

Example 9.1A road profile consists of one sinusoidal wavelength of 10.00 m and
an amplitude of 0.10 m. Calculate and plot the trace of a RSE with a
length of 5.00 meters, and repeat it for an RSE with a length of 8.00
meters. Assume that the transport wheels and the tracing wheels are
small enough to neglect their dimensions.
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Tracing Wheel

Strip Chart

Trace

Transport Wheels

Figure 9.8
Principle of the Rolling Straightedge (RSE)

ANSWER

The road profile elevation p(x) in the wheel-path can be expressed
as a function of the distance traveled x as:

p(x) = 0.1 sin
(

x
π

5

)

and given a RSE beam of 5.00 m. The elevation of the pavement
under the middle of the rolling straightedge is given by:

p(x + 2.5) = 0.1 sin
(

(x + 2.5)
π

5

)

while the elevation under the downstream transport wheel of the
RSE is given by:

p(x + 5) = 0.1 sin
(

(x + 5)
π

5

)

Hence, the trace being recorded can be calculated as the differ-
ence in elevations between the middle of the beam and p(x + 2.5),
expressed as:

trace = p(x) + p(x + 5)
2

− p(x + 2.5)
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The calculations for the RSE of 8.00 m are similar. The pavement
profile and the traces for the two RSEs are plotted next (Figure 9.9).
It is evident that the output of the RSE depends on the combination
of beam length and the wavelength of the pavement profile being
measured.

To reduce this type of bias, commercially available RSEs are
equipped with multiple transport wheel assemblies for carrying the
beam. The most common such device is the California Profilograh,
which consists of a metal truss 7.62 m (25 ft) long, being supported
by a set of six staggered wheels on each end (Figure 9.10).

The trace of the device is obtained on either a strip chart or
electronic format and is typically plotted in vertical scale 300 times
larger than the horizontal. A set of lines is overlaid to this trace,
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RSE Measurements of Sinusoidal Road Profile with Different-Length Beams
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Figure 9.10
Schematic Plane View of the California Profilograph
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forming a ‘‘blanking’’ band; excursions of the trace above or below
the blanking band are measured and their magnitude summed to
calculate a Profile Index (PI). Excursions larger than a specified
magnitude indicate locations where the contractor must grind/fill
the pavement to reduce roughness. The methodology used for
obtaining the PI is shown in Figure 9.11.

Several variations of this type of profilograph are currently being
manufactured by companies such as James Cox and Sons Inc.,
McCracken Concrete Pipe Machinery Co., Soiltest, and Ames Engi-
neering. They are used for post-construction pavement quality
control (QC) rather than routine pavement network evaluation.
The PI obtained with the method just described is used for deter-
mining post-construction pay factors to contractors. Their advantage
is that they are relatively inexpensive, lightweight (this is particularly
desirable for obtaining early roughness measurements in rigid pave-
ments), and provide a trace that allows identifying rough locations
following the procedure described earlier. Their disadvantages are
that they are cumbersome and slow to operate and do not pro-
duce roughness summary statistics comparable to those used for
evaluating pavements through their lives. The advent of lightweight
profilometers, as described later, has allowed simulating the output
of profilographs form profile measurements using software. This
makes it possible to identify pavement rough spots using a proce-
dure similar to the one described earlier without running an actual
profilograph at the construction site. The additional advantage of
lightweight profilometers is that they can produce conventional

Blanking Band 

Profilometer Trace 

Departures from Blanking Band 

Figure 9.11
Example Processing the California Profilograph Trace for Calculating the PI
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profile-based roughness statistics similar to those used for routine
pavement network evaluation, as described later.

9.2.4 Profilo-
meter-Type

Pavement
Roughness
Measuring

Devices

Response-type pavement roughness measuring devices lack the
stability and the universality desired. Furthermore, establishing
relationships between the output of any pair of such devices is
possible only through regression, the outcome of which depends
on the characteristics of the pavement sections used for obtaining
the measurements. Moreover, pavement profile data can be used
to simulate the output of any response-type pavement roughness
measuring device, if so desired. For these reasons, measuring the
actual profile of the pavement is preferable. This is effectively done
by sampling the pavement elevation in the wheel-paths at regular
intervals (e.g., every 0.25 or 0.50 m).

Obtaining such measurements can be accomplished with off-the-
shelf surveying equipment (i.e., rod-and-level). This approach, how-
ever, is rather labor-intensive, requires lane closures, and is limited
to a productivity of several kilometers per day, hence it is not
practical for routine road network evaluation. Nevertheless, using
the rod-and-level approach is a viable alternative for obtaining
pavement profile data for calibration purposes.42 The following
sections describe the variety of profilometer-type pavement rough-
ness devices available.

9.2.5 High-Speed
Profilometers

The development of devices capable of measuring the actual road
profile at high speeds date back to the 1960s, led by General
Motors, intended to provide input to the dynamic simulation of cars
and trucks. The device developed was the GMR Profilometer.36 Its
principle of operation is shown in Figure 9.12.

The GMR profilometer utilized a tracing wheel to measure the
distance between the pavement surface in the wheel-paths and the
vehicle frame; an accelerometer was used for measuring the vertical
acceleration of the frame. Double integration of the signal from the
latter yielded the vertical displacement of the vehicle frame. The
device was equipped with a set of sensors, one over each wheel-path.
For each wheel-path, pavement profile elevation was calculated by
subtracting the distance between the tracing wheels and the frame
from the vertical displacement of the frame. Obviously, this type of
output is a digitized sample of the continuous (i.e., analogue) pave-
ment profile, obtained at selected space intervals. Later versions of



262 9 Pavement Evaluation
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Tracing Wheel
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Z

Figure 9.12
Operating Principle of the GMR Profilometer

this device employed non-contact optical sensors for measuring the
distance between the pavement surface and the vehicle frame and
included vehicle speed sensors and computerized data reduction
onboard the vehicle. In a similar configuration they are marketed
by Dynatest Inc.

In 1984, the South Dakota DOT developed a road profilometer
in-house, utilizing similar principles to the ones just described.16

The major difference was the use of laser sensors for measuring the
distance between the pavement surface and the vehicle frame. More
recently, other companies have manufactured similar profilomet-
ric devices, among them, International Cybernetics Corporation,
Infrastructure Management Services, Pathway and Roadware. An
example of one of these devices is shown in Figure 9.13.

These devices are equipped with a variety of noncontact sen-
sors, including laser, ultrasonic, or infrared, which sample different
widths of the wheel-path at any location in measuring elevation. A
number of them includes additional capabilities, such as, multiple
sensors transversely mounted, to measure rut depth. A number of
these manufacturers produce self-standing assemblies of accelerom-
eter and elevation sensors that can be mounted on the bumper
of a vehicle. An overview of the technical characteristics of these
profilometers can be found in reference 29. Although all these
high-speed profilometers share roughly the same operating princi-
ple, they vary considerably in data collection method and processing.
The latter involves digital filtering of the profile measurements,
which affects significantly the pavement profile being recorded, as
described later in this chapter.



9.2 Serviceability 263

Figure 9.13
Modern High-Speed Profilometer. (Courtesy of Dynatest Inc.)

9.2.6 Low-Speed
Profilometers

The rod-and-level approach mentioned earlier qualifies as the ear-
liest low-speed profilometric method. A number of purpose-built
devices has been developed in recent years for obtaining pavement
profile measurements at low speeds. One of the earlier examples of
such a device is the Dipstick, which is marketed by Face Industries
(Figure 9.14).

The Dipstick consists of a beam 0.30 m (1 ft) long supported
by two legs. The device is equipped with a high-resolution incli-
nometer that measures the difference in elevation between the two
supporting legs. Once the inclinometer has stabilized, the differ-
ence in elevation is recorded in the attached computer and the
device audibly signals the operator to advance the device to the
next measuring location by rotating the handle by 180o. Each mea-
surement takes several seconds, yielding a productivity of several
wheel-path kilometers per day, depending on the operator. Another
inclinometer-based low-speed profilometer-type device is manufac-
tured by the Australian Road Research Board and marketed in the
United States by Trigg Industries International. It consists of a small
pushable cart, resembling a lawn mower, that records the difference
in elevation between its front and rear wheels, spaced 0.24 m, apart
and records the data in an onboard computer.

Another generation of low-speed profilometer-type pavement
roughness devices is emerging in the form of small self-propelled
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Figure 9.14
The Dipstick (Courtesy of Face Industries)

buggies that resemble golf carts. These are equipped with sensors
similar to the ones installed in high-speed profilometers, namely
accelerometers, for measuring the displacement of the frame; non-
contact sensors, for measuring the distance between the pavement
surface and the frame; and distance log sensors, for providing spa-
tial reference. The signal processing for these systems is adapted to
account for the slower speed of operation.

Although none of these slow-speed profilometers can be used
without controlling the traffic away from the lane being measured,
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they involve lower labor costs, and result in increased productivity
compared to the rod-and-level method. Their characteristics make
them ideally suited for calibrating high-speed profilometers and
for post-construction pavement roughness QC. For the latter, the
pavement profile obtained can be used to analytically simulate
the response of the RSE type profilographs described earlier. The
advantage of using the same type of pavement roughness measuring
system and data throughout the life cycle of pavements is obvious.

9.2.7 Processing
Profilometer

Measurements

All the profilometer-type devices described earlier record digital
electronic signals, process them into elevation, and filter them
to extract the information that is relevant to the ride quality of
vehicles traversing the pavement. Although all these calculations are
performed electronically by different proprietary software onboard
each of these devices, it is desirable to have an understanding of
how these calculations are carried out. The following discussion is a
generic treatment of profilometer signal processing and profile data
filtering.

PROFILE FILTERING

The raw pavement elevation data calculated from the electronic
signals need to be filtered to eliminate wavelengths that do not
affect the ride quality of traversing vehicles, such as wavelengths
shorter than the dimensions of pavement macrotexture and longer
than roadway geometric features perceived as longitudinal slope or
curvature. Additional filtering of the elevation data can emphasize or
eliminate certain pavement profile features (e.g., faulting or warping
in rigid pavement slabs). Although there is no universally accepted
practice for pavement profile filtering, most data manipulation is
carried out by the moving average (MA) technique.31 It consists of
replacing the elevation of a number of consecutive points with the
average of their elevation. This is mathematically expressed as:

pf (i) = 1
N

j=i+ B
2�x∑

j=i− B
2�x

p(j) (9.2)

where, p(i) is the raw profile elevation at point i, pf(i) is the filtered
profile elevation at point i, B is the base length used for calculating
the MA, and �x is the distance increment used in sampling the



266 9 Pavement Evaluation

profile. If, for example, the base length used for calculating the MA
is twice as long as the sampling interval, the elevation of the filtered
profile is obtained by replacing the elevation of each point in the raw
profile by the average of the elevation of the three points, including
itself and the two adjacent points. Needless to say, if B/2�x is not an
integer, some simplifying assumption needs to be made in applying
Equation 9.2. This type of filter removes short wavelengths from the
profile (i.e., smoothens the profile), hence is refered to as a low-pass
filter (Figure 9.15).

The reverse effect is achieved (i.e., the profile can be filtered to
appear rougher) if for each elevation point, the MA-filtered value
calculated earlier is subtracted from the raw profile value, which is
expressed as:

pf (i) = p(i) − 1
N

j=i+ B
2 �x∑

j=i− B
2 �x

p(j) (9.3)

and is referred to as a high-pass filter (Figure 9.16). The difference in
the elevation scale between Figures 9.15 and 9.16 should be noted.

Example 9.2 Consider an artificial pavement elevation road profile synthesized of
random elevations between –0.005 and +0.005 m superimposed
on three in-phase sinusoidal waveforms characteristics given in
Table 9.1. Using a 0.25 m interval, plot the raw pavement profile
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Figure 9.15
Example of a Low-Pass MA Filter with B = 2 δx
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Figure 9.16
Example of a High-Pass MA Filter (continues from Figure 9.15)

Table 9.1
Waveform Characteristics for
Example 9.2

Amplitude (m) Wavelength (m)

0.02 5
0.015 10
0.01 20

and the filtered profiles using low-pass and high-pass MA filters with
base lengths of 1, 5, and 10 m.

ANSWER

The mathematical expression for the specified profile is:

p(x) = 0.02 sin
(

x
π

2.5

)
+ 0.015 sin

(
x
π

5

)
+ 0.01 sin

(
x

π

10

)
+ r(x)

where r(x) is the specified random component. For plotting pur-
poses, the latter was simulated using a random number generator
(computer spreadsheets have built-in functions for generating ran-
dom numbers; for example, the function RAND in Excel). Given
�x of 0.25 m, low-pass filtering for base lengths of 1, 5, and 10 m
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Figure 9.17
Effect of Low-Pass MA Filtering of Various Base Lengths

is achieved using Equation 9.2, with B/(2Dx) values equal to 2, 10,
and 20, respectively. This means that for the B = 1 m filter, for
example, the elevation of each point is replaced with the average of
five elevations, corresponding to the point itself, its two immediately
preceding points, and its two immediately subsequent points. The
low-pass filtering results are shown in Figure 9.17. The high-pass
filtering results are calculated as per Equation 9.3 and plotted in
Figure 9.18.

These figures demonstrate the effects of filtering. A low-pass filter
with a base length considerably smaller than the shortest profile
wavelength (i.e., 1.0 m) provides a smoothing of the profile without
significantly compromising profile amplitude. This is not the case
for the other two low-pass filters, which involve base lengths similar
to the other two basic wavelengths of this profile. This problem is
called aliasing , and it can avoided by using filters that have base
lengths smaller than half the smallest wavelength of interest, λ.
The high-pass filters, on the other hand, amplify the differences
in variation between points. Figure 9.18 shows that the high-pass
filter with a base length of 1.00 m removes most high-amplitude
variation, while the one with a base length of 10.0 m removes
the small amplitude/high frequency variation. Clearly, the type of
filtering used affects significantly the filtered profile. As mentioned
earlier, there are no established standards for pavement profile
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Figure 9.18
Effect of High-Pass MA Filtering of Various Base Lengths

filtering; rather, the selection of filters depends on the application
at hand. More information on analyzing random data can be found
in reference 4.

PROFILE SPECTRAL CONTENT

An artificial pavement profile was studied, consisting of three sinu-
soidal components. Theoretically, an actual pavement profile can
be simulated by an infinite number of sinusoidals of various wave-
lengths and amplitudes. Often, the opposite problem is of interest,
that is, transforming an actual pavement profile into its constituent
sinusoidals. This transformation from the distance domain into the
frequency domain can be done through Fourier analysis.23 It should
be noted that the pavement profile can be a expressed as a function
of time, rather than distance, considering a vehicle traversing it at
a constant speed. The resulting profile representation, referred as
a power spectral density (PSD), is in terms of elevation amplitude
squared versus frequency. The latter is defined in terms of either
distance (i.e., cycles/m), referred to as the wave number, or time
(i.e., cycles/sec or Hz).

Example 9.3Consider the pavement profile data shown in Table 9.2, which is
plotted in Figure 9.19. Compute and plot the PSD for this profile
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Table 9.2
Elevation Profile Data For Example 9.3

Distance (m) Elevation (m) Distance (m) Elevation (m)

0 10.0000 4.25 10.0229
0.25 10.0219 4.5 10.0101
0.5 10.0264 4.75 9.9918
0.75 10.0216 5 9.9835
1 10.0163 5.25 9.9788
1.25 10.0074 5.5 9.9726
1.5 9.9901 5.75 9.9783
1.75 9.9783 6 9.9994
2 9.9818 6.25 10.0219
2.25 9.9917 6.5 10.0272
2.5 9.9936 6.75 10.0218
2.75 9.9913 7 10.0169
3 9.9994 7.25 10.0076
3.25 10.0081 7.5 9.9895
3.5 10.0077 7.75 9.9788
3.75 10.0071 8 9.9825
4 10.0165 — —
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Figure 9.19
Pavement Elevation Profile for Example 9.3
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and determine the frequencies and amplitudes of its constitutive
waveforms.

ANSWER

A Fast-Fourier Transform (FFT) of the 32 pavement profile elevation
measurements given can be carried out by a variety of means, but
the most accessible is by spreadsheet (e.g., in Excel, it can be found
under Tools/Data Analysis, after selecting the Analysis ToolPak
from the Add-in list). The results are given in Table 9.3, whereby
the wavelength is calculated as the ratio of the total length analyzed
divided by the number of distance increments (i.e., 8/1, 8/2, 8/3,
and so on); the wave number is simply its inverse. For each frequency,
the FFT transformation is an imaginary number, with an absolute
value proportional to the amplitude of the corresponding sinusoidal
wave. The actual sinusoidal wave amplitude is calculated by dividing
the absolute value by the number of distance increments (16 in this
example).

Table 9.3
Spectral Analysis for the Profile in Example 9.3

Wave Profile Normalized
Distance Wavelength Number FFT Amplitude Amplitude
Increment m/cycle cycles/m Transformation |Imaginary| (Amplitude/16)

0 — — 320.0429 320.0429 —
1 8.0000 0.1250 0.0493+0.0276i 0.0565 0.0035
2 4.0000 0.2500 0.0900+0.0977i 0.1329 0.0083
3 2.6667 0.3750 −0.1093−0.2367i 0.2607 0.0163
4 2.0000 0.5000 0.0999−0.1784i 0.2044 0.0128
5 1.6000 0.6250 0.0026−0.0377i 0.0378 0.0024
6 1.3333 0.7500 0.0063−0.0268i 0.0275 0.0017
7 1.1429 0.8750 0.0077−0.0207i 0.0221 0.0014
8 1.0000 1.0000 0.0913−0.0209i 0.0937 0.0059
9 0.8889 1.1250 0.0040−0.0132i 0.0138 0.0009

10 0.8000 1.2500 0.0141−0.0087i 0.0166 0.0010
11 0.7273 1.3750 0.0109−0.0087i 0.0139 0.0009
12 0.6667 1.5000 0.0131−0.0103i 0.0166 0.0010
13 0.6154 1.6250 0.0123−0.0044i 0.0131 0.0008
14 0.5714 1.7500 0.0144−0.0021i 0.0146 0.0009
15 0.5333 1.8750 0.0146−0.0036i 0.0151 0.0009
16 0.5000 2.0000 0.0157+0.0000i 0.0157 0.0010
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Figure 9.20
PSD of Pavement Profile Elevation Data for Example 9.3

The resulting pavement profile PSD is shown in Figure 9.20 in
terms of wave number. It reveals two main constitutive sine waves with
wave numbers of 0.4 and 1.0 cycles/m, which suggests wavelengths
of 2 and 1.0 m/cycle, with corresponding amplitudes of 0.016 and
0.006 m. Clearly, the pavement profile described in the previous
example was artificially created. The profile of an actual pavement
consists of a multitude of waveforms consisting of a variety of
wavelengths and amplitudes, as shown in Figure 9.21. The particular
PSD was obtained by analyzing inertial profilometer measurements
obtained at intervals of 0.1524 m (6 in) over a distance of 156.06 m.
This resulted in 1024 data points that were analyzed using the FFT
approach just described. This procedure can be applied to any 2n

observations of any time series, where n is an integer.

9.2.8 Indices
Summarizing
Pavement
Roughness

Regardless of the technology used for measuring pavement rough-
ness, there is a need to summarize the results into a pavement
roughness index, which in turn could be related to public percep-
tion of serviceability (i.e., PSI ). Efforts to establish such an index
date back to the 1950s, (i.e., the SV used in the AASHO Road Test2

was perhaps one of the earliest pavement roughness indices). More
recently, efforts to establish a ‘‘universal’’ and ‘‘transportable’’ index
for quantifying pavement roughness were led by the World Bank.32,33

This work produced the so-called International Roughness Index
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Figure 9.21
Example of a PSD of an Actual Pavement Elevation Profile

(IRI ). Another index was develop to directly capture passenger car
ride quality, referred to as the Ride Number (RN ).20,21 Although the
search for the optimum pavement roughness index is still on, these
two indices are most commonly used in North American practice,
hence are the ones described in detail next.

IRI

The IRI was conceived as an index that simulates analytically the
response of one of the earliest mechanical roughness measuring
devices, namely the BPR roughness meter (Figure 9.5). The ana-
lytical model describing this quarter-car was a simple two-mass
arrangement with linear springs and a linear dash pot (Figure 9.22).
Its mechanical constants were derived experimentally to simulate
the dynamic response of a common North American car, which at
that time was a 1969 Chevrolet Impala.11 The IRI was defined as
the cumulative relative displacement of the axle with respect to the
frame of this reference quarter-car per unit distance traveled over
the pavement profile at a speed of 80 km/h. It is expressed in m/km
or in/mi at selected intervals, (e.g., every 100 m). Figure 9.23 shows
examples of the frequency distributions of IRI for selected states in
the United States. It can be seen that IRI values on U.S. highways
range between 1 and about 5 m/km. Higher IRI values may be
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Figure 9.22
Reference Quarter-Car Used to Define the IRI

encountered on other U.S. paved roads, while in developing coun-
tries IRI values higher than 8 m/km may be reached, approaching
the roughness of unpaved roads.

The IRI meets the universal and transportable requirements,
although the actual statistic being calculated depends to some extent
on the pavement profile sampling and filtering method used. The IRI
can be used to predict the subjective pavement serviceability index
described earlier (i.e., the PSI ). A variety of regression equations
relating these two indices can be found in the literature, such as
Equation 9.4, which is plotted in Figure 9.24.27

PSI = 5.0 e−0.18 IRI (9.4)

These relationships are developed by conducting panel service-
ability ratings on a number of pavement sections, measuring their
profile, computing the IRI , and conducting regression analysis using
the PSI and IRI measurements as dependent and independent vari-
ables, respectively. Equation 9.4, for example, suggests that for a
minimum acceptable PSI the value of 2.0 corresponding IRI value
is of 5.1 m/km, a roughness level that would dictate pavement
rehabilitation.
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Pavement Serviceability Index (PSI) versus IRI
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Figure 9.24
Relationship between IRI and PSI (Equation 9.4)

The algorithm used for computing the IRI is described next.
Several versions of the computer code implementing this algorithm
can be found in the literature, (e.g., references 33 and 38). A variety
of computer software is available to incorporate this code.

The IRI Computation Algorithm

The IRI is computed by solving the force-acceleration differential
equations that govern the movement of the two masses of the
quarter-car model:32,33

Z̈s Ms + Cs (Żs − Żu) + Ks (Zs − Zu) = 0 (9.5a)

−Cs (Żs − Żu) − Ks (Zs − Zu) + Mu Z̈u + Kt (Zu − Z) = 0

(9.5b)

where all variables are defined in Figure 9.22 and the dots sym-
bolize time derivatives, (i.e., the subscripts s and u stand for
sprung and unsprung, which denote the frame and the tire of
the quarter-car, respectively). Substituting Equation 9.5a into 9.5b
and dividing through by Ms gives an equivalent set of differential
equations:
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Z̈s + Cs

Ms
(Żs − Żu) + Ks

Ms
(Zs − Zu) = 0 (9.6a)

Z̈s + Mu

Ms
Z̈u + Kt

Ms
(Zu − Z) = 0 (9.6b)

which can be translated into a set of four linear differential
equations:

Ż3 + Cs

Ms
(Z3 − Z4) + Ks

Ms
(Z1 − Z2) = 0 (9.7a)

Ż3 + Mu

Ms
Ż4 + K1

Ms
(Z2 − Z) = 0 (9.7b)

Z3 − Ż1 = 0 (9.7c)

Z4 − Ż2 = 0 (9.7d)

where: ⎧⎪⎪⎨
⎪⎪⎩

Z1
Z2
Z3
Z4

⎫⎪⎪⎬
⎪⎪⎭ =

⎧⎪⎪⎨
⎪⎪⎩

Zs
Zu
Żs

Żu

⎫⎪⎪⎬
⎪⎪⎭ (9.8)

The relative displacement of the tire with respect to the frame
of the quarter-car is calculated as the difference between Z 4 and
Z 3 accumulated over distance or time, which is mathematically
expressed as:

IRI = 1
T

T∫
o

|Z3 − Z4|dt = 1
T

T∫
o

∣∣Żs − Żu
∣∣dt (9.9)

Hence, there is need to calculate only Z 3 and Z 4 and their
derivatives to advance this solution in distance or time. This is done
in conjunction with Equations 9.7a--d with a method referred to as
the state transition method, whereby the value of these variables at
time t + dt is calculated from their values at the previous time step t,
expressed as: ⎧⎪⎪⎨

⎪⎪⎩
Z3

Ż3
Z4

Ż4

⎫⎪⎪⎬
⎪⎪⎭

t+dt

= [S]

⎧⎪⎪⎨
⎪⎪⎩

Z3

Ż3
Z4

Ż4

⎫⎪⎪⎬
⎪⎪⎭

t

+ {P} Ż (9.10)
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where [S] is the 4 × 4 state transition matrix of constants to be
determined, {P} is a 4 × 1 matrix of constants to be determined, and
Ż is the distance/time derivative of the pavement profile. Equation
9.10 can be abbreviated as:{

Ẑ
}

t+dt = [S]
{
Ẑ
}

t + {P} Ż (9.11)

where:

{
Ẑ
} =

⎧⎪⎪⎨
⎪⎪⎩

Z3

Ż3
Z4

Ż4

⎫⎪⎪⎬
⎪⎪⎭ (9.12)

and {Ẑ } is defined in terms of Z 1, Z 2, Z 3, and Z 4 through Equations
9.7a--d as:

⎧⎪⎪⎨
⎪⎪⎩

Z3

Ż3
Z4

Ż4

⎫⎪⎪⎬
⎪⎪⎭ =

⎡
⎢⎢⎢⎢⎢⎣

0 1 0 0

−Ks
Ms

− Cs

Ms

Ks

Ms

Cs

Ms
0 0 0 1
Ks
Mu

Cs

Mu
−Ks + Kt

Mu
− Cs

Mu

⎤
⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎨
⎪⎪⎩

Z1
Z3
Z2
Z4

⎫⎪⎪⎬
⎪⎪⎭ +

⎧⎪⎪⎨
⎪⎪⎩

0
0
0
Kt
Mu

⎫⎪⎪⎬
⎪⎪⎭Z

(9.13)
which can be abbreviated as:

{
Ẑ
} = [A]

⎧⎪⎪⎨
⎪⎪⎩

Z1
Z3
Z2
Z4

⎫⎪⎪⎬
⎪⎪⎭ + {B} Z (9.14)

where [A] and {B} are matrices of constants that depend on the
mechanical constants of the quarter-car model, defined as:

[A] =

⎡
⎢⎢⎢⎣

0 1 0 0

−Ks
Ms

−Cs
Ms

Ks
Ms

Cs
Ms

0 0 0 1
Ks
Mu

Cs
Mu

−Ks + Kt
Mu

− Cs
Mu

⎤
⎥⎥⎥⎦ (9.15)

and,

{B} =

⎧⎪⎪⎨
⎪⎪⎩

0
0
0
Kt
Mu

⎫⎪⎪⎬
⎪⎪⎭ (9.16)



9.2 Serviceability 279

Hence, the problem reduces in expressing the matrices [S] and
{P} in terms of the matrices [A] and {B}. This is done expanding
Equation 9.14 using a Taylor series and assuming that the derivative
of the pavement profile Z is constant within dt (i.e., the slope of the
profile does not change between successive elevation points).

{
Ẑ
}

t+dt = {
Ẑ
}

t + [A]

⎡
⎢⎢⎣
⎧⎪⎪⎨
⎪⎪⎩

Ż1

Ż2

Ż3

Ż4

⎫⎪⎪⎬
⎪⎪⎭

t

dt +

⎧⎪⎪⎨
⎪⎪⎩

Z̈1

Z̈2

Z̈3

Z̈4

⎫⎪⎪⎬
⎪⎪⎭

t

dt2

2!
+

⎧⎪⎪⎨
⎪⎪⎩

...
Z 1...
Z 2...
Z 3...
Z 4

⎫⎪⎪⎬
⎪⎪⎭

t

dt3

3!
+ .....

⎤
⎥⎥⎦

+{B} Żdt (9.17)

Note that:⎧⎪⎪⎨
⎪⎪⎩

Ż1

Ż2

Ż3

Ż4

⎫⎪⎪⎬
⎪⎪⎭ =

⎧⎪⎪⎨
⎪⎪⎩

Z3

Ż3
Z4

Ż4

⎫⎪⎪⎬
⎪⎪⎭ = {

Ẑ
}

,

⎧⎪⎪⎨
⎪⎪⎩

Z̈1

Z̈2

Z̈3

Z̈4

⎫⎪⎪⎬
⎪⎪⎭ = [A]

{
Ẑ
} + {B} Ż ,

⎧⎪⎪⎨
⎪⎪⎩

...
Z 1...
Z 2...
Z 3...
Z 4

⎫⎪⎪⎬
⎪⎪⎭ = [A]

(
[A]

{
Ẑ
} + {B} Ż

)
, . . . (9.18)

allows writing Equation 9.17 as:

{
Ẑ
}

t+dt = {
Ẑ
}

t + [A]
[{

Ẑ
}

t dt + [A]
{
Ẑ
}

t

dt2

2!
+ {B} Ż

dt2

2!

+ [A] [A]
{
Ẑ
}

t

dt3

3!
+ [A] {B} Ż

dt3

3!
.....

]
(9.19)

which can be written as:

{
Ẑ
}

t+dt = {
Ẑ
}

t

[
[I ] + [A] dt + [A] [A]

dt2

2!
+ [A] [A] [A]

dt3

3!
+ .....

]

+Ż {B}
[

dt + [A]
dt2

2!
+ [A] [A]

dt3

3!
+ ....

]
(9.20)

where [I ] is a 4 × 4 unit matrix. Considering that:[
[I ] + [A]dt + [A][A]

dt2

2!
+ [A][A][A]

dt3

3!
+ .....

]
= e[A]dt (9.21)
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allows reducing Equation 9.20 into:{
Ẑ
}

t+dt = {
Ẑ
}

t e[A]dt + Ż {B} [A]−1 (e[A]dt − [I ]
)

(9.22)

Comparing Equation 9.11 and 9.22 gives:

[S] = e[A]dt (9.23)

and,

{P} = {B}[A]−1(e[A]dt − [I ]
) = {B}[A]−1([S] − [I ]) (9.24)

As will be shown in the following example, a finite number of
terms of Equation 9.21, (typically, between 5 and 10) is sufficient for
calculating the matrix [S].

The initial conditions of the quarter-car simulation are specified
as: ⎧⎪⎪⎨

⎪⎪⎩
Z3

Ż3
Z4

Ż4

⎫⎪⎪⎬
⎪⎪⎭

0

=

⎧⎪⎪⎨
⎪⎪⎩

Z(k)−Z(0)
0.5
0

Z(k)−Z(0)
0.5
0

⎫⎪⎪⎬
⎪⎪⎭ (9.25)

where k is the integer part of the ratio 0.5/dt. The physical interpre-
tation of these initial conditions is that the quarter-car is running
for a period of 0.5 seconds on a perfectly smooth pavement with a
slope equal to the average slope defined by the initial and the kth
point of the pavement profile.

Example 9.4 Calculate the values of matrices [S] and {P} for a pavement profile
obtained at a distance increment, dx, of 0.25 m, and a quarter-car
speed of 80 km/h. The values of the quarter-car constants are given
in Figure 9.22.

ANSWER

The time interval dt corresponding to the vehicle speed selected is
0.01125 seconds. Equation 9.15 gives the following value for [A]dt,
[A] [A]dt2/2 and so on.

[A] dt =

⎡
⎢⎢⎣

0 1 0 0
−62.3 −6.0 62.3 6

0 0 0 1
415.33 40.0 −4768.7 −40.0

⎤
⎥⎥⎦ 0.01125
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[A] [A]
dt2

2!

=

⎡
⎢⎢⎣

−62.3 −6 62.3 6
2865.78 213.7 −28986 −213.7
415.33 40 −4768.7 −40

−19105.2 −1424.67 193240 −2928.7

⎤
⎥⎥⎦ 0.63310−4

[A] [A] [A]
dt3

3!

=

⎡
⎢⎢⎣

2865.78 213.7 −28986 −213.7
−102069.5 −6964.42 1032384.7 −19155.8
−19105.2 −1424.67 193240 −2928.7
−1127620 −127705.2 13877334 301839.9

⎤
⎥⎥⎦

× 0.00237310−4

Terms should be added until changes in the cell values of the matrix
[S] are lower than a prescribed tolerance. The matrix [S] here was
obtained by adding six of these terms:

[S] =

⎡
⎢⎢⎣

0.9967 0.0109 −0.0021 0.0003
−0.5476 0.9439 −0.8406 0.0506
0.0212 0.0021 0.7512 0.0082
3.2827 0.3374 −39.0795 0.4350

⎤
⎥⎥⎦

Accordingly, Equation 9.24 gives matrix {P} as:

{P} =

⎧⎪⎪⎨
⎪⎪⎩

0.0055
1.3881
0.2276
35.7962

⎫⎪⎪⎬
⎪⎪⎭

Matrices [S] and {P} can be used to advance {Ẑ } from t to t + dt as
per Equation 9.11, which subsequently leads to an IRI computation
by numerically integrating Equation 9.9.

RN

The Ride Number (RN ) was conceived from the outset as a predictor
of pavement serviceability (i.e., PSI ).20,21 It is an index, in the
familiar scale from 0 to 5, computed from pavement elevation
profile data. The pavement profile is processed through a band-pass
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filter, which is a combination of a low-pass and a high-pass filter,
to eliminate pavement profile wave numbers outside the range that
affects passenger car excitation, hence the perception serviceability.
These wave number limits were established through extensive panel
rating surveys to be about 0.41 cycles/m (0.125 cycles/ft) and 2.1
cycles/m (0.63 cycles/ft), respectively. The corresponding pavement
profile wavelengths are 2.44 m/cycle and 0.48 m/cycle.

The band-pass filtered pavement profile elevation is summarized
in terms of its root-mean-square (RMS), referred to as the Profile
Index (PI ):

PI =

√√√√√
m∑

i=1
(Z(i) − Z)2

m
(9.26)

where Z(i) is the elevation at point i, and Z is the average of the
elevation of the m points in the profile being analyzed. Hence, this
PI has the same units as the profile elevation. Note that this PI is
not related to the PI computed with a rolling straightedge type of
profilograph described earlier. The PI calculated through Equation
9.26 is used to predict RN through a regression equation:

RN = −1.74 − 3.03 log(PI ) (9.27)

where the PI is in inches. The algorithm used for computing the PI
and, consequently, the RN is described next.

The RN Computation Algorithm

The PI could be calculated from the time-domain pavement profile
elevation data according to Equation 9.26, after filtering it with
a low-pass filter and a high-pass filter with wave numbers of 0.41
cycles/m and 2.1 cycles/m, respectively. However, it is preferable to
perform these calculations in the frequency-domain, by considering
Parseval’s formula. This states that the mean square of a function
is equal to the sum of the squares of the absolute values of the
coefficients of its Fourier transformation.44 The absolute value of
these coefficients is the amplitude of the PSD of the pavement
profile, at a given wave number. Summing the square of these values
within the range of wave numbers of interest (between 0.41 and 2.1
cycles/m) gives the mean square of the profile elevation, without
having to filter it. This is expressed as:
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m∑
i=1

(Z(i) − Z)2

m
= 1

2

∑
k

|Ck|2 (9.28)

where, k is the number of Fourier coefficients Ck within the wave
number range of interest. More details on the development of the
RN are provided in reference 20. An example of calculating the RN
is given next.

Example 9.5Calculate the RN for the pavement profile, for which the PSD is
shown in Figure 9.21.

ANSWER

The sum of the squares of the amplitude of the PSD of the profile
was computed between the limits of 0.41 and 2.1 cycles/m, as shown
in Figure 9.25. The value obtained was 9.1326 10−7 m2, and its
square root was 0.0009556 m (0.0376 in.). Inputting this value into
Equation 9.27, gives:

RN = −1.74 − 3.03 log(0.0376) = 2.58,

which suggests a rough pavement in the 0 to 5 serviceability scale.
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Figure 9.25
PI Calculation by Numerically Integrating the Pavement Profile PSD.
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As for the IRI , a variety of computer software is available to
incorporate the RN algorithm just described. For suggestions on the
most recent software, see the Web site for this book, at www.wiley.
com/go/pavement.

9.3 Structural Capacity

9.3.1 Defini-
tions—Intro-
duction

Structural capacity is defined as the capability of a pavement to phys-
ically handle the traffic loads anticipated over its life. Historically,
surface deflection has been considered as the pavement attribute
associated with structural capacity. There is a variety of commer-
cially available devices for measuring in-situ pavement deflections,
referred to as deflectometers. State-of-the-art deflectometers apply a
known load to the surface and use geophones (i.e., vertical speed
sensors, whose signal needs to be integrated once to give deflec-
tion), arranged to yield a ‘‘bowl’’ of deflection measurements.
These devices provide information not only on the structural capac-
ity of pavement sections but also on the structural properties of their
layers and the subgrade. The latter is done through back-calculation,
which is presented later in this chapter, in detail. Hence, interpreting
deflection data offers guidance in selecting applicable future pave-
ment 4-R treatments, as well as providing the engineering properties
needed for carrying out the design of these treatments (e.g., overlay
design). As such, it is of primary interest to the engineer/manager
of the roadway system.

9.3.2 Devices
for Measuring
Surface
Deflection

One of the earlier and least expensive devices used for measuring
surface deflection was the Benkelman Beam. This consisted of a
mechanical lever-based probe supported by three legs that recorded
the rebound deflection of the pavement surface between the dual
tires of a ‘‘standard’’ 80 kN truck axle as it drove away slowly.
Another early device was the Dynaflect, which consisted of a set of
steel wheels applying a sinusoidal load on the pavement through a
set of eccentric rotating loads, while a set of five geophones recorded
the surface deflection bowls at the site. This device was capable of
relatively small loads (amplitude of 4.5 kN) and lost popularity
with the advent of falling-weight deflectometers (FWD). These devices
consist of an adjustable number of weights that are let fall from an
adjustable height onto the pavement surface or on a ‘‘buffer’’ placed
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Figure 9.26
A Falling Weight Deflectometer (Courtesy of Dynatest Inc.)

on the pavement surface (a set of plates supported by springs, which
translates the impact load to a pulse, to more realistically simulate the
passages of a tire). Deflection bowl data is obtained from multiple
geophones, typically seven or nine, arranged at various distances
from the point of load application. A computerized data acquisition
system collects and reduces the data. The methodology for carrying
out these deflection measurements was standardized.41 There is
a variety of commercially available FWDs, such as those made by
Dynatest, Kuab, Phoenix, as well as the Thumper, developed by the
FHWA. A picture of one of these devices is shown in Figure 9.26.

One of the limitations of all these deflection measuring systems is
that they need to be stationary in order to take measurements; as a
result, their productivity is low and their operation is labor-intensive
(it involves lane closures through traffic control). This discour-
ages some highway agencies from conducting such measurements
networkwide. Instead, they resort to conducting project-specific
structural evaluation surveys, to determine the range of pavement
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4-R treatments applicable; and, if needed, they use the deflection
measurements for overlay design.

There have been efforts to develop a ‘‘rolling weight’’ deflec-
tometer that allows deflection measurements at highway speeds.14

This device consists of a heavy truck equipped with a scanning laser
system that is capable of measuring the elevation of a given spot
on the pavement surface under unloaded conditions and under the
axle load of that truck. Although a working prototype of this device
has been developed, further refinements are needed to enhance
the agreement between its measurements and those obtained with
conventional FWD.

9.3.3 Processing
Deflection Data

For flexible pavements, deflection measurements are taken every
50 to 100 meters. This data needs to be processed and a statistic
calculated to reflect the structural capacity of that site. The most com-
monly used method for reducing flexible pavement deflection data
was developed by the Asphalt Institute.3 It was based on Benkleman
Beam rebound deflection measurements. Deflection measurements
obtained with other types of deflection measuring devices need to be
converted to equivalent Benkelman Beam deflection measurements.
Developing such a correlation is not trivial, given the differences in
loading levels and loading rates between the Benkelman Beam and
other deflection measuring devices. Jurisdictions need to perform
field experimentation to establish this correlation using the actual
devices and procedures used in the field. Where this is not possible,
a conversion factor of 1.61 can be applied to FWD measurements
to estimate equivalent Benkleman Beam measurements, provided
that the FWD load applied is 40 kN (9,000 lbs) and the radius of its
loading plate is 0.152 m (6 in).3 The equivalent Benkleman Beam
deflection measurements thus obtained need first to be adjusted for
temperature to bring them all to the same reference temperature
of 21◦C. This is done by determining the temperature at the top,
bottom, and middle of the pavement layer and averaging the three
temperatures. The nomograph shown in Figure 9.27 is used for
this purpose, whereby temperature is indexed by the sum of the
ambient temperature at the time of the deflection measurements
plus the average ambient temperature in the five days that preceded
the deflection measurements. The corresponding deflection adjust-
ment factors are obtained from Figure 9.28, as a function of the
thickness of the granular base.
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Example 9.6The Benkelmam Beam equivalent deflection measurements and the
corresponding temperatures listed in Table 9.4 were obtained at a
pavement site, with asphalt concrete and base layer thicknesses of
100 mm and 250 mm, respectively. Adjust these deflection measure-
ments for temperature, given that the average ambient temperature
the five days prior to the deflection measurements was 16.8◦C.

ANSWER

The calculation steps are shown in Table 9.5, where the temper-
ature at the middle and the bottom of the slab were computed
using Figure 9.27, and the adjustment factors were computed from
Figure 9.28.

Once all deflection measurements have been adjusted for temper-
ature, as shown in the preceding example, the following statistic is
calculated, referred to as the representative rebound deflection (RRD):

RRD = x + 2SD (9.29)

Figure 9.27
Temperature Distribution in Asphalt Concrete Layer (Ref. 3)
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Figure 9.28
Temperature Adjustment Factors for Deflection (Ref. 3)

where x is the mean of the adjusted deflections and SD is their stan-
dard deviation. The RRD is considered to represent the deflection
performance of the entire pavement section in question. Assum-
ing that the adjusted deflections are distributed normally, RRD is
roughly their ninety-eighth percentile. This definition implies that
the 2% of the locations with the highest deflections are not consid-
ered in defining the deflection performance of a pavement section.
Instead, these locations should be treated specially, to alleviate the
problem present (e.g., a improve the drainage at the site). Finally,
the structural adequacy of a pavement sections is ascertained by com-
paring its RRD to empirical deflection limits. The Asphalt Institute3

developed such limits, referred to as the design rebound deflection
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Table 9.4
Deflection Measurements and
Temperatures for Example 9.6

Deflection (mils) Temperature (◦C)

1.440 17.8
1.209 18.3
1.405 18.9
1.245 18.9
1.209 18.9
1.369 20.0
1.636 20.0
1.316 20.6
1.476 21.1
0.907 21.1
0.676 21.1
0.729 23.9
0.836 25.0
0.996 25.6
0.853 25.6
1.013 25.6
1.031 26.7
0.871 27.2
0.907 27.2

(DRD), as a function of the traffic level anticipated over the future
life of a pavement section, expressed in terms of ESALs (Figure 9.29).

This comparison can have one of three outcomes:

❑ RRD < DRD, which suggests that the section is more than
structurally adequate.

❑ RRD = DRD, which suggests that the section is just structurally
adequate.

❑ RRD > DRD, which suggests that the section is structurally
inadequate.

The third outcome would suggest that the section requires an
improvement in structural capacity (e.g., a structural overlay) if it is
to sustain the anticipated traffic loads.
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Table 9.5
Adjusting Deflections for Temperature for Example 9.6

Deflection Temperature Temperature Temperature Average Adjustment Adjusted
(mm) +5 Days Middle Bottom Slab Factor Deflection

1.440 34.58 19.0 16.0 17.6 1.06 1.527
1.209 35.13 19.0 16.0 17.8 1.06 1.282
1.405 35.69 19.0 16.0 18.0 1.05 1.475
1.245 35.69 19.0 16.0 18.0 1.04 1.294
1.209 35.69 19.0 16.0 18.0 1.03 1.245
1.369 36.80 20.0 18.0 19.3 1.02 1.396
1.636 36.80 20.0 18.0 19.3 1.02 1.668
1.316 37.36 20.0 18.0 19.5 1.01 1.329
1.476 37.91 20.0 18.0 19.7 1.01 1.490
0.907 37.91 20.0 18.0 19.7 1.01 0.916
0.676 37.91 20.0 18.0 19.7 1.01 0.682
0.729 40.69 21.0 19.0 21.3 1 0.729
0.836 41.80 22.0 20.0 22.3 0.98 0.819
0.996 42.36 23.0 21.0 23.2 0.97 0.966
0.853 42.36 23.0 21.0 23.2 0.97 0.828
1.013 42.36 23.0 21.0 23.2 0.97 0.983
1.031 43.47 24.0 22.0 24.2 0.95 0.980
0.871 44.02 24.0 22.0 24.4 0.95 0.828
0.907 44.02 24.0 22.0 24.4 0.95 0.861

Example 9.7 Given the deflection measurements shown in Example 9.6 and that
the section is required to carry 1 million ESALs over its remaining
life, decide on its structural adequacy.

ANSWER

The mean and the standard deviation of the temperature-adjusted
deflections computed in the previous example was 1.121 mm and
0.307 mm, respectively, which gives an RRD of 1.735 mm. For the
traffic level of 1 million ESALs, Figure 9.29 gives a DRD of 1 mm.
Hence, the RRD is larger than the DRD, therefore the section is not
structurally adequate.

9.3.4 Assigning
an Index to
Structural
Capacity

Often, it is desirable to express pavement structural adequacy
through an index understood by nontechnical people (e.g., a 0
to 5 or 0 to 10 scale). There is no widely accepted method for doing
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Figure 9.29
Design Rebound Deflection (DRD) as a Function of ESALs (Ref. 3)

so, although most methods are based on comparisons of the RRD,
as computed earlier, and the DRD. One of the methods used assigns
a midscale value (2.5 or 5, respectively) to the condition of RRD
= DRD, a lower than the midscale value for the condition RRD >

DRD, and a higher than the midrange value for the condition RRD
< DRD.12 Table 9.6 lists deduct values as a function of the difference
between RRD and DRD, the traffic level (low, medium, and high
for daily lane traffic volumes lower than 1000, between 1000 and
3000, and higher than 3000 vehicles per day respectively), as well as
the frequency at which individual deflection measurements exceed
the DRD. The procedure for computing such a Structural Adequacy
Index (SAI ) is explained through the following example.

Example 9.8Compute the SAI for the deflection measurements given in Examples
9.6 and 9.7, given that the daily lane traffic volume at the site is 2000
vehicles/day.

ANSWER

The difference between RRD and DRD is 1.735 − 1.0 = 0.735,
rounded to 0.7 mm. Of the 19 adjusted deflection measurements,
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Table 9.6
Deduct Values for Flexible Pavement Structural Adequacy Index (SAI) Calculation (scale
1 to 10), (after Ref. 12)

Frequency of Individual Deflection Observations Exceeding DRD
<30 % 30%–60% >60 %

—RRD-DRD— Traffic Level
mm Low Medium High Low Medium High Low Medium High

0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.0 0.3 0.3 0.3 0.3 0.5 0.3 0.5 0.8
0.20 0.3 0.50 0.8 0.5 0.8 1.0 0.8 1.0 1.5
0.30 0.5 0.8 1.5 0.8 1.0 2.0 1.3 1.5 2.5
0.40 0.8 1.0 2.0 1.3 1.5 2.5 1.5 2.0 3.0
0.50 1.0 1.5 2.5 1.5 2.0 2.8 2.0 2.5 3.3
0.60 1.3 2.0 3.0 2.0 2.8 3.3 2.5 3.0 3.8
0.70 1.5 2.8 3.3 2.0 3.0 3.5 2.8 3.3 4.0
0.80 1.8 2.8 3.5 2.3 3.3 4.0 2.8 3.5 4.3
0.90 2.0 3.0 3.8 2.5 3.5 4.3 3.0 3.8 4.5
1.00 2.0 3.0 4.3 2.5 3.8 4.5 3.0 4.0 4.8
1.10 2.3 3.3 4.5 2.8 3.8 4.5 3.3 4.3 4.8
1.20 2.3 3.3 4.5 2.8 4.0 4.8 3.3 4.3 5.0
1.30 2.5 3.3 4.5 3.0 4.0 4.8 3.5 4.5 5.0
1.40 2.5 3.5 4.8 3.0 4.3 5.0 3.5 4.8 5.0
1.50 2.5 3.5 4.8 3.0 4.3 5.0 3.8 4.8 5.0
1.60 2.8 3.8 4.8 3.3 4.5 5.0 3.8 4.8 5.0
1.70 2.8 3.8 5.0 3.3 4.5 5.0 3.8 5.0 5.0
1.80 2.8 4.0 5.0 3.5 4.8 5.0 4.0 5.0 5.0
1.90 3.0 4.0 5.0 3.5 4.8 5.0 4.0 5.0 5.0
2.00 3.0 4.5 5.0 3.8 5.0 5.0 4.0 5.0 5.0
2.10 3.0 4.5 5.0 3.8 5.0 5.0 4.0 5.0 5.0
2.20 3.3 4.8 5.0 3.8 5.0 5.0 4.3 5.0 5.0
2.30 3.3 4.8 5.0 4.0 5.0 5.0 4.3 5.0 5.0
2.40 3.3 5.0 5.0 4.0 5.0 5.0 4.3 5.0 5.0
2.50 3.5 5.0 5.0 4.3 5.0 5.0 4.5 5.0 5.0
2.60 3.5 5.0 5.0 4.3 5.0 5.0 4.5 5.0 5.0
2.70 3.8 5.0 5.0 4.3 5.0 5.0 4.5 5.0 5.0

6 exceed the DRD; that is, 31.6%, which, through Table 9.4 gives a
deduct value of 3.0. Hence, the SAI for this section is 5.0 − 3.0 =
2.0, which suggests a serious structural deficiency (i.e., need for an
overlay).
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In circumstances where RRD < DRD (i.e., the section is more than
structurally adequate), a credit value needs to be calculated and
added to the value of 5. Table 9.4 is used for calculating these credit
values. This is done by reversing the meaning of the traffic level
columns (i.e., utilizing high-traffic volume for low, and vice versa,
while leaving the mid-traffic level unchanged) and reversing the
meaning of the frequency of individual observations exceeding DRD
to indicate the frequency of individual observations below the DRD.

BACK-CALCULATING FLEXIBLE PAVEMENT LAYER ELASTIC MODULI

Another significant application of flexible pavement deflection data
is in estimating the elastic moduli of the pavement layers. This
process, called back-calculation, is possible through software that
implement layer elastic theory solutions, as described in Chapter 7.
Two general approaches are used for this purpose. The first uses
an iterative algorithm, which assumes the layer moduli, computes
surface deflections at the same locations where the FWD data were
obtained, and compares them to the measured deflections. This
process is repeated until predicted and measured layer moduli
are within a prescribed tolerance. Several computer programs have
been purpose-designed to carry out this task, incorporating different
layered elastic software and search algorithms for adjusting the
layer moduli in each iteration (e.g., MODCOMP, WESDEF, and
ISSEM4). The second approach utilizes a database of deflection
bowl predictions covering a range of elastic layer moduli to obtain
a closed-form solution for the subgrade modulus by minimizing the
errors between measured deflections ωm

i and predicted deflections
ω

p
i , where i identifies the sensor (ranging from 1 to s, where s

is either 7 or 9, depending on the FWD system). This approach
is implemented into the software package MODULUS 434 and is
described in detail next.

The approach seeks to minimize the following error, e:

e =
s∑

i=1

(
ωm

i − ω
p
i

ωm
i

)2

wi =
s∑

i=1

(
1 − ω

p
i

ωm
i

)2

wi (9.30)

where wi are sensor-specific weights, which for the remaining discus-
sion will be assumed equal to 1.0. To minimize the error ε, Equation
9.30 is differentiated with respect to the subgrade modulus ESG and
set equal to 0.
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∂ε

∂ESG
=

s∑
i=1

2

(
1 − ω

p
i

ωm
i

)(
− 1

ωm
i

∂ω
p
i

∂ESG

)
= 0 (9.31)

The predicted deflections for sensor i are functions of the layer
moduli Ek, the layer Poison ratios μk, the layer thicknesses hk, the
radius a of the load applied, and the contact pressure p, expressed as:

ω
p
i = fi(Ek , μk , hk , a , p) (9.32)

where k refers to the number of the pavement layer, ranging from 1
for the asphalt concrete layer to N + 1 for the subgrade. Equation
9.32 can be written as follows, by dividing the layer moduli by the
modulus of the subgrade ESG and taking into account that the hk
are known at a location, and μk can be safely assumed, while a and
p are constants for a set of measurements.

ω
p
i = p a

ESG
fi

(
E1

ESG
,

E2

ESG
, . . . . .

EN

ESG

)
= p a

ESG
fi (9.33)

Substituting Equation 9.33 into Equation 9.31 gives:

s∑
i=1

(
1 − p a

ESG

fi
ωm

i

)(
1

ωm
i

p a

E2
SG

fi

)
= 0 (9.34)

and by rearranging:

(
p a

)2

ESG
3

s∑
i=1

(
ESG

p a
− fi

ωm
i

)
fi

ωm
i

= 0 (9.35)

which by factoring out f 2
1 (f 1 is the deflection function for the sensor

under the center of the loading plate) gives:

f 2
1

s∑
i=1

(
ESG

p a f1
− fi

ωm
i f1

)
fi

f1 ωm
i

= 0 (9.36)

which can be rearranged as:

s∑
i=1

(
ESG fi

p a f12 ωi
m

)
−

s∑
i=1

(
fi

ωi
m f1

)2

= 0 (9.37)
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which allows solving for ESG

ESG =

s∑
i=1

(
fi

ωim f1

)2

s∑
i=1

(
fi

p a f12 ωim

) = p a f1

s∑
i=1

(
fi

ωim f1

)2

s∑
i=1

(
fi

ωim f1

) (9.38)

A numerical example of this procedure follows.

Example 9.9The radial distances and deflection measurements given in Table 9.7
were obtained using an FWD with a plate radius of 10.3 cm and a
contact pressure of 600 kPa. The layer thicknesses and the assumed
values for the Poison ratio are given Table 9.8. Compute the layer
moduli.

ANSWER

In developing the database of deflection functions f i, a set of layer
moduli is analyzed, and surface deflections are calculated at the
identified radial distances using layer-elastic analysis. The values in
Table 9.9 were computed using the software package EVERSTRESS,
described in Chapter 7. In doing so, the subgrade modulus was
selected arbitrarily equal to 140 MPa, and the moduli of the asphalt
concrete and base layers were selected as multiples of the subgrade
modulus (e.g., 5, 10, 20 for the asphalt concrete layer and 1, 2, 4 for
the base layer). The combinations of layer thicknesses input and the
resulting surface deflection predictions are shown in Table 9.9.

Table 9.7
Deflection Measurements for Example 9.9

Sensor, s 1 2 3 4 5 6 7
Offset (cm) 0 10 20 30 40 50 100
Deflection (μm) 189 159 114 91 74 62 34

Table 9.8
Layer Properties for Example 9.9

Layer, k 1 2 3
Thickness (cm) 15 40 ∞
Poison’s ratio, μ 0.35 0.45 0.40
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Table 9.9
Predicted Deflections for Example 9.9

Modular Ratios Predicted Deflections ωi
p (μm)

E1/ESG E2/ESG 1 2 3 4 5 6 7
5 1 353.2 285.9 184.4 134.6 101.5 79.6 37.2
5 2 280 220.9 137.2 104.8 84.8 71.3 39.2
5 4 227 174.7 105.1 85.1 73.4 65 40

10 1 269.9 231.5 169.4 131.4 103 82.2 37.6
10 2 216.1 182.1 130.2 103.6 85 71.6 39.1
10 4 173.2 143.4 100.8 83.5 72.1 63.8 39.6
20 1 209.6 187.9 150.6 123.7 101.4 83.5 38.6
20 2 172.1 157.6 120.6 100.3 84.3 71.9 39.2
20 4 139.2 122 95.5 81.3 70.8 62.7 39.1

The deflection functions f i are computed from Equation 9.33 as:

fi = ωi
p ESG

p a
= ωi

p 140000
600 0.103

= ωi
p 2.2654

and tabulated in Table 9.10.
The values of the ratio fi/ωm

i f1 are tabulated in Table 9.11. They
allow calculation of the subgrade moduli values (Equation 9.38),
shown in Table 9.12. These subgrade values allow adjusting the
predicted deflections ω

p
i by multiplying the f i functions by p a

ESG
.

Finally, errors are computed between these adjusted deflections and
the measured deflections, as shown in Table 9.12. The minimum
value of the sum of the squares of these errors gives a back-calculated
subgrade modulus as 160.46 MPa, and corresponding moduli ratios
2 and 10 for the base and asphalt concrete layers, respectively.

It should be noted that in implementing this procedure, sufficient
layer moduli combinations need to be analyzed to ensure that
the minimum error used to identify the back-calculated subgrade
modulus does not represent a local minimum. Furthermore, care
should be taken in identifying the presence of a subgrade of finite
depth, that is, the presence of a stiff bedrock layer within the
depth of influence of the applied loads. Failure to do so typically
results in overestimation of the moduli of the pavement layers. For
suggestions on the most recent software, see the Web site for this
book, www.wiley.com/go/pavement.
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Table 9.11
Computing fi

ωm
i f1

for Example 9.9

Modular Ratios Values of fi
ωi

mfi
E1/ESG E2/ESG 1 2 3 4 5 6 7

5 1 0.0053 0.0051 0.0046 0.0042 0.0039 0.0036 0.0031
5 2 0.0053 0.0050 0.0043 0.0041 0.0041 0.0041 0.0041
5 4 0.0053 0.0048 0.0041 0.0041 0.0044 0.0046 0.0052

10 1 0.0053 0.0054 0.0055 0.0053 0.0052 0.0049 0.0041
10 2 0.0053 0.0053 0.0053 0.0053 0.0053 0.0053 0.0053
10 4 0.0053 0.0052 0.0051 0.0053 0.0056 0.0059 0.0067
20 1 0.0053 0.0056 0.0063 0.0065 0.0065 0.0064 0.0054
20 2 0.0053 0.0058 0.0061 0.0064 0.0066 0.0067 0.0067
20 4 0.0053 0.0055 0.0060 0.0064 0.0069 0.0073 0.0083

Table 9.12
Computing ESG, Adjusted Deflections and Sum of Squared Errors for Example 9.9

Modular Ratios
E1/ESG E2/ESG ESG (MPa) Adjusted Deflections ω

p
i (μm) for Computed ESG � e2

5 1 216.48 228.42 184.89 119.25 87.05 65.64 51.48 24.06 0.20
5 2 175.34 223.56 176.38 109.55 83.68 67.71 56.93 31.30 0.07
5 4 148.88 213.46 164.28 98.83 80.02 69.02 61.12 37.61 0.07

10 1 194.23 194.55 166.87 122.11 94.71 74.24 59.25 27.10 0.05
10 2 160.46 188.55 158.88 113.60 90.39 74.16 62.47 34.11 0.00
10 4 136.98 177.02 146.56 103.02 85.34 73.69 65.21 40.47 0.06
20 1 177.70 165.13 148.03 118.65 97.45 79.89 65.78 30.41 0.05
20 2 151.25 159.30 145.88 111.63 92.84 78.03 66.55 36.28 0.05
20 4 129.84 150.10 131.55 102.98 87.66 76.34 67.61 42.16 0.15

9.3.5 Back-
Calculating Rigid
Pavement Elastic
Moduli

Back-calculation of the elastic moduli of rigid pavements is carried
out using deflection measurements obtained on the surface of slabs
through a FWD. Several techniques are utilized for this purpose,
and software for implementing them (ELCON and ILLI-BACK).
ILLI-BACK utilizes a closed-form approach for computing the
slab and subgrade layer moduli, requiring no iterative search
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routines.17,18 The basis of this technique is theoretical relation-
ships between a function of the deflections measured and the radius
of the relative stiffness of the slab 	. The latter is defined next for
liquid and rigid foundations, respectively:

	 =
(

E h3

12
(
1 − μ2

)
k

)1/4

(9.39)

	 =
(

E h3
(
1 − μ2

s

)
6
(
1 − μ2

)
Es

)1/3

(9.40)

where E and μ are the elastic modulus and the Poison’s ratio of
the portland concrete, Es and μs are the elastic modulus and the
Poison’s ratio of the subgrade, and h is the thickness of the slab. The
function used is the area of the deflection bowl divided by the peak
deflection, denoted by AREA. For the four deflection measurements
typically available at distances of 0, 12, 24, and 36 inches (0.3, 0.6,
and 0.9 m) from the point of load application, AREA is given by:

AREA = 6
[

1 + 2
(

ω1

ω0

)
+ 2

(
ω2

ω0

)
+
(

ω3

ω0

)]
(9.41)

where ω0, ω1, ω2, and ω3 denote these deflection measurements in
inches, respectively. Note that AREA, as given by Equation 9.41, is
in inches as well. The relationship between AREA and the radius of
relative stiffness 	 is given in Figure 9.30.

Once the radius of relative stiffness 	 has been obtained, Figures
9.31 and 9.32 are used for computing the normalized deflection di
for liquid and solid foundations, respectively. The normalized deflec-
tion is defined next for liquid and solid foundations, respectively.

di = ωik	2

P
(9.42a)

di = ωiEs	

2
(
1 − μ2

s

)
P

(9.42b)

Equation 9.42a allows calculation of the modulus of subgrade reac-
tion k of the liquid foundation, since di, 	, and the load P applied
by the FWD are known. Similarly, Equation 9.42b allows calcula-
tion of the subgrade modulus Es, assuming a value for the subgrade
Poison’s ratio μs. These calculations are repeated for each deflection
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value available, and the average of the resulting k or Es value
is reported. Finally, for the solid foundation, Equation 9.40 allows
calculation of the elastic modulus of the portland concrete, assuming
a value for the portland concrete Poisson’s ratio (typically 0.15).

Example 9.10The deflection measurements given in Table 9.13 were obtained
with an FWD with a loading plate of 0.15 m applying a load of 40
kN on a portland concrete layer 0.25 m thick. Back-calculate the
elastic properties assuming a liquid foundation and then a solid
foundation, assuming that μs is 0.45 and μ is 0.15.

Table 9.13
Pavement Deflections for Example 9.10

Sensor,s 0 1 2 3
Offset (m) 0 0.3 0.6 0.9
Deflection (μm) 75 70 58 48

ANSWER

Compute the deflections ratios ω1/ω0, as shown in Table 9.14.
Compute AREA using Equation 9.41.

AREA = 6(1 + 2 × 0.9333 + 2 × 0.7733 + 0.6400) = 30.32 in.
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Table 9.14
Computing Deflection ratios ωi/ω0 for Example 9.10

Sensor number 0 1 2 3
Offset (m) 0 0.3 0.6 0.9
Deflection (μm) 75 70 58 48
Deflection (in) 0.00296 0.00276 0.00228 0.00189
Deflection ratios ωi/ω0 1 0.93333 0.77333 0.64

Liquid Foundation

For a liquid foundation, obtain the radius of relative stiffness 	 from
Figure 9.30 as 38 inches and estimate the normalized deflections
and the modulus of the subgrade reaction as tabulated in Table 9.15.

Finally, compute the elastic modulus of the Portland concrete
from Equation 9.39 as:

E = 	412
(
1 − μ2

)
k

h3 = 38412
(
1 − 0.152

)
265

9.843

= 6, 801, 400 lbs/in.2(46, 895 MPa)

Solid Foundation

For a solid foundation, obtain the radius of relative stiffness 	 from
Figure 9.30 as 28 inches and estimate the normalized deflections
and the modulus of the subgrade reaction as tabulated in Table 9.16.

Table 9.15
Computing Modulus of Subgrade Reaction for Example 9.10

Sensor number 0 1 2 3
Estimate di from Figure 9.31 0.122 0.113 0.1 0.083 Average
Predict k (pci) from 257.52 255.56 272.95 273.74 265 (73.7 MN/m3)

Equation 9.42a

Table 9.16
Computing Subgrade Elastic Modulus for Example 9.10

Sensor number 0 1 2 3
Estimate di from Figure 9.32 0.182 0.163 0.14 0.125 Average
Predict Es (lbs/in.2) 31,600 32,555 33,228 34,725 33,027 (228 MPa)

Equation 9.42b
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Finally, compute the elastic modulus of the portland concrete
from Equation 9.40 as:

E = 	3

h3

6
(
1 − μ2

)
Es(

1 − μ2
s

) = 283

9.843

6
(
1 − 0.152

)
33, 027(

1 − 0.452
)

= 5, 596, 281lbs/in.2(38, 586 MPa)

The discrepancy between the portland concrete elastic moduli
computed for liquid and solid foundations is due to the different
assumptions involved in these two foundation models. For sugges-
tions on the most recent software, see the Web site for this book,
www.wiley.com/go/pavement.

9.4 Surface Distress

9.4.1 Defini-
tions—Intro-

duction

This component of pavement evaluation involves collection of data
related to the condition of the pavement surface, defined by the
variety of pavement distresses present. Distresses are defined as
the manifestations of construction defects, as well as the damaging
effects of the traffic, the environment, and their interaction. They
encompass a broad variety of cracks and surface distortions.

Data is typically collected manually through condition surveys
performed by a technical crew riding on a slow-moving vehicle,
hence the term ‘‘windshield surveys.’’ For each distress type present,
the severity and extent are recorded on special forms. These relate
to the seriousness of the distress and the area of the pavement
surface being affected by it, respectively. Often, spot maintenance
issues, such as patches, are also identified and recorded. Effort
have been made to automate the distress data collection process.
The PASCO Corporation1 manufactures a commercially available
system that is equipped with vertical-aiming video cameras, as well
as other sensors that collect additional data elements, ranging
from roughness to rutting. Such systems have however, been used
for collecting distress records for research purposes, rather than
routine network surveys. Their main limitation is that they require
manual image postprocessing to identify the distresses present.
Image processing software capable of automating the latter have not
become commercially viable yet.
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Analyzing distress data is forensic in nature, offering clues to
the cause of the problems present, as well as guidance in selecting
applicable future pavement 4-R treatments. As such, distress evalua-
tion is of primary interest to the engineer/manager of the roadway
system. In fact, some State High Agencies use distress as the primary
indicator of rehabilitation need, rather than delaying action until
the ensuing roughness becomes significant.

The most widely accepted methodology for identifying distresses
and judging their extent and severity is the distress identification
manual developed for the Strategic Highway Research Program.10

The following provides an overview of the distresses encountered in
flexible and rigid pavements, as well as their likely causes.

9.4.2 Flexible
Pavement
Distresses

The variety of distresses encountered in asphalt concrete pavements
is schematically shown in Figure 9.33. They are grouped into three
main categories: cracking, surface deformation, and surface defects.
A brief description of each distress and its likely causes follows.
Additional information on distress identification, their causes, and
remedies can be found in references 10 and 30.

CRACKING

Cracking appears in various forms that allow identification of its
causes. Some are fatigue related, caused by the accumulation of
fatigue damage from successive vehicle axles, and they appear in the
wheel-paths having an interconnected polygonal pattern resembling
alligator skin, or are located longitudinally along the wheel-path.
They are believed to originate at the bottom and the top of the
asphalt concrete layer, respectively. Some longitudinal cracks occur
away from the wheel-paths; for example, along the joint between
two lanes, caused by poor joint compaction during construction,
or in the middle of a lane, caused by thermal stresses or subgrade
settlement. Similarly, edge cracking is traffic-related; it is caused by
weaker subgrade due to the lack of confinement near the edge of
a driving lane next to a nonpaved shoulder. Transverse cracking
is cold-temperature-related, and it occurs at regular intervals as a
result of thermal stress exceeding the tensile strength of the asphalt
concrete. Block cracking, resembles alligator cracking, except that
the interconnected patterns are larger, and rectangular covering
areas are larger than the wheel-paths. This type of cracking is
cold-temperature-related, and is caused by binder hardening on
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Figure 9.33
Schematic of Flexible Pavement Distresses. Adapted from SHRP 1993, SHRP-P-338

low-volume roads. Some of the crack types just described reappear
through to the surface of an asphalt concrete overlay and, therefore,
are called reflection cracks. Crack severity is quantified as:

❑ Low: mean crack opening smaller than 6 mm

❑ Moderate: mean crack opening between 6 and 19 mm

❑ High: mean crack opening larger than 19 mm

SURFACE DEFORMATION

Rutting is defined as longitudinal depressions in the wheel-paths
caused by the compaction or plastic deformation of the asphalt
concrete and the granular layers/subgrade under the action of
axle loads. It is not to be confused with depressions formed in the
wheel-paths by the abrasive action of passenger car studded tires.
These occur predominantly in car lanes and can be distinguished by
the narrower wheel base of cars that cause them. Rutting is measured
using a 1.2 m straightedge placed over each wheel-path.10
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Shoving is defined as the longitudinal displacement of a localized
area of the pavement surface caused by the braking or accelerat-
ing forces of vehicles, and is usually located on hills, curves, or
intersections.

SURFACE DEFECTS

Bleeding, or flushing, is defined as the migration of binder to the
surface of the asphalt concrete layer. It is caused by the compactive
action of traffic in the wheel-paths, where poor in-place mix volumet-
ric properties result in substandard air voids (i.e., values lower than
3% to 4%). Polished aggregate is the result of the abrasive action of
tires on surface aggregates, often occurring near intersections.

Raveling is defined as the dislodgement and loss of aggregates
from the surface of the asphalt concrete, progressing downward. It is
caused by poor adhesion between aggregates and binder due to large
amounts of fines in the aggregate stockpiles, poor aggregate drying
in the hot-mix plant, or desegregation and poor in-place compaction
during construction. A variation of this distress is called stripping,
where the loss of bond between aggregate and binder is initiated
at the bottom of the asphalt concrete, and progresses upward.
Its cause is the chemical incompatibility of some aggregate-binder
combinations and inadequate drainage.

A summary of these distress types is presented in Table 9.17, along
with the units used for quantifying the extent and the levels used
in judging severity. Some of these distresses are controlled through
structural design (Chapter 11), while others are prevented through
material selection (Chapters 4, 5, and 6) and drainage provisions
(Chapter 10).

RIGID PAVEMENT DISTRESSES

The variety of distresses encountered in portland concrete pave-
ments is schematically shown in Figure 9.34. They are grouped into
four main categories: cracking, surface defects, joint deficiencies,
and miscellaneous. Obviously, joint deficiencies apply to jointed
portland concrete pavements only. A brief description of each dis-
tress and the likely causes follows. Additional information can be
found in references 9 and 10.

CRACKING

Cracking appears in various forms that allow identification of its
causes. Some are fatigue related, caused by the accumulation of
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Table 9.17
Distresses in Asphalt Concrete Pavements (Ref. 10)

Distress Type Measurement of Severity Levels
Extent

Cracking
Fatigue (Alligator) m2 Low, Medium, High
Block m2 Low, Medium, High
Edge linear m Low, Medium, High
Wheel-path, longitudinal linear m Low, Medium, High
Nonwheel-path, longitudinal linear m Low, Medium, High
Transverse linear m, number Low, Medium, High

Reflection Cracking at Joints
Transverse linear m, number Low, Medium, High
Longitudinal linear m Low, Medium, High

Patching and Potholes
Patch/patch deterioration m2, number Low, Medium, High
Potholes m2, number Low, Medium, High

Surface Deformation
Rutting mm —
Shoving m2, number —

Surface Defects
Bleeding/Flushing m2 Low, Medium, High
Polished aggregates m2 —
Raveling/weathering m2 Low, Medium, High

Miscellaneous
Lane-shoulder drop-off mm —
Water bleeding and pumping linear m, number Low, Medium, High

— = Either not applicable or not specified.

fatigue damage from successive vehicle axles, such as corner cracks.
Other cracks, either longitudinal or transverse, can be caused by
traffic, the environment, or poor construction (e.g., seized joints
can cause transverse cracks at midslab). The combination of slab
warping under thermal gradients and load may result in transverse
cracks. Longitudinal and transverse crack severity is quantified as:

❑ Low: mean crack opening smaller than 3 mm

❑ Moderate: mean crack opening between 6 and 6 mm

❑ High: mean crack opening larger than 6 mm
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Another form of cracking is the so-called durability, or ‘‘D-
cracking,’’ which consists of closely spaced cracks parallel to trans-
verse or longitudinal joints curving in a crescent shape around slab
corners. These are caused by the effect of freeze/thaw cycles on
porous aggregates of poor durability under high-moisture condi-
tions.

SURFACE DEFECTS

Map cracking consists of interconnected cracks that extend only into
the upper surface of the slab. It may be caused by poor construction
(e.g., dirty aggregates resulting in fines that migrate to the surface
during concrete finishing) or the action of deicing salts. Spalling is
the result of dislodgement of surface blocks created by map cracking.
A variation of this distress is popouts, involving the dislodgement
of small pieces (25 to 100 mm) of the surface without evident map
cracking. Polished aggregates are the result of the abrasive action of
traffic on nondurable aggregates.

JOINT DEFICIENCIES

Seals of transverse/longitudinal joints can be damaged from a variety
of causes, (e.g., splitting or debonding due to age hardening) and
result in moisture and foreign object accumulation into the joint.
Spalling is the breaking, chipping, or fraying of slab edges within
0.6 m of transverse/longitudinal joints, and it is caused by either
lack of lateral support along a joint edge or by joints that do not
allow slab expansion due to the presence of foreign objects (e.g.,
deicing sand).

MISCELLANEOUS

Faulting is a serious form of distress commonly found in older
plain-jointed portland concrete pavements without dowel bar rein-
forcement. It is manifested as a slight settlement of the leading
edge of each slab in the direction of travel. It is caused by the lack
of vertical load transfer between slabs across joints, which creates
sudden increases in pore pressure in wet subgrades, which in turn
produces migration of fines and settlement under the leading edge
of each slab. Where the sudden pore pressure buildup is accompa-
nied by squirting of water and fines through the joint, the distress is
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refereed to as pumping. Blowups are localized heaving of the pave-
ment surface at transverse joint or cracks, often accompanied by the
shattering of the concrete in this area. They are caused by joints
that do not allow slab expansion and, as a result, cannot dissipate
compressive stresses.

A summary of these distresses is presented in Tables 9.18 and
9.19, for jointed and continuously reinforced portland concrete
pavements, respectively. These tables also list the units used for
quantifying distress extent and the levels used in judging their
severity. Some of these distresses are controlled through structural
design and joint/shoulder design (Chapter 8), while others are

Table 9.18
Distresses in Jointed Portland Concrete Pavements (Ref. 10)

Distress Type Unit of Measurement Severity Levels

Cracking
Corner breaks number Low, Medium, High
Durability (D-cracking) m2, number linear Low, Medium, High
Longitudinal m Low, Medium, High
Transverse linear m, number Low, Medium, High

Joint Deficiencies
Joint seal damage of transverse joints number Low, Medium, High
Joint seal damage of longitudinal joints linear m, number Low, Medium, High
Spalling of longitudinal joints linear m Low, Medium, High
Spalling of transverse joints linear m, number Low, Medium, High

Surface Defects
Map cracking m2, number —
Scaling m2, number —
Polished aggregate m2 —
Popouts m2/number —

Miscellaneous
Blowups number —
Faulting of transverse joints/cracks mm —
Lane-shoulder drop-off mm —
Lane-shoulder separation mm —
Patch/patch deterioration m2, number Low, Medium, High
Water bleeding and pumping linear m, number —

— = Either not applicable or not specified.
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Table 9.19
Distresses in Continuously Reinforced Portland Concrete Pavements (Ref. 10)

Distress Type Unit of Measurement Severity Levels

Cracking
Durability D-cracking m2, number linear Low, Medium, High
Longitudinal m Low, Medium, High
Transverse linear m, number Low, Medium, High

Surface Defects
Map cracking and scaling m2 Low, Medium, High
Scaling m2, number —
Polished aggregate m2 —
Popouts m2, number —

Miscellaneous
Blowups number —
Transverse construction joint deterioration number Low, Medium, High
Lane-shoulder drop-off mm —
Lane-shoulder separation mm —
Patch/patch deterioration m2, number Low, Medium, High
Punchouts number Low, Medium, High
Spalling of longitudinal joints linear m Low, Medium, High
Water bleeding and pumping linear m, number —
Longitudinal joint seal damage linear m, number —

— = Either not applicable or not specified.

prevented through material selection (Chapter 6) and drainage
provisions (Chapter 10).

9.4.3 Summa-
rizing Pavement

Distresses into an
Index

Although the methodology for collecting distress data is well estab-
lished, there is no widely accepted practice for summarizing them
into an index that reflects pavement condition; each highway agency
seems to be doing this differently. One method that has gained some
acceptance is the Pavement Condition Index (PCI )28 developed by
the U. S. Army Corp of Engineers and subsequently approved as an
ASTM Standard.40 The calculation of the PCI , ranging from 100%
to 0%, is explained next; it is carried out in a similar fashion for
flexible and rigid pavements.

A pavement section is divided into a number of uniform sample
units (i.e., an area of 225 ± 90 contiguous m2 or 20 ± 8 contiguous
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slabs for flexible and rigid pavements, respectively). The following
calculations are conducted for each sample unit. For each distress
and severity level present, the area/length affected is added, then
divided by the area of the sample unit, which expressed in percent
is referred to as distress density.

Subsequently, deduct values are computed for each distress den-
sity, using a series of charts (Figures 9.35, 9.36, 9.37). These deduct
values need to be processed to compute the maximum corrected
deduct value (max CDV ). The correction is necessary to ensure that
the sum of the deduct values does not exceed 100%. If fewer than
one of the deduct values is larger than 2%, the max CDV is equal to
the sum of the individual deduct values. Otherwise, the max CDV is
computed trough an iterative process, as follows. The deduct values
are arranged in decreasing order. The maximum number of allowed
deduct values m, which cannot exceed 10, is given as a function of
the highest deduct value (HDV ) (i.e., the first in the decreasing
order list).

m = 1 + 9
98

(100 − HDV ) ≤ 10 (9.43)
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Figure 9.35
Example of Flexible Pavement Distress Deduct Values; Fatigue Cracking (Ref. 40)
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Example of Flexible Pavement Distress Deduct Values; Longitudinal Cracking (Ref. 40)
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The allowed number of deduct values is computed as the integer
part of m. If fewer than m deduct values are present, all of them are
summed to compute the total deduct value. Otherwise, only the m
highest deduct values are summed plus the (m + 1)th deduct value
factored by the real part of m. Thus established, the sum of the
allowed deduct values, gives the max CDV using the charts shown
in Figures 9.38 and 9.39, which are applicable to flexible and rigid
pavements, respectively (q is the number of deduct values that has
not been assigned a value of 2%).

This process is repeated by substituting, successively, values of 2%
for the actual deduct value of the (m + 1)th deduct value, the (m)th
deduct value, and so on, and recalculating the max CDV . The overall
maximum of these values gives the max CDV value that is entered
into the PCI calculation.

PCI = 100 − max CDV (9.44)

The pavement section PCI is computed by averaging the PCI
values of the number of pavement sample units surveyed. The latter
is selected on the basis of statistical considerations (i.e., the variation
in PCI between sampling units and the desired confidence level).
An example of the procedure for calculating the PCI for a sample
unit is given next.
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Computing Maximum Corrected Deduct Values; Flexible Pavements (Ref. 40)



9.4 Surface Distress 315

Total deduct value (TDV)

C
or

re
ct

ed
 d

ed
uc

t v
al

ue
 (

C
D

V
)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

0

10

20

30

40

50

60

70

80

90

100

q = 1 q = 2 q = 3

q = 4

q = 5 q = 6

Figure 9.39
Computing Maximum Corrected Deduct Values; Rigid Pavements (Ref. 40)

Example 9.11A pavement condition survey yielded the distress measurements
given in Table 9.20 for a 250 m2 (3.6 × 70 m) sample unit of
a flexible pavement section. Compute the PCI for this pavement
sample unit.

ANSWER

Compute the density of the distresses present by dividing their extent
by the area of the pavement sample unit. For each distress, obtain
the deduct values from Figures 9.35, 9.36 and 9.37, as tabulated in
Table 9.21.

Table 9.20
Distress Data for Example 9.11

Distress Extent: Area/Length-Affected

Low-severity fatigue cracking 25 m2

Medium-severity longitudinal cracking 35 m
Low-severity rutting∗ 15 m2

∗Low, medium, and high severity are defined by reference 40 as rut depths of 6–13
mm, 13–25 mm, and >25 mm, respectively.
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Table 9.21
Computing Deduct Values for Example 9.11

Distress Density Deduct Value

Low-severity fatigue cracking 10% 34%
Medium-severity longitudinal cracking 14% 24%
Low-severity rutting 6% 23%

Table 9.22
Computing Maximum Corrected Deduct Values for Example 9.11

Iteration Deduct Value Total q max CDV

1 34% 24% 23% 81% 3 54%
2 34% 24% 2% 60% 2 48%
3 34% 2% 2% 38% 1 42%

The highest deduct value HDV is 34, which gives the following
value for the maximum number of distresses allowed.

m = 1 + 9
98

(100 − HDV ) = 1 + 9
98

(100 − 34) = 7.06

Clearly, all three distresses present can be considered. Table 9.22
shows the sum of the distress deduct values for the successive iterative
steps being taken, just as described. Note that for each iteration, the
value of the max CDV is computed from the sum of the distresses
and their number, using Figure 9.38.

Overall, 54% is the maximum of the max CDV values, which gives:

PCI = 100 − max CDV = 100 − 54 = 46%

which indicates a pavement sample unit of fair condition.

9.5 Safety

9.5.1 Definitions Surface friction, alternatively referred to as skid resistance, affects the
braking ability of vehicles, hence it is the main safety-related attribute
of pavement surface condition. In elementary physics terms, friction
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Figure 9.40
Defining Friction

can be indexed by the coefficient of friction f , defined as the ratio
of the shear force S , generated as the result of slippage between
two bodies, divided by the normal force N exerted between them
(Figure 9.40).

f = S
N

(9.45)

Pavement skid resistance depends on four factors: the texture of
the pavement surface, the tread of a tire, the presence of water at
the interface between the two, and the amount of slippage between
them. Pavement texture is defined as surface irregularities with
wavelengths too short to be perceived as roughness. Texture is
differentiated into microtexture (wavelengths in the range of 1 μm
to 0.5 mm) and macrotexture (wavelengths in the range of 0.5 mm
to 50 mm).45 Aggressive tire treads and lack of surface water improve
skid resistance. Regardless of the other three factors, the slip speed
between tire and pavement surface, defined as the relative speed
between the contact of a tire and the pavement surface, markedly
affects skid resistance. Before the brakes are applied, the slip speed
is zero, whereas when the wheels are locked and the vehicle is
still in motion, the slip speed equals the instantaneous speed of
the vehicle. As described next, a combination of pavement surface
friction and texture measurements is necessary to fully characterize
skid resistance as a function of slip speed.

9.5.2 Measuring
Pavement

Friction

There are four basic types of devices for measuring pavement
surface friction in the field. They involve one of the following wheel
arrangements:

❑ Locked wheel

❑ Fixed slip speed
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❑ Variable slip speed
❑ Side force in yaw mode
All these devices operate on a similar principle, whereby the shear

force S measured between the test tire imprint and the pavement
is divided by the known normal force N carried by the tire, to
give a measurement of the coefficient of friction f m, according to
Equation 9.45. In the locked wheel device, the slip speed of the
tire equals the speed of the towing vehicle (e.g., the ASTM E-274
trailer commonly used in the United States, and shown in Figure
9.41). Fixed slip speed devices use a reduction mechanism to force
a constant difference in speeds between the test wheel and the
towing vehicle (e.g., the Runway Friction Tester used in the United
States), while variable slip devices go through a range of speed
differences between the test wheel and the towing vehicle (e.g.,
the Japanese Komatsu Skid Tester). Side force in yaw mode devices
use a test wheel oriented at a constant angle to the axis of travel,
referred to as the yaw angle, without breaking (e.g., the British
MuMeter).

In addition to these full-scale tire-based friction testers, a
pendulum-based device is in use in the laboratory. Referred to
as the British Pendulum Tester (BPT), it consists of a rubber shoe
suspended from a pendulum mechanism (Figure 4.14). As the pen-
dulum swings, the rubber shoe comes in contact with the surface
being tested, and the associated energy loss is translated into the
shear force S exerted to the shoe, which gives a measurement of
the coefficient of friction f m. A comprehensive list of the various
commercially available pavement friction measuring devices is given
in references 5 and 13.

It is important to normalize all the friction measurements f m
obtained with these devices to the same slip speed S , selected to be
60 km/h. This is done through the following relationship:5

f (60) = A + B fm e
S−60

SP + C TX (9.46)

where A, B, and C are device-specific calibration constants; TX
denotes pavement texture measurements (mm); and Sp is a speed
constant, which is a function of pavement texture, as explained in the
following section. Table 9.23 lists some of the calibration constants
associated with commonly used friction measuring devices.
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Figure 9.41
Friction Tester (Courtesy of Dynatest Inc.)

Table 9.23
Calibration Constants for Selected Pavement Friction Measuring Devices
(Ref. 5)

Device S(km/h) A B C

ASTM E274 (treadless tire) 65 0.045 0.925 0
ASTM E274 (treaded tire) 65 −0.023 0.607 0.098
Komatsu Skid Trailer 10 0.042 0.0849 0
British Pendulum Tester (BPT) 10 0.056 0.008 0

Establishing the coefficient of friction f (60) at the reference speed
of 60 km/h allows calculation of the slip speed f (S) at any slip speed
s through the following exponential relationship.

f (S) = f (60) e
60−S

Sp (9.47)
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9.5.3 Measuring
Pavement
Texture

Pavement texture measurements are essential in fully capturing
the relationship between friction and slip speed. Microtexture (i.e.,
irregularities with wavelengths in the range of 1 μm to 0.5 mm)
arises from irregularities in the surface of exposed aggregates com-
ing in contact with vehicle tires. It is a significant contributor to
skid resistance at low slip speeds.13 Advances are being made in
developing photographic methods for capturing aggregate geomet-
ric properties in the laboratory (i.e., shape, angularity, and texture),
as described in Chapter 4.25 Eventually, such methods should allow
relating in-situ microtexture to skid resistance.

Pavement macrotexture (i.e., irregularities with wavelengths in
the range of 0.5 mm to 50 mm) is traditionally quantified indirectly
through the so-called sand-patch test.24 It consists of spreading a
specific volume of either Ottawa sand (i.e., passing and retained
by Imperial sieve sizes No. 50 and 100, respectively) or spherical
glass beads (i.e., passing and retained by Imperial sieve sizes No. 60
and 80, respectively) over a roughly circular area on the pavement,
estimating the area covered through four diameter measurements
and computing the mean texture depth (MTD) as the ratio of the
volume divided by the area. The MTD is related to the amplitude of
the pavement profile irregularities within the specified macrotexture
wavelength range.

The recent advent of high-resolution inertial profilometers has
allowed direct measurements of pavement profile elevations at the
macrotexture level. The information is summarized into a sin-
gle index, referred to as the mean profile depth (MPD).5,8 The
procedure used for this purpose consists of:

1. Dividing the profile into 0.1 m segments.

2. Removing the slope of each segment through linear regression.

3. Calculating the absolute value of the magnitude of the highest
peak/trough encountered in each half-segment.

4. Averaging the mean calculated values for all segments to obtain
the MPD.

Pavement macrotexture, indexed through the MTD or the MPD
(mm), allows predicting the speed constant SP (km/h), through the
following relationships:

SP = 113.6 MTD − 11.6 (9.48)
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or:
SP = 89.7 MPD + 14.2 (9.49)

9.5.4 Index
Summarizing

Pavement Friction

The preceding discussion demonstrated that pavement texture mea-
surements are needed (i.e., MTD/MPD or the speed constant Sp)
in conjunction with pavement friction measurements (i.e., f m), to
fully quantify the relationship between the coefficient of friction
and slip speed. Accordingly, a pair of numbers has been proposed
to index pavement friction, namely (Sp, f (60)), referred to as the
International Friction Index (IFI ).5 An example follows to demon-
strate how friction and texture measurements are utilized to fully
describe the relationship between friction and slip speed.

Example 9.12A coefficient of friction of 0.45 was measured with an ASTM E-274
tester equipped with treadless tires. The macrotexture of this pave-
ment, in terms of the MPD, was determined to be 0.8 mm. Calculate
the value of the normalized coefficient of friction at 60 km/h, give
the IFI and plot the coefficient of friction as a function of slip speed.

ANSWER

Utilizing Equation 9.49 gives the following value for the speed
constant:

SP = 89.7 0.8 + 14.2 = 85.9 km/h

The treadless ASTM E-274 friction tester is run at 60 km/h, and,
according to Table 9.23, its calibration constants A, B and C have
values of 0.045, 0.925, and 0, respectively. Substituting these values
into Equation 9.46 gives the 60 km/h normalized coefficient of
friction for that pavement as:

f (60) = 0.045 + 0.925 0.45 e
65−60

89 + 0 = 0.49

Hence, the IFI for this pavement is given by quoting (Sp, f (60)) =
(89,0.49).

Finally, Equation 9.47 allows plotting the coefficient of friction as
a function of slip speed (Figure 9.42) using:

f (S) = f (60) e
60−S

89
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Coefficient of Friction versus Slip Speed for Example 9.12

References
1 PASCO Corporation (1987). 1 for 3 PASCO Road Survey System:

From Theory to Implementation, Mitsubishi International Co.
New York.

2 American Association of State Highway Officials (1960). The
AASHO Road Test, Pavement Research, Report 5, Washington,
DC.

3 Asphalt Institute (2000). Asphalt Overlays for Highway and Street
Rehabilitation, MS-17, 2nd ed., Lexington, KY.

4 Bendat, J. S., and A.G. Piersol (1971). Random Data: Analysis and
Measurement Procedures, Wiley Interscience, John Wiley & Sons,
Inc., New York.

5 ASTM (1999). ‘‘Calculating International Friction Index of a
Pavement Surface,’’ ASTM Standard Practice E-1960, ASTM Book
of Standards, Volume 04.03, West Conshohocken, PA.

6 ASTM (1999). ‘‘Calculating Pavement Macrotexture Profile
Depth,’’ ASTM Standard Practice E-1845, ASTM Book of Standards,
Volume 04.03, West Conshohocken, PA.

7 Carey, W. N. and P. E. Irick (1960). ‘‘The Pavement Serviceability-
Performance Concept,’’ Highway Research Bulletin 250.



References 323

8 ISO (1998). ‘‘Characterization of Pavement Texture Using Sur-
face Profiles—Part 1: Determination of Mean Profile Depth,’’
ISO Standard 13473, International Standards Organization,
Geneva, Switzerland.

9 PCI (2002). Design and Control of Concrete Mixes, 14th ed., Portland
Cement Association, Skokie, IL.

10 SHRP (1993). Distress Identification Manual for the Long-Term Pave-
ment Performance Project, Strategic Highway Research Program,
National Research Council, SHRP-P-338.

11 Gillespie, T. D., M. W. Sayers, and L. Segel (1980). ‘‘Calibration
of Response-Type Road Roughness Measuring System,’’ NCHRP
Report 228, National Academy of Sciences, Washington, DC.

12 Haas, R., W. R. Hudson, and J. Zaniewski (1994). Modern Pavement
Management, Krieger Publishing Company, Malabar, FL.

13 Henry, J. J. (2000). Evaluation of Pavement Friction Charac-
teristics, NCHRP Synthesis 291, National Academy of Sciences,
Washington DC.

14 Herr, J. H., J. W. Hall, T. D. White, and W. Johnson (1995). ‘‘Con-
tinuous Deflection Basin Measurements and Back-calculation
Under Rolling Wheel Load Using Scanning Laser Technology,’’
ASCE Transportation Congress, San Diego, October 22–26.

15 Highway Performance Monitoring System (HPMS) Field Manual,
Federal Highway Administration Order M5600.1B, 1993.

16 Huft, D. L., (1984). South Dakota ‘‘Profilometer,’’ Transportation
Research Record, 1000, National Research Council, Washington
DC, pp. 1–8.

17 Ioannides, A. M., E. J., Barenberg, and J. A. Larry (April 1989).
‘‘Interpretation of Falling-Weight Deflectometer Results Using
Principles of Dimensional Analysis,’’ 4th International Confer-
ence on Concrete Pavement Design and Rehabilitation, Purdue
University, West Lafayette, Indiana.

18 Ioannides, A. M., (January 1990). ‘‘Dimensional Analysis in NDT
Rigid Pavement Evaluation,’’ ASCE Journal of Transportation Engi-
neering , Vol. 116. No. 1 pp. 23–36.

19 ISO (1985). ‘‘Evaluation of Human Exposure to Whole-Body
Vibration—Part 1: General Requirements,’’ Standard 2631,
International Standard Organization, Geneva, Switzerland.



324 9 Pavement Evaluation

20 Janof, M. S. J. B. Nick, P. S. Davit and G. F. Hayhoe (1985).
‘‘Pavement Roughness and Rideability,’’ NCHRP Report 275,
National Academy of Sciences Washington, DC.

21 Janof, M. S. (1988). ‘‘Pavement Roughness and Rideability Field
Evaluation,’’ NCHRP Report 308, National Academy of Sciences
Washington, DC.

22 Karamihas, S. M., T. D. Gillespie, R. W. Perrera and S. D. Kohn,
(1999). ‘‘Guidelines for Longitudinal Pavement Profile Mea-
surement,’’ NCHRP Report 434, National Academy of Sciences
Washington, DC.

23 Kreyszig, E., (1993). Advanced Engineering Mathematics, 7th ed.,
John Wiley & Sons, Inc., New York.

24 Masad, E., Olcott, D., White, T., and Tashman, L. (2001). Cor-
relation of Fine Aggregate Imaging Shape Indices with Asphalt
Mixture Performance, Journal of the Transportation Research Board,
Record No. 1757, pp. 148–156.

25 ASTM (1999). ‘‘Measuring Pavement Macrotexture Depth Using
a Volumetric Technique,’’ ASTM Standard Test Method E-965,
ASTM Book of Standards, Volume 04.03, West Conshohocken, PA.

26 ASTM (1999). ‘‘Measuring Surface Friction Properties Using the
British Pendulum Tester,’’ ASTM Standard Test Method E-303,
ASTM Book of Standards, Volume 04.03, West Conshohocken, PA.

27 Paterson, W. D. O. (1986). ‘‘International Roughness Index:
Relationship to Other Measures of Roughness and Ride Quality,’’
Transportation Research Record 1084, Transportation Research
Board, Washington DC.

28 PAVER Asphalt Distress Manual (1997). U.S. Army Construction
Engineering Laboratories, TR 97/104 and TR 97/105, Cham-
paign, IL.

29 Perrera R. W., and S. D. Kohn, (July 2001). ‘‘Pavement Smooth-
ness Measurement and Analysis: State of the Knowledge,’’ Final
Report for NCHRP Study 20-51(01), National Academy of Sci-
ences Washington, DC.

30 Roberts, F. L., Kandhal, P. S., Brown, E. R., Lee, D. Y., and
Kennedy, T. W. (1996). ‘‘Hot-Mix Asphalt Materials, Mixture
Design, and Construction,’’ 2nd ed., National Asphalt Paving
Association Education Foundation, Lanham, MD.



References 325

31 Sayers M. W., and S. M. Karamichas (1998). The Little Book of
Profiling, University of Michigan, Ann Arbor, MI.

32 Sayers, M. W., T. D. Gillespie, and C. A. V. Queiroz (1986).
‘‘The International Road Roughness Experiment,’’ World Bank
Technical Paper 45, the World Bank, Washington, DC.

33 Sayers, M. W., T. D. Gillespie, and D. W. O. Paterson (1986).
‘‘Guidelines for Conducting and Calibrating Road Roughness
Measurements,’’ Technical Paper No. 46, the World Bank, Wash-
ington, DC.

34 Scullion, T., J. Uzan, and M. Paredes (January 1990). ‘‘Modulus:
A Microcomputer-Based Backcalculation System,’’ TRB Paper
890386, Washington DC.

35 SHRP (1993). ‘‘SHRP Procedure for Temperature Correction of
Maximum Deflections,’’ SHRP P-654, Strategic Highway Research
Program, National Research Council, Washington DC.

36 Spangler E. B., and W. J. Kelly (1966). GMR Road Profilometer—
A Method for Measuring Road Profile, Highway Research Record
121, pp. 27–54.

37 ASTM (1998). ‘‘Standard Guide for Conducting Subjective Pave-
ment Ride Quality Ratings,’’ American Society for Testing of
Materials, ASTM Book of Standards, Volume 04.03, E1927-98, West
Conshohocken, PA.

38 ASTM (1998). ‘‘Standard Practice for Computing International
Roughness Index of Roads from Longitudinal Profile Measure-
ments,’’ American Society for Testing of Materials, ASTM Book of
Standards, Volume 04.03, E1926-98, West Conshohocken, PA.

39 ASTM (1998). ‘‘Standard Practice for Computing Ride Number
of Roads from Longitudinal Profile Measurements Made by an
Inertial Profile Measuring Device,’’ American Society for Testing
of Materials, ASTM Book of Standards, Volume 04.03, E1489-98,
West Conshohocken, PA.

40 ASTM (2000). ‘‘Standard Practice for Roads and Parking Lots
Pavement Condition Index Surveys, American Society for Testing
of Materials,’’ ASTM Book of Standards, Volume 04.03, D6433-99,
West Conshohocken, PA.

41 ASTM (1987). ‘‘Standard Test Method for Measuring Pavement
Deflections with a Falling Weight Type Impulse Load Device,’’



326 9 Pavement Evaluation

ASTM Book of Standards, Volume 04.03, D-4694-87 West Con-
shohocken, PA.

42 ASTM (1995). Test Method for Measuring Road Roughness
By Static Level Method; American Society for Testing of Mate-
rials, ASTM Book of Standards, Volume 04.03, E1364-95, West
Conshohocken.

43 Timoshenko, S. P., and J. N. Goodier, Theory of Elasticity, 3rd ed.,
McGraw-Hill Inc., New York.

44 Yang, C. Y. (1986). Random Vibration of Structures, John Wiley &
Sons Interscience, New York.

45 World Road Association (PIARC) (1987). Report of the Com-
mittee on Surface Characteristics, XVIII World Road Congress,
Brussels, Belgium.

46 Yoder, E. J., and M. W. Witczak, (1975). Principles of Pavement
Design, 2nd ed., John Wiley & Sons Inc., New York.

Problems

9.1 Synthesize a pavement profile by superimposing random ele-
vations ranging between –0.01 and 0.01 m to two in-phase
sinusoidal waves with amplitudes of 0.03 and 0.02 and wave-
lengths of 3 and 5 meters, respectively. Plot the pavement
profile for a distance of 32 meters using 0.25 m increments.
Plot the trace of a rolling straightedge (RSE) with a base
length of 4 m (assume that the transport wheels and the
tracing wheels are small enough to neglect their dimensions).

9.2 Filter the profile generated in problem 1 using a low-pass MA
filter with a base length of 1.0 m. Plot the results.

9.3 Filter the profile generated in problem 1 using a high-pass
MA filter with a base length of 2.0 m. Plot the results.

9.4 Compute and plot the power spectral density (PSD) of the
artificial pavement profile given in Table 9.24. What are the
dominant wavelengths and corresponding amplitudes?

9.5 The pavement profile shown in Table 9.25 was obtained with
an inertial profilometer at intervals of 0.1394 m. Compute
its IRI using commercially available software. What is the
corresponding pavement serviceability (i.e., PSI )?
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Table 9.24
Profile Elevation Data for Problem 9.4

Distance (m) Elevation (m) Distance (m) Elevation (m)

0 10.0000 3.2 10.0165
0.2 10.0219 3.4 10.0229
0.4 10.0264 3.6 10.0101
0.6 10.0216 3.8 9.9918
0.8 10.0163 4 9.9835
1 10.0074 4.2 9.9788
1.2 9.9901 4.4 9.9726
1.4 9.9783 4.6 9.9783
1.6 9.9818 4.8 9.9994
1.8 9.9917 5 10.0219
2 9.9936 5.2 10.0272
2.2 9.9913 5.4 10.0218
2.4 9.9994 5.6 10.0169
2.6 10.0081 5.8 10.0076
2.8 10.0077 6 9.9895
3 10.0071 6.2 9.9788

9.6 The FWD measurements given in Table 9.26 were obtained
on a flexible pavement using a plate radius of 10.3 cm and
a contact pressure of 500 kPa. Estimate the value of the
subgrade modulus. The layer thicknesses and the assumed
values for the Poisson’s ratio are given in Table 9.27.

9.7 The FWD measurements given in Table 9.28 were obtained
on a portland concrete slab 0.30 m thick under a load of
40 kN and a plate radius of 15 cm. Determine the modulus
of subgrade reaction and the elastic modulus of the slab
assuming a liquid foundation and portland concrete Poisson’s
ratio, μ of 0.15.

9.8 For the data given in the previous question, determine the
elastic moduli of the subgrade and the slab, assuming a solid
foundation and a subgrade Poisson’s ratio of 0.40.

9.9 A distress survey conducted on 250 m2 of flexible pavement
surface produced the results given in Table 9.29. Compute
the PCI .
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Table 9.26
Deflection Data for Problem 9.6

Sensor, s 1 2 3 4 5 6 7
Offset (cm) 0 20 40 60 80 100 120
Deflection (μm) 280 235 190 175 85 60 30

Table 9.27
Layer Data for Problem 9.6

Layer, k 1 2 3
Thickness (cm) 20 50 ∞
Poisson’s ratio, μ 0.33 0.45 0.45

Table 9.28
Deflection Data for Problem 9.7

Sensor number 0 1 2 3
Offset (m) 0 0.3 0.6 0.9
Deflection (μm) 98 80 75 60

Table 9.29
Distress Data for Problem 9.9

Distress Extent: Area/Length Affected

Low-severity fatigue cracking 15 m2

High-severity longitudinal cracking 10 m
Medium-low-severity rutting 8 m2

9.10 A coefficient of friction of 0.35 was measured with an ASTM
E-274 tester equipped with treaded tires. The sand-patch
test macrotexture of this pavement (i.e., MPD), was 0.7 mm.
Calculate the value of the normalized coefficient of friction
at 60 km/h, give the IFI and plot the coefficient of friction as
a function of slip speed.



10Environmental
Effects on
Pavements

10.1 Introduction

Pavements are exposed to the environment, which has a significant
effect on their performance. The two main environmental factors
of concern are the presence of water/ice in the pavement layers
and the subgrade, and the variation of temperature throughout the
year. These two factors interact with each other, such as during the
freezing of pore water in frost-susceptible subgrades, which results in
heaving. Furthermore, they interact with traffic loads, for example
during springthaw conditions, when the base or subgrade layers can
be sufficiently weakened by the presence of pore water to fail under
the action of heavy axles (often, secondary roads need to be posted
with lower load limits under these conditions). Another example of
the interaction of traffic and environmental factors is the problem
of pumping in jointed portland concrete pavements. This consists
of rapid movement of base/subgrade pore water and fines near and
through the joints under the high pressure being built by the rapid
movement of truck axles, resulting in erosion and settlement of the
downstream slab edge, called faulting , as described in Chapter 9.

The importance of adequate design provisions to control the effect
of these environmental factors cannot be overemphasized. Proper
drainage and the ability to predict pavement temperatures are
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paramount in ensuring proper structural behavior of the pavement
layers over time. As discussed next, the latter is important to both
asphalt concretes and portland concretes.

It should be noted that a number of pavement environmental
problems are prevented through the proper selection of materials.
Good examples are the selection of asphalt binder PG grades to
prevent transverse cold-temperature-induced cracking by prescrib-
ing sufficient strength at the lowest temperature expected (see
Chapter 5). Another example is the use of antistripping agents, such
as lime, to control water from eroding the bond between binder and
aggregates in asphalt concretes. Nevertheless, it should be under-
stood that no structural layer thicknesses, nor material selection,
can compensate for the lack of proper drainage in pavements.

10.2 Water in Pavements

10.2.1 Drainage
PRINCIPLES

The effect of water and the need for drainage are two of the most
often overlooked aspects of pavement design and construction.
Drainage follows Darcy’s law, expressed as either:

Q = k i A (10.1a)

or:
q = k i (10.1b)

where Q is the water discharge volume per unit time (m3/hour),
q is the water discharge rate (m/hour), k is the hydraulic perme-
ability (m/hour), i is the hydraulic gradient (total hydraulic head
loss divided by the distance over which it is lost), and A is the
cross-sectional area (m2) of the material discharging water.

The coefficient of permeability of granular media is largely a func-
tion of their gradation and especially, the amount of fines present.
For soils, it varies broadly, ranging from upward of 36 m/hour
(2,832 feet/day) for uniformly graded gravels to the practically
impermeable of 36 10−6 m/hour (0.0028 feet/day) for silts and
clays.15 Permeability is measured either in the lab or in-situ, through
constant-head or falling-head permeameters. The permeability of
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manufactured layers, such as pavement bases and subbases, can be
estimated using the following empirical relationship:20

k = 6.214 105 D 1.478
10 n6.654/P 0.597

200 (10.2)

where k is the permeability coefficient in feet/day (1 ft/day = 0.0127
m/hour), D10, (inches) is the 10th percentile of the grain size
distribution, P200 is the percent passing the No. 200 sieve, and n is
the porosity.

Example 10.1Estimate the permeability coefficient of a base layer with D10 of
0.0165 (0.42 mm, which is the opening size of the No. 40 sieve), 2%
passing the sieve No. 200 (0.075 mm), and a porosity of 0.3.

ANSWER

Substituting the specified values into Equation 10.2, gives:

k = 6.214 105 0.01651.478 0.36.654/20.597

= 0.316 feet/day or 0.004 m/hour

It is noted that, often, in-situ permeability is governed by fissures
or cracks, rather than the gradation and porosity of an intact layer.

10.2.2 SourcesThere are three sources of water in the pavement layers: groundwater
seepage, capillary action, and precipitation. Groundwater seepage
is a problem where the water table rises to intersect the pavement
layers, as may be the case on roadway cuts (Figure 10.1). Drainage
through the pavement layers cannot accommodate seepage from
groundwater sources. Instead, the water table needs to be lowered
below the pavement layers through longitudinal trench drains and
removed through properly designed and constructed perforated
pipes, as shown in Figure 10.1.

The amount of groundwater to be removed is a function of the
permeability of the subgrade and the ground/pavement geometry
in a particular situation. The solution involves plotting flow nets,
computing the amount of flow to be removed, and calculating the
diameter of the pipes that can accommodate it. Guidelines for these
techniques can be found in the literature.8,20 Alternatively, flow
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Figure 10.1
Drainage of Ground Water Seepage under Pavement (Ref. 8)

computations can be obtained using commercially available seepage
software that use numerical techniques to provide the distribution
of hydraulic heads in the flow region.

Capillary action may result in saturated conditions above the water
table. Capillary pressures are the result of water surface tension in the
interconnected voids of fine-grained subgrades. The actual capillary
rise above the water table, hc (meters), can be computed as inversely
proportional to the effective diameter of the soil pores, d (mm):15

hc = 0.03
d

(10.3)
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In computing the effective diameter of the soil pores, a common
assumption is that it is equal to 20% of their D10 grain size (i.e., 10th
percentile).

Example 10.2A silty subgrade has a D10 of 0.075 mm (the size opening of the No.
200 sieve). Compute the potential height of capillary rise.

ANSWER

The effective diameter of the soil pores for this subgrade is approx-
imately 0.015 mm (0.2 × 0.075) as a result, the capillary rise height
is computed from Equation 10.3 as:

hc = 0.03
0.015

= 2.0 m

The main source of water in the pavement layers is precipitation.
This is often overlooked by designers, who believe that either the
pavement surface is impermeable or that the subgrade is permeable,
hence any amount of precipitation that may enter the structure is
automatically removed. This is far from the truth. Pavement surfaces
are permeable, whether intentionally (e.g., open-graded asphalt
concretes) or by virtue of their macrostructural cracks or joints.
Furthermore, even granular subgrades that are thought as perme-
able are far from it, when compacted near their optimum water
content. This point is well pressed by Cedergren, stating, ‘‘Most of
the world’s pavements are so leaky that far more water soaks in than
can drain away into the subsoil.’’3 For a flexible pavement, the struc-
tural implications of a saturated base layer are well demonstrated by
Figure 10.2, which shows that the incompressibility of water prevents
the dissipation of loading stresses with depth, as assumed by layered
elastic theory, thus damaging the subgrade.

There are two design considerations in handling precipitation
and drainage:9

❑ Drainage rates need to be larger than infiltration rates, to
prevent pavement layer saturation.

❑ If pavement layers become saturated, they need to be drained
within a prescribed time period to prevent traffic-associated or
frost-associated damage.

These are discussed next in detail.
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Figure 10.2
Stress Distribution in Dry and Saturated Pavement Layers

10.2.3 Infiltration
Rates

A natural limit to the precipitation infiltration rate into pavements
is the permeability of the surface. Considering that the hydraulic
gradient for surface infiltration is unity, Darcy’s law (i.e., Equation
10.1b) allows computing the maximum possible infiltration rate as:

q = k 1 (10.4)

where k is the permeability of the pavement surface. In practice,
however, infiltration rates cannot exceed a fraction of the rainfall
rate. This fraction, denoted by C , accounts for runoff and evap-
oration. Recommended C values range from 0.5 to 0.67 for rigid
pavements and 0.33 to 0.50 for flexible pavements.7 Hence, the
infiltration rate q (m/hour) cannot exceed:

q = C R (10.5)

where R is the design rainfall rate (m/hour), which is considered to
be the maximum rate of the one-hour duration one-year frequency
rainfall. Figure 10.3 gives representative values for this rainfall, in
inches per hour,6 (1 in/hour = 0.61 m/day).

More detailed rainfall rates for a particular locale can be obtained
from the web site of the Hydrometerological Design Studies Cen-
ter of the National Oceanographic and Atmospheric Administration
(NOAA); www.ncda,noaa.gov/ox/documentlibrary/rainfall.html
Hence, the design rate of infiltration is the lesser of the rates
given by Equations 10.4 and 10.5.

A more elaborate approach than the one just described, estimates
the infiltration rate q(m/day) considering the actual extent of
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Figure 10.3
Representative Precipitation Rates (inches/hour) (Ref. 6)

surface cracks and/or joints present:21

q = Ic

(
Nc

W
+ Wc

W Cs

)
+ kp (10.6)

where W is the width of the permeable base (m), N c is the number of
longitudinal cracks, Cs is the spacing of the transverse joints/cracks
(m), W c is the length of the transverse joints/cracks (m), I c is
the infiltration rate per unit length of crack, typically equal to
0.223 m3/day/m, and K p is the infiltration rate/permeability of the
intact pavement surface (m/day).

Example 10.3A two-lane rigid pavement surface is 9.6 m wide and has transverse
joints spaced at 4.0 m intervals. A longitudinal construction joint
is located in the middle the surface. In addition, there is a single
longitudinal crack along the full length of the slab. Compute the
infiltration rate according to reference 21 and compare it to the
simplified approach described in reference 6, assuming it is located
in eastern Washington state. Consider the infiltration rate of intact
concrete to be negligible.
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ANSWER

Using Equation 10.6 gives:

q = 0.223
(

2
9.6

+ 9.6
9.6 4

)
+ 0 = 0.102 m/day

Alternatively, Figure 10.3 gives a precipitation rate of 0.3 in/hour
(0.183 m/day), which, according to Equation 10.5, allows estimating
a range in infiltration rates for portland concrete between 0.09 and
0.12 m/day.

10.2.4 Drainage
Rates/Times

Cedergren8 analyzed the ‘‘unfavorable geometry’’ of base layers, in
expelling water infiltration. Figure 10.4 shows horizontal drainage
base layer, with a thickness h and a drainage path of length b, resting
on an impermeable subgrade. Assuming that the layer is maintained
saturated in the middle, and that the uppermost flow line exits near
the bottom of the layer, the total hydraulic head loss is h.

Assuming layer homogeneity, flow nets were drawn for a variety of
layer thickness and lane width combinations. The discharge volume
per unit time Q for a unit width perpendicular to the paper was
computed applying Darcy’s law (Equation 10.1a):

Q = k
nf

nd
h (10.7)

where nf is the number of flow channels and nd is the number of
equipotential drops. It was observed that their ratio is proportional
to the layer thickness over drainage lane width ratio h/b. Hence,

h

Uniform Infiltration, q

2b

Flow

Impervious

Figure 10.4
Drainage of Base Layer under Uniform Infiltration (Ref. 8)
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Equation 10.7 can be approximated as:

Q = k
h
b

h or Q = k
h2

b
(10.8)

It was furthermore noted that to maintain steady state conditions,
the water infiltration rate q per unit width perpendicular to the
paper needs to be equal to Q/b. Hence, Equation 10.8 can be
written as:

Q = q b = k
h2

b
or q = k

h2

b2 (10.9)

This suggests that the capability of base layers to drain infiltration is
proportional to the square of their thickness-over-width ratio. The
implications of this are shown next through an example.

Example 10.4A gravel layer resting on a horizontal impermeable subgrade has a
coefficient of permeability of 3.6 m/hour (1 m/hour = 78.74 ft/day);
it is 0.20 m thick and has a maximum drainage path of 3.6 m(width
of 7.2 m). Compute the maximum rate of infiltration that this layer
can accommodate, as well as the speed of movement of the pore
water, given an effective porosity ne of 0.30 (the difference between
ne and conventional porosity n is that the volume of voids retaining
water due to capillary forces are excluded).

ANSWER

Equation 10.9 gives the maximum water infiltration rate that can be
drained through this layer as:

q = k
(

h
b

)2

= q = k
(

0.2
3.6

)2

= k 0.0031

Substituting in the coefficient of permeability specified gives a
discharge rate of 0.011 m/hour, which is the maximum amount of
steady infiltration the particular layer can conduct and discharge
through the side. Since only the pores conduct water, the actual
speed of pore water movement is obtained by dividing the discharge
speed by the effective porosity, that is 0.011/0.3 = 0.037 m/hour.
This speed suggest that a drop of water will take 3.6/0.037 = 97
hours, or 4 days, to traverse the full length of the drainage path
under steady state conditions.
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Drainage Geometry for Establishing Resultant Gradient (Ref. 8)

For a saturated drainage layer on an impermeable subgrade, the
hydraulic gradient is simply its slope. This needs to be computed on
the basis of its longitudinal and transverse slopes (i.e.,the grade and
cross-slope), denoted by g and s, respectively. Consider the geometry
shown in Figure 10.5, where a flow path AD is shown perpendicular
to equipotential line CF . Let us determine the length of this flow
path, which forms an angle α to the road center line:

BD = AF = W
tan a

(10.10)

CD = W tan a (10.11)

where W is the width of the lane plus the shoulder. Hence:

BC = BD − CD = W
(

1
tan a

− tan a
)

(10.12)

The differences in elevation from A to F and from A to C, denoted
by �hAF, and �hAC, respectively, need to be equal, given that CF is
an equipotential line and there is no pressure differential between
the two points. Hence:

�hAF = gAF = g
W

tan a
(10.13)

�hAC = �hAB + �hBC = Ws + BCg = Ws + W
(

1
tan a

− tan a
)

g

(10.14)
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Equating 10.13 and 10.14, gives tana = s/g , which gives the length
of the drainage path as:

AD = W
sin a

= W
1

tan a

(
1 + (tan a)2)0.5

= W
g
s

(
1 +

(
s
g

)2
)0.5

= W
s

(
s2 + g 2)0.5

(10.15)

The combined grade along the flow line, which is equal to the
hydraulic gradient driving the flow of water out of the layer, can be
computed from the length of the flow line AD and the difference in
elevation from A to D, �hAD, which is:

�hAD = W s + BD g = W s + W
tan a

g = W s + W
(g

s

)
g

= W
(

s + g 2

s

)
= W

s

(
s2 + g 2) (10.16)

which allows computing the flow path grade g f as:

gf = (
s2 + g 2)0.5

(10.17)

Example 10.5A homogeneous base layer 0.3 m thick resting on an impermeable
subgrade has a coefficient of permeability of 5.0 m/hour. The pave-
ment surface has a grade of − 4% and a cross-slope of − 2%, (refer to
Figure 10.5). The pavement width is 4.8 m. Compute the discharge
rate capability of this layer.

ANSWER

Use Equation 10.15 to compute the length of the drainage path as:

AD = 4.8
0.02

(0.022 + 0.042)0.5 = 10.73 m

Use Equation 10.16 to compute the difference in elevation
between A and D:

�hAD = 4.8
0.02

(0.022 + 0.042) = 0.48 m
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which gives a combined grade for the flow path of 0.0447, or 4.47%.
This value is confirmed using Equation 10.17.

gf = (0.022 + 0.042)0.5 = 0.0447

The maximum rate of flow discharge for this layer is computed
from Darcy’s law (Equation 10.1b) as:

q = 5 0.0447 = 0.2236 m/hour

which suggests that, permeter width perpendicular to the flow line,
this 0.3 m thick base layer can discharge water at 0.2236 × 0.3 =
0.067 m3/hour (1.61 m3/day).

Casagrande and Shannon5 solved the transient flow problem of
the draining of a layer initially saturated. They established relation-
ships between the degree of layer drainage U and the corresponding
drainage time. The degree of layer drainage is defined as the ratio of
the amount of water drained since the rain stopped divided by the
capacity of the drainage layer (0 for totally saturated and 100% for
totally drained). The results were presented in a graph of U versus
standardized time (Figure 10.6). The variables used in this graph
are the gradient factor S1 and the time factor t/m, given by:

S1 = LS
h

(10.18)

and:

t/m = kht
neL2 (10.19)

where L and h are the length and the thickness of the drainage layer,
respectively, and S is the slope of the layer, the remaining variables
were defined earlier. Typically, a 50% degree of drainage is used to
qualify a layer as drained.11,12

Example 10.6 A 0.4 m thick base layer has a slope of 0.03; it is 6.5 m long, has a
coefficient of permeability of 0.36 m/hour, and an effective porosity
of 0.38. Compute the time it will take to reach a degree of drainage
of 50%.
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Degree of Drainage versus Time to Drain, (Ref. 12)

ANSWER

Use Equation 10.18 to compute the gradient factor S1 as 6.5 ×
0.03/0.4 = 0.49. Use Figure 10.6 with a 0.49 gradient factor to
obtain a time factor t/m of 0.37. Use Equation 10.19 to solve for
actual time:

0.37 = 0.36 0.4 t

0.38 6.52 or t = 41.25 hours or 1.72 days

Needless to say, lower permeability could extend this drainage
period considerably, and result in unacceptable degrees of drainage
over considerably longer periods. AASHTO11 suggests guidelines
for drainage quality as a function of the length of time required for
drainage that is, reaching a 50% degree of drainage (Table 10.1).
According to this Table, the drainage of the layer in Example 10.6
is between good and fair.
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Table 10.1
Guidelines for Drainage Quality, (Ref. 11 Used by
Permission)

Quality of Drainage Water Removed Within

Excellent 2 hours
Good 1 day
Fair 1 week
Poor 1 month
Very Poor Never

10.2.5 Drainage
Collection
Systems

The water being discharged from the pavement layers (i.e., infil-
tration minus the drainage into the subgrade) is removed through
either ‘‘daylighting’’ to the side of the shoulders or, better, through
longitudinal perforated collector pipes installed in trenches located
under the edge of the driving lane or the shoulder. The minimum
recommended diameter for these collector pipes is 7.6 cm (3 in.) for
plastic pipes and 10.2 cm (4 in.) for pipes made of other materials.

Water from the collector pipes needs to be removed by transverse
solid outlet pipes placed at regular intervals. Their discharge capacity
Q (ft3/day) is computed using Manning’s formula, dating back to
the 1890s:

Q = 86400
1.486

np
A R2/3S1/2 (10.20)

where R is the hydraulic radius of the pipe (ft), defined as the
ratio of area A of the cross-section that conducts water divided by
its wetted perimeter (for a full pipe of diameter D, the hydraulic
radius is πD2/4 divided by πD), S is the slope of the pipe, and np is
the roughness coefficient for the material of the pipe (ranges from
0.008 for smooth plastic to 0.024 for corrugated metal). Hence,
the amount of lateral flow q (ft3/day/ft) that needs to be removed
through outlet pipes spaced L0 apart can be computed as:

q L0 = 86400
1.486

np

π D2

4

(
D
4

)2/3

S1/2 or q L0 = 40021
D2.6667

np
S1/2

(10.21)
which, solved for D gives:

D = 1
53.2

(
np q L0

S1/2

)0.375

(10.22)
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Example 10.7Determine the required diameter of solid outlet pipes placed
152.4 m (500ft) apart capable of removing 3 m3/day/m (32.3 ft3/
day/ft) of pavement layer drain water, given that their slope is 2%
and that they are made of plastic with a np value of 0.008.

ANSWER

Use Equation 10.22 to compute the diameter:

D = 1
53.2

(
0.008 32.3 500

0.021/2

)0.375

= 0.24 feet

or 2.9 in. which is rounded up to 3 in. (7.6 cm).

10.2.6 FiltersFilters function as barriers blocking the migration of fines under
the action of seepage forces. They consist of either specially graded
aggregates or fabrics, the latter being referred to as geotextiles.
Geotextiles are also used to separate structural layers and prevent
segregation damage from the combined action of seepage forces
and traffic loads. Aggregate filters are designed on the basis of
criteria relating aspects of their gradation to that of the pavement
layer being protected. The source of the criteria described here is
largely a U.S. Army Corp of Engineers manual.23

The first criterion relates to clogging prevention, prescribing that
the filter material must be fine enough compared to the adjacent
pavement layer/soil to prevent migration of the latter by seepage
forces (i.e., piping). It is expressed as:

D15,filter

D85,soil
≤ 5 (10.23)

where the subscript of grain size D denotes percentile, differentiated
for the filter and the soil, respectively.

The second criterion relates to high permeability by specifying
that the filter material must be coarse enough compared to the
adjacent pavement layer/soil to allow free removal of the water that
seeps through the interface. It is expressed as:

D15,filter

D15,soil
≥ 5 (10.24)

The third criterion prescribes a maximum difference between
the median of the two adjacent pavement layer/soil gradations to
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produce a roughly parallel arrangement between the two curves:

D50,filter

D50,soil
≤ 25 (10.25)

Example 10.8 Consider a permeable base layer resting on a soil layer. Their
gradations are shown in Figure 10.7. Determine if there is a need
for an intermediate filter layer between the two.

ANSWER

Figure 10.7 allows obtaining the characteristic grain size percentiles
shown in Table 10.2. The criteria suggested by Equations 10.23 to
10.25 are tested by substituting in the values from Table 10.2 as:

D15,filter

D85,soil
= 0.9

5
= 0.18 < 5

D15,filter

D15,soil
= 0.9

0.1
= 9 > 5

D50,filter

D50,soil
= 6.5

0.75
= 8.66 < 25

which are all satisfied; hence, no intermediate filter layer is required
between this base and subgrade layer.
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Table 10.2
Characteristic Grain Sizes for Example 10.8

Size Soil (mm) Base Layer (mm)

D85 5 20
D50 0.75 6.5
D15 0.1 0.9

The design of geotextiles, woven and nonwoven, involves similar
filter criteria, which are implemented by controlling the size of
the geotextile openings compared to the size of the aggregates of
the adjacent aggregate/soil. The size of the geotextile openings
is characterized by sieving single-sized glass beads of successively
increasing size through the geotextile and establishing the bead size
for which fewer than 5% by weight pass.2 This size is referred to as
the apparent opening size (AOS) or the 95th percentile size (O95).
This size is selected on the basis of similar clogging and permeability
criteria as those used for filter layers. These criteria are summarized
next for steady state flow conditions.13

The clogging prevention criterion is:
❑ For coarse-grained soils (less than 50% passing sieve No. 200):

O95 ≤ B D85 (10.26)

where B is a constant that depends on the coefficient of
uniformity of the soil, Cu, (i.e., D60/ D10):

◆ B = 1 for Cu ≤ 2 or Cu ≥ 8
◆ B = 0.5/Cu for 2 ≤ Cu ≤ 4
◆ B = 8/Cu for 4 ≤ Cu ≤ 8

❑ For fine-grained soils (more than 50% passing sieve No. 200):

◆ O95 ≤ D85 for woven geotextiles (10.27a)
◆ O95 ≤ 1.85 for nonwoven geotextiles (10.27b)

The permeability criterion is:

kgeotextile ≥ ksoil (10.28)

where permeability is measured as described in reference 3.
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Example 10.9 A geotextile is to be placed between a subgrade and a base layer. The
gradation of the base layer is shown in Figure 10.8. The permeability
of the subgrade is 0.036 m/hour. Determine the desired geotextile
properties.

ANSWER

The gradation in Figure 10.8 gives a uniformity coefficient of Cu =
D60/ D10 = 9.5/0.5 = 19, which gives a coefficient B of 1.0 and a
D85 of 20 mm. Hence, Equation 10.26 suggests a geotextile with an
AOS smaller than 20 mm. Its permeability needs to be higher than
0.036 m/hour.

Some of the computations described in this section were incorpo-
rated into a methodology for performing drainage analysis/design,
as well as rainfall and infiltration computations.17 The resulting
model, known as the Infiltration-Design (ID) model, was subse-
quently incorporated into the Enhanced Integrated Climatic Model
(EICM).18 Version 3.01 of the EICM was incorporated into the
NCHRP 1-37A Design Guide software25 along with environmental
data and material properties. A self-standing software alternative
for performing water flow computations in pavements is DRIP.19 It
allows computing infiltration rates, drainage rates/times, as well as
designing filter and drainage collection systems. See the Web site
this book, www.wiley.com/go/pavement, for software sources.
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10.3 Heat in Pavements

Exposure of pavements to changing levels of solar radiation and
ambient temperature results in temperature variations at the sur-
face, which produces temperature gradients with depth. These
temperature gradients affect the behavior of both flexible and rigid
pavements. In flexible pavements, temperatures affect the modulus
of the asphalt concretes, which in turn affects their fatigue and
plastic deformation characteristics. In rigid pavements, temperature
gradients result in thermal stresses, which produce slab warping that
affects their response to traffic loads, hence the accumulation of
fatigue and faulting damage.

10.3.1 Heat
Transfer

Heat flows in response to temperature gradients, following one-
dimensional diffusion laws. Two related pavement layer properties
are defined here, namely the coefficient of thermal conductivity
and the specific heat. The coefficient of thermal conductivity, k, is
defined as the amount of heat conducted per unit area of material
per unit time in response to a unit temperature gradient, given in
W/m2/(◦C/m) or BTU/hr/ft2/(◦F/ft). Typical k values for asphalt
concrete and portland concrete are 1.45 and 0.93 W/m2/(◦C/m),
(0.84 and 0.54 BTU/hr/ft2/(◦F/ft)), respectively. The mass-specific
heat, c, is defined as the amount of heat required to raise the
temperature of a unit mass of material by 1 ◦C. The units are
J/g/◦C. Typical specific heat values are given in Table 10.3. The
volume-specific heat, denoted by C , is defined as the amount of heat
required to raise the temperature of a unit volume of material by
1 ◦C (J/cm3/◦C). It is computed by multiplying the mass-specific
heat by the density of the material. The combined volume-specific
heat of multi-phase materials can be computed by weighing the
mass-specific heat values of the individual phases according to their
proportions, as described in the following example.

Example 10.10Compute the volume-specific heat of a saturated subgrade under
thawed and frozen conditions, given a dry density ρd of 2.2 g/cm3

and a water content w of 12%. Use the typical values of the coeffi-
cients of mass-specific heat given in Table 10.3.
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Table 10.3
Typical Values of Coefficients of Mass-Specific Heat

Material Coefficients of Mass-Specific Heat (J/g/◦C)

Air 1.0
Water 4.19
Ice 2.1
Mineral aggregate 0.8
Soil 0.8–1.48
Asphaltic binder 0.92
Asphalt concrete 0.55
Portland concrete 0.88

ANSWER

For thawed soil conditions, the volume-specific heat is:

C = ρd(caggregate + w cwater ) = 2.2(0.80 + 0.12 4.19)

= 2.87J /cm3/
◦C

where as for frozen soil conditions, assuming no volume change
under freezing, it is:

C = ρd(caggregate + wcice) = 2.2 (0.80 + 0.12 2.1) = 2.31 J/cm3/
◦C.

An additional relevant property is the latent heat of fusion, defined
as the amount of heat released or absorbed as the soil water freezes
or thaws, respectively, at a constant temperature. One Kg of water
releases 334 kJ of heat when freezing at 0 ◦C (143.4 BTU/lb).
Considering a soil with a water content w, and a dry density ρd
(lbs/ft3), the latent heat per unit volume of soil L(BTU/ft3) is
computed using:

L = 1.43 w ρd (10.29)

The one-dimensional diffusion law that governs the movement of
heat within the pavement layers is:18

∂2T
∂z2 = ρc

k
∂T
∂ t

(10.30)

where T denotes temperature, t time, z the depth within the layer, ρ

the density, k the thermal conductivity, and c the mass-specific heat
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of the material, as defined earlier (Note the similarity between this
equation and Terzaghi’s one-dimensional consolidation equation
described in reference 15). The term k/ρc is referred to as thermal
difussivity and has units of m2/hr. Equation 10.29 can be solved using
a numerical technique,14 such as the finite difference, to advance
the solution from time t to time t + 1:

T t+1
i = k

ρc
�t
�z2

(
T t

i+1 + T t
i−1

) +
(

1 − 2
k
ρc

�t
�z2

)
T t

i (10.31)

where superscripts denote time and subscripts denote location, and
�z and �t are the distance and time steps of the solution. This
method is explained through the following example.

Example 10.11An asphalt concrete layer 0.20 m thick rests on an infinite-depth
subgrade. The temperature at the pavement surface is 35◦C and
the temperature at all the other points below it are initially 10◦C.
Assuming that the surface temperature remains constant and that
there is no significant heat flow below a depth of 3.0 m, compute and
plot their distribution with depth after 5, 10, 15, 20 and 25 hours.
Given that the bulk densities of asphalt concrete and subgrade
are 2.55 and 2.3 g/cm3, their thermal conductivities are 1.45 and
1.0 W/m2/(◦C/m), and their mass specific heat coefficients are 0.55
and 0.8 J/g/◦C, respectively.

ANSWER

The heat diffusivity of the asphalt concrete and the subgrade are
computed as:

k
ρc

= 1.45

2.55 106 0.55
= 1.03 10−6 m2/sec or 0.0037 m2/hr

and:

k
ρc

= 1.00

2.3 10−6 0.8
= 0.54 10−6 m2/sec or 0.0020 m2/hr

In implementing Equation 10.30, it is important to select a depth
increment, �z, and a time increment, �t, in such as way that the ratio
k
ρc

�t
�z2 is small (values smaller than 0.5 provide a stable solution). For
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this example, a depth increment of 0.05 m and a time increment of
0.1 hour (360 sec) were selected, resulting in:

k
ρc

�t
�z2 = 0.0037 40 = 0.148

k
ρc

�t
�z2 = 0.002 40 = 0.08

for the asphalt concrete and the subgrade layers, respectively. Apply-
ing Equation 10.31 is straightforward for all points except two,
namely the boundary between the two layers and the lower bound-
ary of the subgrade, below which zero heat flow is assumed. At the
boundary between the two layers, Equation 10.31 is expanded to
account for the different values of the ratio k

ρc
�t
�z2 above and below

the boundary:

T t+1
i = �t

�z2

(
k
ρc

∣∣∣∣
subg

T t
i+1 + k

ρc

∣∣∣∣
asph

T t
i−1

)

+
(

1 − �t
�z2

k
ρc

∣∣∣∣
asph

− �t
�z2

k
ρc

∣∣∣∣
subg

)
T t

i

The lower heat-impermeable boundary is treated by visualizing
a point below it, having the same temperature as the one above it
(equal temperatures above and below the boundary satisfy no heat
flow across). Example calculations are shown in Table 10.4, and the
results are plotted in Figure 10.9 for the time intervals requested.

Table 10.4
Example Temperature Distribution Calculations for Example 10.11

Time (hrs)
Depth (m) 0 0.1 0.2 0.3 0.4 0.5

0 35 35 35 35 35 35
0.05 35 35 35 35 35 35
0.1 10 13.7 16.3048 18.21962 19.68177 20.83517
0.15 10 10 10.5476 11.31862 12.15681 12.98862
0.2 10 10 10 10.08104 10.25221 10.49854
0.25 10 10 10 10 10.01199 10.04659
0.3 10 10 10 10 10 10.00096
0.35 10 10 10 10 10 10
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The example just presented demonstrates how pavement layer
temperatures are computed under constant surface temperature.
In reality, pavement surface temperature changes continuously, as
a function of the solar radiation impacting it, the extent of daily
sunshine/cloud cover, its reflectivity, and the ambient air temper-
ature. Furthermore, the thermal properties of the pavement layers
are not constant, but rather a function of their water content, as
mentioned earlier. Hence, the heat flow and the moisture flow prob-
lems are interrelated. Dempsey et al.10 developed a model, named
Climatic-Materials-Structural (CMS), to solve the problem of heat
flow diffusion in pavements. CMS was subsequently coupled with the
ID model described earlier and incorporated into the EICM.18 As
mentioned earlier, version 3.01 of the EICM was incorporated into
the NCHRP 1–37A Design Guide software25 along with available
environmental data and material properties.
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10.3.2 Frost The freezing of pore water and the melting of pore ice result in
significant pavement layer volume changes, which over time and
under the action of traffic loads reduce pavement serviceability.
The depth of frost penetration is a function of the type of the
pavement layers and the subgrade, their thermal characteristics,
as well as the duration of sub-freezing temperatures, (days) and
their magnitude (degrees). The last two variables are captured by
the cumulative product of the number of days with mean pavement
surface temperatures below freezing multiplied by the actual number
of degrees below freezing, referred as the Freezing Index (FI ).

Table 10.5
Temperature (◦C) Data for
Example 10.12

Day Max Temp Min Temp

1 5 −12
2 1 −13
3 −3 −18
4 −2 −20

Example 10.12 The temperature data shown in Table 10.5 were obtained at the
surface of pavement. Compute the FI .

ANSWER

The computations are shown in Table 10.6. The FI for these four
days is −33◦C-days. Similar computations can be carried out using
◦F. The difference is that the number of degrees below freezing are
computed with reference to 32◦F.

There are several empirical relationships between the FI and the
depth of frost penetration (e.g., 9). Alternatively, the depth of frost
penetration z(ft) can be approximately computed considering only
the latent heat of fusion of the soil water. The resulting formula,
developed by Stefan,22 is expressed as:

z =
√

48 k FI
L

(10.32)
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Table 10.6
Freezing Index Computation for Example 10.12

Cumulative
Day Max Temp Min Temp Mean 0◦C Degrees Below 0◦C Degree-Days

1 5 −12 −3.5 −3.5 −3.5
2 1 −13 −6 −6 −9.5
3 −3 −18 −10.5 −10.5 −20
4 −2 −20 −11 −11 −33

where k is the thermal conductivity in BTU/hr/ft2/(◦F/ft), L is
the latent heat per unit volume of soil in BTU/ft3, as computed by
Equation 10.29 and FI is in ◦F-days. This formula neglects the volu-
metric heat of the solid phase and, as a result, tends to overpredict
the depth of frost in temperate climates.

Example 10.13A pavement subgrade experiences winter temperatures that result
in a Freezing Index of 700 ◦F-days per year. Estimate the depth of
frost penetration, given that its coefficient of thermal conductivity is
0.43 BTU/hr/ft2/(◦F/ft) (0.75 W/m2/(◦C/m)), its water content is
15%, and its dry density is 137.34 lb/ft3 (2.2 gr/cm3).

ANSWER

Compute the latent heat per unit volume of soil using Equation
10.29:

L = 1.43 15 137.34 = 2, 945.9 BTU/ft3

Substituting the given values into Equation 10.32 gives:

z =
√

48 k FI
L

=
√

48 0.43 700
2945.9

= 2.2 ft (0.67 m)

Berggren4 developed a modified expression for the depth of
the frost penetration, taking into account the effect of the soil
volumetric heat. The resulting expression, known as the Berggren
formula, reduces the depth of frost penetration computed earlier
(Equation 10.32):

z = λ

√
48 k FI

L
(10.33)
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where λ is a correction coefficient ranging from 0 to 1. Aldrich1

developed a nomograph for estimating this correction coefficient,
thus allowing solution of the Berggren formula, (Figure 10.10,
after referance 24). It should be noted that this nomograph is for
Imperial units. The two variables required for estimating λ through
this nomograph are the fusion parameter μ and the thermal ratio
α, defined as:

μ = Cavg FI
n L

(10.34)
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and:

α = V0 n
FI

(10.35)

where Cavg is the average of the volume-specific heat coefficients
for the frozen and unfrozen soil (BTU/ft3/◦F), n is the number
of sub-freezing days per year, and V o is the difference between the
mean annual temperature in ◦F and 32◦F.

Example 10.14A pavement subgrade experiences winter conditions consisting of
65 days of frost and 700 ◦F-days (389◦C-days) annually with a mean
annual temperature of 50◦F (10◦C). Compute the depth of frost
penetration, given that the dry density of the soil is 131 lb/ft3

(2.1 g/cm3), its water content is 18%, its coefficient of thermal con-
ductivity is 0.43 Btu/hr/ft2/(◦F/ft), (0.75 W/m2/(◦C/m), and its
average volume-specific heat is 35.8 BTU/ft3/◦F(2.4 J/cm3/◦C).

ANSWER

Use Equation 10.29 to compute the latent heat of the soil:

L = 1.34 18 131 = 3159.7 BTU/ft3 or 117, 726 kJ/m3

Use Equations 10.34 and 10.35 to obtain the fusion parameter μ

and the thermal ratio α, respectively:

μ = Cavg FI
n L

= 35.8 700
65 3159.7

= 0.12

α = V0 n
FI

= (50 − 32)65
700

= 1.67

Entering these parameters into Figure 10.9 gives a value of λ of
0.76, which allows computing the depth of frost penetration from
Equation 10.33 as:

z = λ

√
48 k FI

L
= 0.76

√
48 0.43 700

3159.7
= 1.62 ft (0.5 m)
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Problems

10.1 A two-lane rigid pavement surface is 14.4 m wide and has
transverse joints spaced at 3.0 m intervals. A longitudinal
construction joint is located in the middle the surface. In
addition, there is a single longitudinal crack along the full
length of the slab. Compute the infiltration rate according
to reference 21 and compare it to the simplified approach
described in reference 1, assuming it is located in central
Texas. Consider the infiltration rate of intact concrete to be
negligible.

10.2 A base layer resting on a horizontal impermeable subgrade has
a coefficient of permeability of 2.0 m/hour; it is 0.40 m thick
and has a maximum drainage path of 4.6 m. Compute the
maximum rate of infiltration that this layer can accommodate,
as well as the speed of movement of the pore water, given an
effective porosity ne of 0.28.

10.3 A homogeneous base layer 0.45 m thick resting on an imper-
meable subgrade has a coefficient of permeability of 2.0
m/hour. The pavement surface has a grade of − 6% and a
cross-slope of − 3%, (refer to Figure 10.5). The pavement
width is 3.8 m. Compute the discharge rate capability of this
layer.

10.4 A 0.35 m thick base layer has a slope of 0.044; it is 4.5 m
long, has a coefficient of permeability of 0.2 m/hour, and
an effective porosity of 0.30. Compute the time it will take
to reach a degree of drainage of 50%. How is the drainage
quality of this layer characterized?

10.5 Consider a permeable base layer resting on a soil layer with
gradations as shown in Figure 10.11. Determine if there is a
need for an intermediate filter layer between the two, and,
if so, design a geotextile (i.e., provide a range of AOS) to
separate the two.

10.6 An asphalt concrete layer 0.25 m thick rests on an infinite-
depth subgrade. The temperature at the pavement surface
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is 25◦C and the temperature at all the other points below
it are initially 12.5◦C. Assuming that the surface tempera-
ture remains constant and that there is no significant heat
flow below a depth of 3.0 m, compute and plot their dis-
tribution, with depth, after 5, 10, 15, 20, and 25 hours.
Given, the bulk densities of asphalt concrete and subgrade
are 2.65 and 2.4 g/cm3, their thermal conductivities are 1.4
and 1.1 W/m2/(◦C/m), and their mass-specific heat coeffi-
cients are 0.50 and 0.85 J/g/◦C, respectively. Suggestion: Use
a distance increment of 0.05 m and a time increment of 0.1
hours.

10.7 A pavement subgrade experiences winter conditions consist-
ing of 85 days of frost and 850◦F-days (472◦C-days) annually
with a mean annual temperature of 40◦F (4.5◦C). Compute
the depth of frost penetration, given that the dry density of
the soil is 140 lb/ft3 (2.24 g/cm3), its water content is 12%, its
coefficient of thermal conductivity is 0.43 Btu/hr/ft2/(◦F/ft),
(0.75 W/m2/(◦C/m), and its average volume-specific heat is
35.8 BTU/ft3/◦F (2.4 J/cm3/◦C).



11
Structural
Design of
Flexible
Pavements

11.1 Introduction

As described in Chapter 1, flexible pavements derive their load-
carrying capacity by distributing surface stresses in the underlying
layers over an increasingly wide area. This layered action allows
computing their structural response using relationships based on
Boussinesq’s solutions, as described in Chapter 7.

This chapter describes the three main methodologies available
for flexible pavement design, namely the American Association of
State Highway and Transportation Officials (AASHTO) 1986/1993
method2 the Asphalt Institute (AI) design method,3 and the method
proposed by the NCHRP 1-37A Study.24 Typically, state DOTs utilize
all available design methods, including some reflecting the perfor-
mance of their own pavements, and use judgment and economic
considerations in selecting the final layer thickness combinations
that meet their design criteria.
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11.2 AASHTO 1986/1993 Design Method

11.2.1 Historical
Overview

The basis of the current AASHTO flexible and rigid pavement
design methods is a landmark pavement performance test con-
ducted in the late 1950s near Ottawa, Illinois, at a cost of $27
million (1960 dollars). It was administered by the then American
Association of State Highway Officials, hereafter referred to as the
AASHO Road Test.1 Its general configuration consisted of four
two-lane loops, each 2 miles long, located on the future alignment
of I-80. In addition, two smaller loops were constructed off this align-
ment for conducting special studies. Each of the large loop-lanes
involved pavement test sections built of different combinations of
layer thickness, both flexible and rigid. Each of these loop-lanes
was assigned a particular truck configuration of fixed axle loads
that drove around two eight-hour shifts per day. A variety of pave-
ment evaluation measurements was collected at regular biweekly
intervals. These included pavement roughness (summarized in the
form of the slope variance measured by a device shown in Figure
9.2) and pavement distress (cracking, rutting, and so on). For each
test section, data collection continued until it reached the end of
its functional life—that is, a terminal serviceability value of 2.0 in
terms of the PSI . Sections failed within a two year period, from 1958
to 1960.

The obvious limitation of the accelerated loading in this short-term
experiment was that the effect of the environment was underesti-
mated. Nevertheless, this experiment generated the first substantial
database of pavement performance observations under controlled
traffic. Regression analysis of this data generated the first empir-
ical relationships between the number of axle passes to service-
ability failure, structural characteristics (i.e., the SN defined by
Equation 2.5), and axle configuration/axle load. These relation-
ships were used in establishing the load equivalency factors (i.e.,
the ESAL factors described in chapter 2) and the first empiri-
cal pavement design equations for both flexible and rigid pave-
ments. This early data formed the basis for the pavement design
methodology adopted by AASHTO and still in use today.2 The
methodology used for the design of flexible pavements is described
next.
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11.2.2 Service-
ability Loss

Due to Traffic

The serviceability loss due to traffic is computed from an empirical
relationship derived from AASHO Road Test data. It relates the
number of cumulative ESAL passes to the corresponding change
in pavement serviceability, �PSI . It is expressed in the following
format (Imperial units):

log(W18) = ZR S0 + 9.36 log(SN + 1) − 0.20

+
log

[
�PSI

4.2 − 1.5

]

0.4 + 1094
(SN + 1)5.19

+ 2.32 log(Mr ) − 8.07 (11.1)

where:

W 18 =the number of ESALs that will result in a change in
serviceability of �PSI .

SN = the structural number defined by Equation 2.5.
Mr = the resilient modulus of the subgrade, as defined by

Equation 3.1.

The variables Z R and S0 are the standard normal deviate and the
standard error in predicting pavement serviceability, respectively.
Values of the standard normal deviate are given in Table 11.1
for selected one-sided reliability levels. S0 combines the standard
errors in predicting traffic loading (i.e., ESALs) and in predicting
performance to the end of a pavement’s functional life, (e.g., PSI
of 2.0). These two sources of uncertainty are explained through the
pavement performance curve shown in Figure 11.1 and defined here:

❑ wT − N T = difference between the actual and the predicted
number of design life ESALs, which could be positive or nega-
tive.

❑ N t − W t = difference between the actual and the predicted
number of ESALs that will reduce serviceability to a terminal
level, which could be positive or negative.

To compensate for these two sources of uncertainty and reliably
predict layer thicknesses that will prevent failure before the design
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Table 11.1
Values of the Standard
Normal Deviate ZR

Reliability % ZR

80 −0.841
85 −1.037
90 −1.282
95 −1.645
99 −2.327
99.9 −3.090

 NT = the design number of ESALs over the design life T.

wT = the actual number of ESALs over the design life T.

Wt = the predicted number of ESALs to reach terminal PSI  (Equation 11.1).

Nt = the actual number of ESALs to reach terminal PSI.

P
SI

2.0

log ESAL
NT wT Wt Nt

Figure 11.1
Pavement Design Reliability Concept (Ref. 2)

period is reached, the difference wT–W t is set to a negative value
(i.e., W t is selected larger than wT). Their difference is set equal
to the product of the standard error in predicting PSI (typically,
between 0.25 and 0.6) multiplied by the standard normal deviate
that corresponds to the desired reliability level. Note that since
Equation 11.1 is in a logarithmic form, this approach results in
significant increases in the number of ESALs being input (i.e., W t).
For example, for a 95% reliability, and given a standard error in
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predicting PSI of 0.5, the logarithm of ESALs is increased by 1.645
× 0.5 = 0.8225, which arithmetically represents a factor of 100.8225

= 6.645.15

Example 11.1Calculate the required layer thicknesses for a new asphalt concrete
pavement on a fair draining base and subgrade (i.e., the water drains
out of the pavement within a period of one week). It is estimated
that the pavement structure becomes saturated less frequently than
1% of the time. The following data is also given:

❑ Estimated number of ESALs over a 12-year maximum perfor-
mance period = 2.5 million.

❑ Subgrade resilient modulus = 30,000 lbs/in.2 (206.8 MPa).
❑ Design reliability = 95%.
❑ Standard error in predicting serviceability = 0.40.
❑ �PSI = 2.2 (from 4.2 to 2.0).

ANSWER

Substitute the given values into Equation 11.1 and solve for SN .

6.397 = −1.645 0.4 + 9.36 log(SN + 1) − 0.20

+
log

[
2.2

4.2 − 1.5

]

0.4 + 1094
(SN + 1)5.19

+ 2.32 log(30000) − 8.07

The value of the SN that satisfies this expression is 2.4. Equation
2.5 is used for decomposing SN into constitutive layer thicknesses.
The drainage conditions described suggest drainage coefficients
for the base/subgrade layers between 1.25 and 1.15 (Table 2.7).
The structural layer coefficients corresponding to new layers are
0.44, 0.14, and 0.11 for the asphalt concrete, base, and subbase,
respectively. Subsisting these values into Equation 2.5 gives:

2.4 = 0.44 D1 + 0.14 1.2 D2 + 0.11 1.2 D3

or:

2.4 = 0.44 D1 + 0.168 D2 + 0.132 D3
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Clearly, there is no unique combination of layer thickness that
satisfies this expression. A sequential method is suggested for com-
puting the thickness of the individual layers.2 It consists of using
Equation 11.1 to compute the SN value of layers, one at a time,
as if they were supported by a subgrade with the modulus of the
underlying layer, as shown in Figure 11.2. That is, using Equation
11.1, compute SN 1 as if the pavement was supported by a subgrade
of modulus E2; and compute SN 2 as if the pavement was supported
by a layer of modulus E3. The process is explained through the
steps shown in Table 11.2. The pavement layer moduli for the base
and subbase are given equal to 70,000 lbs/in2 (482 MPa) and 50,000
lbs/in2 (344 MPa), respectively. In practice, however, the selection
of layer thickness is carried out using minimum layer thickness
requirements and minimum cost considerations, given the unit
prices of the layers involved.

Asphalt Concrete E1

Base E2

Subbase E3

Subgrade

SN1

SN2

SN3

Figure 11.2
Schematic of the Recommended Method for Computing Layer Thicknesses from SN,
(Ref. 2).

Table 11.2
Computing Layer Thicknesses from SN for Example 11.1

Support SN
Modulus (Equation Rounded

Step lbs/in.2 11.1) D to
1 70,000 1.75 D1 = 1.75/0.44 = 3.97 4 in.
2 50,000 1.99 D2 = (1.99 − 4 0.44)/0.168 = 1.36 2 in.
3 30,000 = Mr 2.4 D3 = (2.4 − 4 0.44 − 2 0.168)/0.132 = 2.3 3 in.
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11.2.3 Service-
ability Loss Due
to Environment

The 1993 version of the AASHTO pavement design guide2 considers
pavement serviceability loss due to subgrade swelling and frost heave.
The serviceability loss due to swelling, �PSI SW, is given as a function
of time t (years) by:

�PSISW = 0.00335 VRPs
(
1 − e−θ t) (11.2)

where:

V R =the potential vertical rise due to swelling (inches), which is
mainly a function of the Plasticity Index of the subgrade, as
shown in the nomograph on Figure 11.3.
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Calculations are required to determine VR for other surchage pressure

Figure 11.3
Chart for Estimating the Potential Subgrade Vertical Rise Due to Swelling, VR (Ref. 2 Used by Permission)
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PS = the percent of the total pavement area subjected to swelling.
θ = a subgrade swelling rate constant that can be estimated from

the nomograph in Figure 11.4.

The serviceability loss due to frost heave, �PSI FH, is given as a
function of time t (years) by:

�PSIFH = 0.01 pf �PSInax
(
1 − e−0.02 φ t) (11.3)

where:

�PSI max = the maximum serviceability loss due to frost heave
estimated on the basis of drainage quality and depth
of frost penetration using the nomograph shown in
Figure 11.5.

pf = percent of frost probability subjectively estimated.
φ = frost heave rate (mm/day) estimated mainly from the

Unified Soil Classification (USC) of the subgrade soil
using the nomograph shown in Figure 11.6.

Example 11.2 Compute the serviceability loss anticipated for a flexible pavement
after 12 years of service. The subgrade is a fair-draining low-plasticity
clay (designated as CL according to the USC system), having less
than 60% by weight finer than 0.02 mm, and a Plasticity Index of
26%. The subgrade layer is 25 ft deep; it is exposed to high moisture
levels and exhibits a medium level of structural fracturing. The
percent of the pavement surface subjected to swelling was estimated
to be 50%, while the probability of frost was estimated at 45%. The
depth of frost penetration is 2 ft.

ANSWER

First, estimate the serviceability loss due to subgrade swelling. Use
Figures 11.3 and 11.4 to compute the potential swelling rise, V R as
0.5 in. and the swelling rate θ as 0.15, respectively. Substituting these
values into Equation 11.2, gives:

�PSISW = 0.00335 0.5 50
(

1 − e−0.15 12
)

= 0.07

Next, estimate the serviceability loss due to subgrade frost heave.
Use Figure 11.5 and 11.6 to compute the maximum serviceability
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Soil  Fabric Conditions (self-explanatory)

Use of the Nonograph 

Select the appropriate moisture supply condition, which may be somewhere between
       low and high (such as A).

Select the appropriate soil fabric (such as B). This scale must be developed by each 
       ndividual agency.

Draw a straight line between the selected points (A to B).

Read swell rate constant from the diagonal axis (read 0.10).
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B

Tight

Fractured

Roadbed
Soil
Fabric

Figure 11.4
Chart for Estimating the Swell Rate Constant, θ (Ref. 2 Used by Permission)
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Figure 11.5
Chart for Estimating the Maximum Serviceability Loss Due to Frost Heave, �PSImax (Ref. 2 Used by Permission)

loss �PSI max as 0.6 and the frost heave rate, φ, as 3 mm/day,
respectively. Substituting these values into Equation 11.3, gives:

�PSIFH = 0.01 45 0.6
(
1 − e−0.02 3 12) = 0.138

Adding the two serviceability loss components gives the total
serviceability loss due to the environment, �PSI SWFH, equal to
approximately 0.208.
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11.2.4 Predicting
Pavement
Serviceable Life

Predicting pavement serviceable life involves computing the ser-
viceability loss due to traffic and the environment. This presents a
special challenge, because traffic deterioration is in terms of accu-
mulated ESALs, while environmental deterioration is in terms of
time (years). Assuming a mathematical function for the ESAL accu-
mulation versus time allows estimating the number of years that
will lapse before the combined effect of traffic and environment
will reduce pavement serviceability from its initial post-construction
value (typically, 4.2 to 4.6) to a selected terminal value (either 2.5 or
2.0). This allows selecting a combination of layer thicknesses to meet
design life requirements. The actual methodology used for doing
so involves a number of iterations, as explained by the following
example.

Example 11.3 Consider the traffic data specified in Example 11.1 and the subgrade
conditions specified in Example 11.2. Assume that ESALs compound
annually at a constant growth rate of 3%. Compute the anticipated
pavement life of the flexible pavement designed in Example 11.1,
considering serviceability loss due to both traffic and environmental
factors.

ANSWER

Given the ESAL growth assumption stated, the accumulated ESAL
versus pavement age relationship can be plotted as shown in Figure
11.7.

The actual life (years) to terminal serviceability is computed
through an iterative procedure. A performance period shorter than
the stipulated twelve years is selected, nine years for example. For
the selected performance period, the loss in serviceability due to
the environment is computed using Equations 11.2 and 11.3. Subse-
quently, the net available serviceability available for traffic-induced
deterioration (ESALs), can be computed using Equation 11.1. Con-
sulting Figure 11.7 allows estimating the number of years over which
these ESALs will be accumulated. This process is repeated until a
certain pavement life can be determined, for which the sum of the
serviceability loss due to the environment, plus the serviceability loss
due to traffic, adds to the total available, which for this example is
2.2. These steps are shown in Table 11.3.

After nine years, for example, the number of ESALs that corre-
spond to a net traffic-related serviceability loss of 2.025 is computed
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Figure 11.7
Accumulation of ESALs versus Time for Example 11.3

Table 11.3
Summary of Serviceability Loss Computations Due to Traffic and Environmental
Factors, Example 11.3

Performance Period to Accumulate
Iteration Period PSI Loss Due to Net PSI Available Corresponding

(years) Environment for Traffic ESALs (years)

1 9 0.175 2.2−0.175 = 2.025 11.6
2 10 0.187 2.2−0.187 = 2.013 11.3
3 11 0.198 2.2−0.198 = 2.002 11

from Equation 11.1 as:

−1.645 0.4 + 9.36 log(2.4 + 1) − 0.20 +
log

[
2.025

4.2 − 1.5

]

0.4 + 1094
(2.4 + 1)5.19

+ 2.32 log(30000) − 8.07 = 6.3794

or 2,395,729 ESALs. The overall life for this section under the
combined effect of traffic and environment is 11 years. Commer-
cially available software can be used to perfrom these calculations,
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along with the other provisions of the 1993 AASHTO pavement
design guide.4 For more information on software sources, go to
www.wiley.com/go/pavement.

11.3 Asphalt Institute Design Method

The Asphalt Institute (AI) developed a mechanistic method for
flexible pavement design.3 It is based on two criteria, namely limiting
the tensile strain at the bottom of the asphalt concrete layer to
prevent fatigue cracking, and limiting the compressive strain at the
top of the subgrade to prevent subgrade plastic deformation that
will result in rutting. The expression used to relate the number of
cycles to fatigue failure N f and the asphalt concrete tensile strain εt

was adopted from work by Finn et al.:6

Nf = 0.0795 ε−3.291
t E−0.854 (11.4)

where E is the elastic modulus of the asphalt concrete layer in
lbs/in2. Fatigue cracking failure was defined as fatigue cracking
covering 10% of the area in the wheel-paths. As described in Chapter
5, the modulus of the asphalt concrete varies with the temperature
and the rate of loading; as a result, N f and the associated fatigue
damage rate varies with the season and the vehicle speed.

The expression used to relate the number of cycles to rutting
failure N r and the subgrade vertical compressive strain εv is:

Nr = 1.365 10−9 εv
−4.477 (11.5)

Rutting failure was defined as a rut depth equal to 12.5 mm
(0.5 in). To facilitate implementation of this approach, a series
of layer elastic analysis computer runs were performed using dif-
ferent pavement layer thickness combinations, and nomographs
were produced. The computer program DAMA was used for this
purpose.7 Nomographs were produced that allow solving for the
asphalt concrete layer thickness, given the resilient modulus (Mr)
of the subgrade and the ESALs anticipated over the life of the pave-
ment. Different nomographs are available by base layer thicknesses
and material type (untreated base and emulsified asphalt stabilized
base), as well as for three distinct mean annual air temperatures
(MAAT), namely 7◦C, 15.5◦C, and 24.4◦C. An example of these
nomographs is shown in Figure 11.8.
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Example 11.4 Design an asphalt concrete pavement with an untreated granular
base to accommodate 3 million ESALs without failing in fatigue
cracking or rutting. The subgrade resilient modulus is 100 MPa, and
the MAAT is 7◦C.

ANSWER

Using the nomograph shown in Figure 11.8 (i.e., selecting a base
thickness of 150 mm) allows computing an asphalt concrete layer
thickness of 180 mm. Note that selecting another nomograph cor-
responding to a 300 mm of untreated granular base would yield
an alternative pavement design of lower asphalt concrete thickness.
Clearly, economic considerations should dictate the best combi-
nation of layer thicknesses. No direct comparisons can be made
between the AASHTO 1993 method and the AI method, since
the latter focuses on preventing two types of distresses rather than
predicting serviceability.

11.4 NCHRP 1-37A Design Method

The NCHRP Study 1-37A24 adopted a mechanistic-empirical
approach to the damage analysis of flexible pavements. This involves
computing the pavement structural responses to load (i.e., stresses/
strains), translating them into damage, and accumulating the dam-
age into distresses, which reduce pavement performance over time.
The layer elastic computer model JULEA20 is used for calculat-
ing pavement structural responses. The NCHRP 1-37A approach
implemented damage functions for fatigue cracking (bottom-up
and top-down), rutting by computing the plastic deformation in all
layers, and pavement roughness. As described in Chapter 2, traf-
fic loads are input in terms of axle load distributions—that is, load
spectra—by axle configuration. Additional input, such as the AADTT
volume, the MAF s by truck class, the number of axles by configu-
ration and truck class, and the distribution of truck traffic volume
throughout the typical day, allow computing the number of axles
by configuration and weight in hourly increments, as summarized
in Table 2.14. This methodology is implemented into the NCHRP
1-37A software, which is available for download from the Transporta-
tion Research Board Web site, www.trb.org. (Noted that the NCHRP
1-37A software, in its current form, accepts input only in Imperial
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units). The following discussion provides a description of the dam-
age functions implemented into the flexible pavement performance
prediction module. It should be noted that this methodology is
currently under review.8 The outcome of this review and subsequent
research is likely to result in modifications to some of the damage
functions described next.

11.4.1 Fatigue
Cracking

Fatigue damage is accumulated for estimating bottom-up alligator
cracking and top-down longitudinal cracking. The expression used
for computing the number of repetitions to failure N f for bottom-up
and top-down cracking is a variation of the expression proposed by
Finn6 and adopted by the AI mechanistic design approach:

Nf = 0.00432 k′
1 C

(
1
εt

)3.9492 (
1
E

)1.281

(11.6)

where εt is the tensile strain in the asphalt concrete layer and E is the
layer stiffness (lbs/in2). The coefficients C and k1’ are calibration
constants. C is given by:

C = 10M (11.7)

with:

M = 4.84
(

Vb

Va + Vb
− 0.69

)
(11.8)

where V b is the volume of binder and V a is the volume of the
mix as percentages of the total mix volume. The coefficient k1

′
is a function of the thickness of the asphalt concrete layer hac
(inches). It is defined differently for bottom-up and top-down fatigue
accumulation (Equations 11.9 and 11.10, respectively):

k1
′ = 1

0.000398 + 0.003602

1 + e11.02−3.49 hac

(11.9)

k1
′ = 1

0.01 + 12

1 + e15.676−2.8186 hac

(11.10)

Fatigue damage FD (percent) is accumulated separately for
bottom-up and top-down cracking, according to Miner’s hypothesis13
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expressed as:

FD =
∑ ni,j,k,l ,m

Ni,j,k,l ,m
100 (11.11)

where:

ni, j, k,... = applied number of load applications at conditions i, j,
k, l, m, n.

N i, j, k,... = number of axle load applications to cracking failure
under conditions i, j, k, l, m, where:

i = month, which accounts for monthly changes in the
moduli of base and subgrade due to moisture varia-
tions and asphalt concrete due to temperature
variations.

j = time of the day, which accounts for hourly changes
in the modulus of the asphalt concrete.

k = axle type (single, tandem, triple, and quad).
l = load level for each axle type.

m = traffic path, assuming a normally distributed lateral
wheel wander.

Temperature and moisture changes are computed using the
Enhanced Integrated Climatic Model9 and weather data input from
the vicinity of the area where the pavement being designed is located.
The fatigue damage computations in the NCHRP 1-37A software
involves a series of layered elastic analysis solutions to compute the
tensile strains in the asphalt concrete layer, and the resulting number
of repetitions to fatigue failure for each axle configuration and load
magnitude using Equation 11.6. Subsequently, the actual number
of axle passes by configuration and axle load for the particular
site being analyzed is estimated from the traffic input described in
chapter 2. Finally the fatigue damage accumulated versus time is
computed using Equation 11.11.

The bottom-up fatigue cracking area FC (percent of total lane
area) is computed as:

FC = 100

1 + ec′
2(−2+log FD)

(11.12)
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where FD is the bottom-up fatigue damage (percent) computed
from Equation 11.11, and c2

′ is given by:

c ′
2 = −2.40874 − 39.748 (1 + hac)−2.856 (11.13)

The top-down longitudinal fatigue cracking (feet/mile) is com-
puted as:

FC = 10560
1 + e(7.0−3.5 log FD)

(11.14)

where FD is the amount of top-down fatigue damage (percent)
computed from Equation 11.11. It should be noted that due to
boundary problems, the linear elastic analysis yields inaccurate
results near the tire-pavement surface interface. To circumvent this
limitation, the NCHRP 1-37A model utilizes linear extrapolation of
the strains computed deeper in the asphalt concrete layer to estimate
the surface strains necessary for the top-down fatigue cracking
analysis.

Example 11.5A pavement section has accumulated a total of 15% bottom-up
fatigue damage. Estimate its fatigue cracking, given that the asphalt
concrete layer has a thickness of 20 cm (7.87 in).

ANSWER

Utilize Equation 11.13 to compute the coefficient c2
′ as:

c ′
2 = −2.40874 − 39.748 (1 + 7.8)−2.856 = −2.487

Substituting into Equation 11.12 gives:

FC = 100

1 + e−2.487(−2+log 15)
= 11.41%

RUTTING DAMAGE

The NCHRP 1-37A guide computes rutting damage by summing the
plastic deformation in each pavement layer and the subgrade. The
plastic deformation, PD, is computed by dividing each layer into a
number of sublayers, computing the plastic strain in each sublayer,
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and adding the resulting plastic deformations through:

PD =
n∑

i=1

εi
p hi (11.15)

where, εi
p is the plastic strain in sub-layer i, hi is the thickness

of sub-layer i, and n is the number of sublayers distinguished.
As described next, the plastic strain εp in each pavement layer
is computed from the corresponding elastic (or resilient) vertical
strain εv using linear elastic analysis. The procedure adopted was
developed by Tseng and Lytton.19

PLASTIC STRAIN IN THE ASPHALT CONCRETE LAYER

The plastic strain in the asphalt concrete layer εp is computed as
a function of the vertical elastic (resilient) strain εv obtained from
elastic layered analysis using:

εp

εv
= k110−3.4488 T 1.5606N 0.479244 (11.16)

where T is the asphalt concrete layer temperature (◦F), N is the
cumulative number of loading cycles experienced, and k1 is a
calibration factor accounting for the increased level of confinement
with depth, expressed by the variable depth (inches):

k1 = (C1 + C2 depth) 0.328196depth (11.17)

where:

C1 = −0.1039 h2
ac + 2.4868 hac − 17.342 (11.18)

C2 = 0.0172 h2
ac − 1.7331 hac + 27.428 (11.19)

Example 11.6 Compute and plot the plastic strain accumulated at the middepth
of an asphalt concrete layer 0.153 cm (6 in) thick at a temperature
of 85◦F after 1, 10, 102, and 103 load cycles. Also compute the
plastic deformation after 103 load cycles. The elastic vertical strain is
145 10−6.
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ANSWER

Compute the coefficients C1 and C2 using Equations 11.18 and
11.19.

C1 = −0.1039 62 + 2.4868 6 − 17.342 = −6.1616

C2 = 0.0172 62 − 1.7331 6 + 27.428 = 17.6486

The calibration coefficient is computed from Equation 11.17.

k1 = (−6.1616 + 17.6486 3) 0.3281963 = 1.654

Hence, the plastic strain is computed as a function of the number
of cycles N using Equation 11.16, as:

εp = 145 10−6 1.654 10−3.4488 851.5606(N )0.479244

The resulting plastic strain is plotted as a function of the number
of cycles in Figure 11.9. The plastic deformation is obtained from
Equation 11.15, considering the asphalt concrete layer as a single
layer. After 103 cycles, the product of the plastic strain multiplied by
the thickness of the layer (6 in) gives 1.56910−3 × 6 = 0.009412 in.
(0.239 mm).
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Figure 11.9
Relationship between Plastic Strain and Number of Strain Cycles (Example 11.6)
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PLASTIC STRAIN IN THE UNBOUND BASE LAYERS AND SUBGRADES

NCHRP 1-37A adopted a model developed by Tseng and Lytton19

for computing the plastic strain εp in the unbound granular layers. It
relates εp to the vertical elastic (resilient) strain εv, calculated from
layered elastic analysis using:

εp

εv
= βG

(
ε0

εr

)
e−( ρ

N )
β

(11.20)

where β, ρ, and ε0 are material properties obtained from laboratory
testing involving repetitive loading at resilient strain level εr, and
N is the number of load cycles. The procedure for developing this
model was described in chapter 3. The calibration constant βG has
the value of 1.673 for base layers and 1.35 for subgrades. The values
of β and ρ are given by:

log β = −0.6119 − 0.017638 Wc (11.21)

ρ = 109
( −4.89285

1 − (109)β

) 1
β

(11.22)

where W c is the water content (%). The ratio ε0
εr

is computed as the
weighted average of the experimental measurements after 1 and 109

load cycles:
ε0

εr
= 1

2

(
0.15 e(ρ)β + 20 e

(
ρ

109

)β
)

(11.23)

Example 11.7 Compute the plastic strain and the plastic deformation in a 10-in.
thick (25.4 cm) granular base layer with a moisture content of 18%
after 1000 cycles at a compressive strain level of 250 10−6. Treat the
base as a single layer.

ANSWER

Use Equation 11.21 to compute the property β:

log β = −0.6119 − 0.017638 18 = −0.9294

which results in a β value of 0.1177. Substituting this value into
Equation 11.22 gives the property ρ.

ρ = 109
( −4.89285

1 − (109)0.1177

) 1
0.1177 = 0.001578109
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Equation 11.23 is used for computing the ratio ε0
εr

.

ε0

εr
= 1

2

(
0.15 e

(
0.001578 109

)0.1177

+ 20 e(0.001578)
0.1177

)
= 31.94

The plastic strain is computed from Equation 11.20, using a βG
value of 1.673:

εp = 1.673 31.94 e
−

(
0.001578 109

1000

)0.1177

250 10−6 = 1.238 10−3

which allows computing the plastic deformation of this base layer as
1.238 10−3 × 10 = 0.01238 in (0.31 mm).

THERMAL (TRANSVERSE) CRACKING

The thermal cracking model adopted by the NCHRP 1-37A design
approach is based on work carried out under the Strategic Highway
Research Program (SHRP) contract A-00521 and the work carried
out by Witczak et al. under NCHRP study 9-19.23 Its basic mechanism
relates the thermal stresses computed from the creep compliance of
the asphalt concrete to its tensile strength. The properties are deter-
mined by the Indirect Tension Test (IDT) conducted according to
AASHTO Standard T322-03.18 The IDT test is used to measure the
creep compliance of the asphalt concrete in tension at various tem-
peratures and construct its master curve following the procedure
described in chapter 5. A generalized Voight-Kelvin model is fitted
to the master curve, which allows expressing the creep compliance
(or strain retardation modulus) of the asphalt concrete D(ξ) in
terms of reduced time ξ as:

D(ξ) = D0 + D0 ξ

T0
+

N∑
i=1

Di(1 − e−ξ/Ti ) (11.24)

where Di and T i are the constants characterizing the N + 1 elastic
springs and dashpots, respectively (Figure 11.10).

Transforming this function into the frequency domain D̂(s) allows
estimating the stress relaxation modulus of the asphalt concrete in
the frequency domain Ê(s) as:

Ê(s) = 1

s2 D̂(s)
(11.25)
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Figure 11.10
Generalized Voight-Kelvin Model Used to Fit Asphalt Concrete Master Curve Data

where ∧ is the Laplace operator and s is the frequency domain
operator. A reverse Laplace transformation of function Ê(s) gives the
asphalt concrete relaxation modulus in the time domain, denoted
by E(ξ). This allows computing stresses as a function of changing
temperature and/or loading time using Boltzman’s superposition
principle (Equation 7.15). The software that was developed for
handling these computations utilized a finite-difference scheme and
was incorporated into the NCHRP 1-37A software.

Temperature is predicted as a function of depth in the asphalt con-
crete layer using the EICM model,12 described in Chapter 10. The
thermal stresses thus computed are compared to the undamaged
tensile strength of the asphalt concrete. This is obtained through
relatively rapid constant deformation IDT testing (loading rate of
1.27 cm/minute) conducted at various temperatures, as described in
chapter 5. Thermal transverse cracking is initiated when the thermal
stresses exceed the tensile strength of the asphalt concrete. Crack
propagation is simulated using Paris law16, which was adapted for
cracking in viscoelastic materials,17 and expressed as:

�C = A �K n (11.26)
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where �C = the increase in crack length, �K = is the change in the
stress intensity function, and n and A are fracture parameters. The
stress intensity factor is computed using:

K = σ
(

0.45 + 1.99 C0.56
0

)
(11.27)

where, C0 is the original crack length and σ is the stress in the
asphalt concrete layer at the depth of the crack tip. The parameter
n is obtained by fitting an exponential relationship to the creep
compliance master curve, following a technique developed by Lytton
et al.11 It relates the cracking parameter n to the slope m of the
linear part of the log D(ξ) versus log ξ master curve through:

n = 0.8
(

1 + 1
m

)
(11.28)

The parameter A was established through calibration using in-situ
transverse cracking data:

log A = 4.389 − 2.52 log (10000 St n) (11.29)

where St is the tensile strength (lbs/in2) of the asphalt concrete
mix measured, as described earlier. Finally, the extent of transverse
thermal cracking in asphalt concretes AC (in linear feet/500 ft) is
computed from the probability that the length of thermal cracks C
exceeds the thickness of the asphalt concrete layer D, expressed as:

AC = 353.5 N
(

log C/D
0.769

)
(11.30)

where N is the standard normal probability that C will be larger than
D (i.e., 0.769 is the estimated standard deviation of the logarithm
of the crack length). Computer software was developed implement-
ing each of these steps. This software was incorporated into the
NCHRP 1-37A guide software to allow predicting thermal cracking.
The input to this module includes the asphalt concrete creep com-
pliance master curve, its Poisson’s ratio, its tensile strength, and the
environmental data for the design location.

Example 11.8The master curve of the creep compliance of an asphalt concrete at
−20◦ C is plotted in Figures 11.11. Compute its fracture parameters
and the growth of an existing 7.6 cm (3 in) deep transverse crack
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Figure 11.11
Obtaining the Slope m of the Asphalt Concrete Creep Compliance Curve; Experimental
Measurements Obtained at −20◦C (data after 23)

caused by an increase in stress at its tip of 310 kPa (45 lbs/in2). The
tensile strength of the asphalt concrete is 4.5 MPa (652 lbs/in2).

ANSWER

Figure 11.11 yields a slope m of the creep compliance exponen-
tial function equal to 0.2117. Equation 11.28 gives the fracture
parameter n as:

n = 0.8
(

1 + 1
0.2117

)
= 4.579

Substituting into Equation 11.29 gives:

log A = 4.389 − 2.52 log
(
10000 652 4.579

)
which gives the fracture parameter A as 3.564 10−15. The change in
the stress intensity function is computed from Equation 11.27.

K = 45
(

0.45 + 1.99 30.56
)

= 185.92
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The resulting increase in the crack length is computed from
Equation 11.26.

�C = 3.564 10−15 185.924.579 = 8.77 10−5 inches(0.00223 mm).

11.4.2 Rough
ness

The roughness model proposed by the NCHRP 1-37A guide is
regression-based, using the computed distresses as the main inde-
pendent variables. For asphalt concrete pavements on unbound
granular bases, the expression used for predicting roughness (IRI
in m/km) is:

IRI = IRI0 + 0.0463 SF (eage/20 − 1) + 0.00119 TCT

+ 0.1834 COVRD + 0.00384 FC + 0.00736 BC

+ 0.00115 LCS (11.31)

where IRI 0 is the initial (as constructed) pavement roughness, TCT
is the total length of transverse cracks, COV RD is the coefficient of
variation in rut depth, FC is the fatigue cracking in the wheel-paths,
BC is the area of block cracking (percent of total lane area), age is
the age of the section (years), and SF is a site factor computed as:

SF = RSD P0.075 PI
2 104 + ln(FI + 1) (P0.02 + 1) ln(Rm + 1)

10
(11.32)

where Rm and RSD is the mean and the standard deviation in annual
rain fall (mm), P0.075 and P0.02 are the subgrade percent finer
fractions for grain sizes 0.075 mm and 0.02 mm, FI is the average
annual Freezing Index (Chapter 10), and PI is the Plasticity Index
of the subgrade (Chapter 3).

11.4.3 Model
Calibration

The pavement damage functions just described were calibrated using
field performance observations from three large-scale pavement
experiments: the Minnesota Road Research (MnROAD) Project,14

the WesTrack Project, 22 and the Long-Term Pavement Performance
(LTPP) Program.10

❑ The MnROAD Project is a heavily instrumented 6-mile long
section of I-94 located 64 km northwest of Minneapolis/St.
Paul. Instrumentation ranged from pavement strain/stress
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gauges to subgrade temperature/moisture gauges number-
ing to more than 4500. Both flexible and rigid pavements were
tested under in-service traffic monitored by a WIM system.

❑ The WesTrack is 2.9 km long oval test track located 100 km
southeast of Reno on the grounds of the Nevada Automotive
Research Center. It was designed to test the performance of a
number of alternative asphalt concrete mix designs and eval-
uate the effect of variations in structural design and materials
properties (e.g., asphalt content, air void content, and aggre-
gate gradation). Traffic was applied by means of four driverless
triple-trailer trucks that applied a total of 10 million ESALs over
a period of two years.

❑ The LTPP is a large-scale experiment initiated in 1986 as part
of the Strategic Highway Research Program (SHRP). It involves
a large number of 150 m long test sections across the United
States and Canada. Experiments involve existing pavement
and purpose-built pavement sections designated as general
pavement sections (GPS) and special pavement sections (SPS),
respectively (Tables 11.4 and 11.5). The total of number of
sections was approximately 652 and 1262, respectively. These
sections were exposed to in-service traffic monitored by WIM
systems. Pavement data has been collected at these sections
for over 20 years through four regional contracting agencies
under the oversight of the FHWA. The data is assembled into
a massive database, which is being periodically released to
the public under the DataPave database label.5 This database

Table 11.4
Identification of LTPP General Pavement Section (GPS) Experiments

GPS-1 Asphalt Concrete (AC) on Granular Base
GPS-2 AC on Bound Base
GPS-3 Jointed Plain Concrete Pavement
GPS-4 Jointed Reinforced Concrete Pavement
GPS-5 Continuously Reinforced Concrete Pavement
GPS-6A Existing AC Overlay on AC Pavements
GPS-6B New AC Overlay on AC Pavements
GPS-7A Existing AC Overlay on Portland Cement Concrete (PCC) Pavements
GPS-7B New AC Overlay on PCC Pavements
GPS-9 Unbounded PCC Overlays on PCC Pavements
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Table 11.5
Identification of LTPP Special Pavement Section (SPS) Experiments

SPS-1 Strategic Study of Structural Factors for Flexible Pavements
SPS-2 Strategic Study of Structural Factors for Rigid Pavements
SPS-3 Preventative Maintenance Effective for Flexible Pavements
SPS-4 Preventative Maintenance Effective for Rigid Pavements
SPS-5 Rehabilitation of AC Pavements
SPS-6 Rehabilitation of Jointed PCC Pavements
SPS-7 Bonded PCC Overlays on Concrete Pavements
SPS-8 Study of Environmental Effects in the Absence of Heavy Loads
SPS-9 Validation of SHRP Asphalt Specification and Mix Design (Superpave)

includes data on a multitude of inventory, material, traffic,
environmental, and pavement evaluation variables.

It is anticipated that the flexible pavement design models
described earlier will undergo further refinement as the NCHRP
1-37A pavement design approach is being evaluated.8 Furthermore,
additional model calibration will take place as individual state DOTs
begin implementing this new design approach.
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Problems

11.1 Calculate the required layer thicknesses for a new asphalt
concrete pavement on a fair draining base and subgrade (the
water drains out of the pavement within a period of two days).
It is estimated that the pavement structure becomes saturated
less frequently than 5% of the time. The following data is also
given:
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◆ Estimated number of ESALs over a 15-year maximum per-
formance period = 3 million

◆ Subgrade resilient modulus = 25,000 lbs/in.2 (172.4 MPa)
◆ Design reliability = 95%
◆ Standard error in predicting serviceability = 0.45
◆ �PSI = 2.5(from 4.5 to 2.0).

11.2 Compute the anticipated life of the pavement designed in
problem 11.1, considering the combined effects of traffic and
environment. The subgrade is a fair draining clayey sand (i.e.,
designated as SC according to the USC system), having less
than 10% by weight finer than 0.02 mm, and a Plasticity Index
of 10%. The subgrade layer is 10 ft deep; it is exposed to
high moisture levels and exhibits a medium level of structural
fracturing. The percent of the pavement surface subjected to
swelling is estimated to be 20%, while the probability of frost
is estimated at 30%. The depth of frost penetration is 4 ft.

11.3 Design an asphalt concrete pavement with an untreated gran-
ular base to accommodate 2.5 million ESALs without failing in
fatigue cracking or rutting. The subgrade resilient modulus is
80 MPa, and the MAAT is 15.5◦C. (Note: You need to obtain
the proper chart from Reference 3).

11.4 A pavement section has accumulated a total of 20% bottom-up
fatigue damage. Estimate its fatigue cracking, given that the
asphalt concrete layer has a thickness of 15 cm (5.9 in.).

11.5 Compute and plot the plastic strain accumulated at middepth
of an asphalt concrete layer 0.23 cm (8 in.) thick at a tem-
perature of 75◦F after 1, 10, 100, and 200 load cycles. Also
compute the plastic deformation after 200 load cycles. The
elastic vertical strain is 120 10−6.

11.6 Compute the plastic strain and the plastic deformation in
a 14-in thick (35.5 cm) granular base layer with a moisture
content of 6% after 1000 cycles, at a compressive strain level
of 180 10−6. Treat the base as a single layer.

11.7 The constant describing the master curve of the creep com-
pliance of an asphalt concrete at −20◦C is given in Table 11.6.
Compute its fracture parameters and the growth of an existing
5.1 cm (2 in) deep transverse crack caused by an increase in
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Table 11.6
Constants Defining the Creep Compliance
of the Asphalt Concrete for Problem 11.7

Constant Units Value
D0 1/lbs/in.2 2.8 10−07

D1 1/lbs/in.2 5.4 10−8

D2 1/lbs/in.2 9.5 10−08

D3 1/lbs/in.2 4.0 10−08

D4 1/lbs/in.2 3.0 10−07

T0 sec 13,000
T1 sec 0.9
T2 sec 1.9
T3 sec 2.8
T4 sec 3.6

stress at its tip of 344.7 kPa (50 lbs/in2). The tensile strength
of the asphalt concrete is 4.0 MPa (580 lbs/in2).

11.8 Utilizing the NCHRP 1-37A Design Guide software, estimate
the performance of an asphalt concrete pavement located in
the southern United States (latitude = 30◦ N, longitude =
93◦ 41 W). Given:

◆ Layer thickness for asphalt concrete, base, and subbase of
15.24, 12.7, and 25.4 cm (6, 5, and 10 in.)

Table 11.7
Vehicle Classification Frequency
Distribution for Problem 11.8

FHWA Vehicle Class Frequency (%)

4 3
5 9.1
6 2.2
7 1.1
8 3.4
9 54.7

10 11
11 5.2
12 2.3
13 8
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◆ Average annual daily truck traffic (AADTT) in the design
lane for first year = 500 trucks/day.

◆ Traffic growth rate = 3.0% annually, compounded over
the analysis period of 15 years.

The truck classification distribution is shown in Table 11.7. Assume
monthly adjustment factors (MAF s) of 1.0 for all vehicle classes and
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Single-Axle Load Frequency Distribution for Problem 11.8 (based on LTPP Annual
Summary Data for Site 531002 for 1992)
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Tandem-Axle Load Frequency Distribution for Problem 11.8 (based on LTPP Annual
Summary Data for Site 531002 for 1992)
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months. Compute the number of axles by configuration, assuming
that the sketches in Table 2.1 represent the vehicle type in each class.
Use the axle load distributions shown in Figures 11.12 and 11.13,
and assume that there are no triple- or quad-axle configurations
in the traffic stream specify a tire inflation pressure of 689 kPa
(100 lbs/in2). Finally, the subgrade is a low-plasticity clay with a
resilient modulus of 82.7 MPa (12,000 lbs/in2). Present the results
in the form of performance curves of the various distress versus
time. Decide whether the selected pavement structural design is
acceptable.



12Structural
Design of Rigid
Pavements

12.1 Introduction

As described in Chapters 1 and 8, rigid pavements derive their
load-carrying capacity through the combined action of plate bending
and subgrade reaction. Chapter 8 described methods for computing
the structural response of rigid pavements to traffic loads and envi-
ronmental input. This chapter describes the most common design
methodologies used for estimating the required layer thicknesses
and reinforcement for the three main rigid pavement configura-
tions:

❑ Jointed plain concrete pavements (JPCP)

❑ Jointed dowel-reinforced concrete pavements (JDRCP)

❑ Continuously reinforced concrete pavements (CRCP)

The chapter covers three methodologies, including the Amer-
ican Association of State Highway and Transportation Officials
(AASHTO) 1986/1993 method1 the Portland Cement Association
(PCA) method,16,17 and the method proposed by the NCHRP 1-37A
study.19 Typically, state DOTs utilize all available design methods,
including some reflecting the performance of their own pavements,
and use judgment and economic considerations in selecting the
final design.

399Pavement Design and Materials     A. T. Papagiannakis and E. A. Masad
Copyright © 2008 John Wiley & Sons, Inc.



400 12 Structural Design of Rigid Pavements

12.2 AASHTO 1986/1993 Design Method

12.2.1 Service-
ability Loss Due
to Traffic

The serviceability loss due to traffic is computed from an empirical
relationship derived from rigid pavement performance observa-
tions made during the AASHO Road Test, which was described
in Chapter 11. It relates the number of cumulative equivalent
single-axle load (ESAL) passes (Chapter 2) to the corresponding
change in pavement serviceability, �PSI . It is expressed in the
following, imperial units, format:

log(W18) = ZRS0 + 7.35 log(D + 1) − 0.06

+
log

[
�PSI

4.5 − 1.5

]

1 + 1.624107

(D + 1)8.46

+ (4.22 − 0.32Pt)

× log
Sc ′Cd(D0.75 − 1.132)

215.63J
[

D0.75 − 18.42
(Ec/k)0.25

] (12.1)

where:

W 18 = the number of ESALs.
D = the portland concrete slab thickness (inches).
Pt = the terminal serviceability of the section.
Sc

′ = the modulus of rupture of the portland concrete (lbs/in2),
measured through beam flexure tests and third-span
loading, according to AASHTO Standard T97.2

Cd = a drainage coefficient (Table 12.1).
J = a load transfer coefficient (Table 12.2).

Ec = the modulus of elasticity of the portland concrete (lbs/in2).
k = the modulus of subgrade reaction (lbs/in3).

Z R and S0 are the standard normal deviate and the standard
error in predicting pavement serviceability, respectively, which were
described in Chapter 11.

Example 12.1 Calculate the required slab thickness for a JPCP with asphalt shoul-
ders on a fair-draining subgrade (i.e., the water drains out of the
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pavement structure within a period of one week). It is estimated that
the pavement structure becomes saturated less frequently than 1%
of the time. The following data are also given:

❑ Estimated number of ESALs over a 20-year maximum perfor-
mance period = 3 million.

❑ Modulus of subgrade reaction = 150 lbs/in3 (40 MPa/m).

❑ Design reliability = 95%.

❑ Standard error in predicting serviceability = 0.50.

❑ Modulus of rupture of portland concrete (28 days) = 425 lbs/
in2 (2.9 MPa).

❑ Elastic modulus of portland concrete = 4,000,000 lbs/in2

(28,000 MPa).

❑ �PSI = 2.5 (from 4.5 to 2.0) and Pt = 2.0.

ANSWER

The drainage coefficient and the load transfer coefficient for the
conditions specified are obtained as 1.1 and 4.2, from Tables 12.1 and
12.2, respectively. The value of the standard normal deviate for 95%
confidence is −1.645. Substituting these values into Equation 12.1
gives:

log(3, 000, 000) = −1.645 0.5 + 7.35 log(D + 1) − 0.06

+
log

[
2.5
3

]

1 + 1.624 107

(D + 1)8.46

+ (4.22 − 0.32 2.0)

× log
425 1.1 (D0.75 − 1.132)

215.63 4.2
[

D0.75 − 18.42
(4, 000, 000/150)0.25

]

which, solved for D, gives a value of about 12.5 in to be rounded up to
13 in (33 cm). The solution of this equation can be obtained through
a nomograph1 or, preferably, by programming it in a spreadsheet, as
done for this example. Note that the 20-year period is referred to as
the maximum performance period because it is computed ignoring
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Table 12.1
Recommended Drainage Coefficient Cd Values (Ref. 1 Used by Permission)

Percent of Time Pavement Structure Is Saturated
Drainage Quality <1% 1–5% 5–25% >25%

Excellent (drainage within 2 hrs) 1.25–1.20 1.20–1.15 1.15–1.10 1.10
Good (drainage within 1 day) 1.20–1.15 1.15–1.10 1.10–1.00 1.00
Fair (drainage within 1 week) 1.15–1.10 1.10–1.00 10.0–0.90 0.90
Poor (drainage within 1 month) 1.10–1.00 10.0–0.90 0.90–0.80 0.80
Very poor (no drainage) 1.00–0.90 0.90–0.80 0.80–0.70 0.70

Table 12.2
Recommended Values for the Load Transfer Coefficient J (Ref. 1 Used by Permission)

Shoulder Material/Load Transfer Reinforcement
across Joints or Transverse Cracks

Pavement Type Asphalt/Yes Asphalt/No Rebar-Tied PC/Yes Rebar Tied PC/No

JPCP or JDRCP 3.2 3.8–4.4 2.5–3.1 3.6–4.2
CRCP 2.9–3.2 – 2.3-2.9 –

the serviceability loss due to the enviroment, which is described
next.

12.2.2 Service-
ability Loss Due
to Environment

The 1993 version of the AASHTO Pavement Design Guide1 consid-
ers pavement serviceability loss due to subgrade swelling and frost
heave in a fashion similar to the method used for flexible pavements
(Chapter 11). The serviceability loss due to swelling, �PSI SW, is
given as a function of time t (years) by:

�PSISW = 0.00335 VRPs
(
1 − e−θ t) (12.2)

where:

V R = the potential vertical rise due to swelling (inches), which is
mainly a function of the Plasticity Index of the subgrade,
presented earlier as Figure 11.3.
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PS = the percent of the total pavement area subjected to
swelling, which is subjectively estimated.

θ = a subgrade swelling rate constant that can be estimated
from the nomograph in Figure 11.4.

The serviceability loss due to frost heave, �PSI FH, is given as a
function of time t (years) by:

�PSIFH = 0.01 pf �PSImax
(
1 − e−0.02 φt) (12.3)

where:

�PSI max = the maximum serviceability loss due to frost heave
estimated on the basis of drainage quality and depth
of frost penetration using the nomograph shown in
Figure 11.5

pf = percent of frost probability subjectively estimated
φ = frost heave rate (mm/day) estimated mainly from the

Unified Soil Classification (USC) of the subgrade soil
using the nomograph shown in Figure 11.6.

Example 12.2Compute the serviceability loss anticipated for a rigid pavement after
15 years of service. The subgrade is a fair-draining low-plasticity clay
(designated as CL according to the USC system), having less than
60% by weight finer than 0.02 mm, and a Plasticity Index of 50%.
The subgrade layer is 50 ft deep; it is exposed to high moisture levels
and exhibits a medium level of structural fracturing. The percent of
the pavement surface subjected to swelling is estimated to be 50%,
while the probability of frost is estimated at 35%. The depth of frost
penetration is 5 ft.

ANSWER

First, estimate the serviceability loss due to subgrade swelling. Use
Figures 11.3 and 11.4 to compute the potential swelling rise, V R, as
2 in and the swelling rate θ as 0.15, respectively. Substituting these
values into Equation 12.2 gives:

�PSISW = 0.00335 2 50
(

1 − e−0.15 15
)

= 0.30
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Next, estimate the serviceability loss due to subgrade frost heave.
Use Figures 11.4 and 11.5 to compute the maximum serviceability
loss, �PSI max, as 1.5, and the frost heave rate, φ, as 3 mm/day,
respectively. Substituting these values into Equation 12.3 gives:

�PSIFH = 0.01 30 1.5
(

1 − e−0.02 3 15
)

= 0.267

Adding the two serviceability loss components gives the total
serviceability loss due to the environment, �PSI SWFH, equal to 0.567.

12.2.3 Predicting
Pavement
Serviceable Life

Predicting pavement serviceable life involves computing the ser-
viceability loss due to traffic and the environment. This presents
a special challenge, because traffic deterioration is in terms of
accumulated ESALs, while environmental deterioration is in terms
of time (i.e., years). Assuming a mathematical function of ESAL
accumulation with time allows estimating the number of years that
will lapse before the combined effect of traffic and environment
will reduce pavement serviceability from its initial postconstruction
value (typically, 4.2 to 4.6) to a selected terminal value (either 2.5 or
2.0). This allows selecting a pavement slab thickness to meet design
life requirements. The actual methodology used for doing so was
described earlier under Example 11.3.

Example 12.3 Consider the traffic data specified in Example 12.1 and the subgrade
conditions specified in Example 12.2. Assume that ESALs compound
annually at a constant growth rate of 3%. Compute the anticipated
pavement life of the 13-in JPCP pavement designed in Example 12.1,
considering serviceability loss due to both traffic and environmental
factors.

ANSWER

Given the ESAL growth assumption just stated, the accumulated
ESAL versus pavement age relationship is plotted in Figure 12.1.

Select a performance period shorter than the stipulated 20 years,
15 years for this example (i.e., it is assumed that at the end of this
performance period the pavement section will need rehabilitation).
For the selected performance period, compute the loss in service-
ability due to the environment (0.567 per Example 12.2). Subtract
this value from the maximum performance period serviceability loss
(4.5 − 2.0 = 2.5) to obtain the serviceability loss available for the
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Figure 12.1
Cumulative ESALs as a Function of Time; Example 12.3

traffic alone, �PSI TR, which after 15 years is:

�PSITR = �PSI − PSISWFH = 2.5 − 0.567 = 1.933

Compute the ESALs that will bring about this serviceability loss
using Equation 12.1:

log(Wt) = −1.645 0.5 + 7.35 log(13 + 1) − 0.06

+
log

[
1.933

3

]

1 + 1.624 107

(13 + 1)8.46

+ (4.22 − 0.32 2.0)

× log
425 4.2 (130.75 − 1.132)

215.63 1.1
[

130.75 − 18.42
(4, 000, 000/150)0.25

]

Solving this equation gives W t = 2,567,236 ESALs. This level of
ESALs is accumulated over a period of 17.7 years, as indicated
by Figure 12.1. The environmental and traffic serviceability loss
calculations are repeated for another trial period, until a time
period is found over which the sum of serviceability losses due
to traffic and environment add to 2.5. The results are tabulated
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Table 12.3
Summary of Serviceability Loss Computations Due to Traffic and Environmental Factors,
Example 12.3

Period to Accumulate
Performance PSI Loss Due Net PSI Available Corresponding

Iteration Period (years) to Environment for Traffic ESALs (years)

1 15 0.567 2.5–0.567 = 1.933 17.7
2 16.4 0.59 2.5–0.59 = 1.91 17.6
3 17 0.60 2.5–0.6 = 1.9 17.5

in Table 12.3. It is evident that the pavement section in ques-
tion will remain serviceable for approximately 17 years under the
combined effect of traffic and environment. Commercially avail-
able software can be used to perfrom these calculations, along
with the other provisions of the 1993 AASHTO Pavement Design
Guide.5

12.2.4 Steel
Reinforcement
across Joints
and Cracks

Joints and cracks open in response to concrete volume changes
caused by temperature reductions and early-life shrinkage. Although
the opening of these joints and cracks is resisted by subgrade fric-
tion, it can be fully controlled only through tiebar reinforcement,
as described in Chapter 8. This is the case in longitudinal con-
struction joints (e.g., adjacent jointed or continuously reinforced
slabs cast in two stages) or the unavoidable transverse cracks in
CRCPs. AASHTO1 utilizes Equation 8.24, generalized in the form of
Equation 8.25, to compute the area of tiebar reinforcement required
per unit width of slab.

12.2.5 Steel
Reinforcement
in CRCPs

The method recommended by AASHTO1 for designing CRCP steel
reinforcement is based on three criteria:

❑ Transverse crack spacing (ranging between 3.5 and 8 ft)

❑ Transverse crack opening, which is not to exceed 0.04 in.

❑ Stresses in the steel reinforcement, which is to be limited to
75% of the ultimate yield stress

The following empirical equations were developed relating the
crack spacing, cs (ft), and the crack width, cw (in), respectively, to
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Table 12.4
Portland Concrete Shrinkage Coefficient (Ref. 1)

Tensile Strength of Concrete Shrinkage
at 28 Days (lbs/in2) Coefficient z (in/in)

≤300 0.0008
400 0.0006
500 0.00045
600 0.0003

≥700 0.0002

the percent reinforcement, p:

cs =
1.32

(
1 + ft

1000

)6.70 (
1 + αs

2 αc

)1.15

(1 + �)2.19

(
1 + σW

1000

)5.20 (
1 + p

)
4.6 (1 + 1000 z)1.79

(12.4)

cw =
0.00932

(
1 + ft

1000

)6.53

(1 + �)2.20

(
1 + σW

1000

)4.91 (
1 + p

)
4.55

(12.5)

where:

f t = the tensile strength of the concrete (lbs/in2),
measured through indirect tension tests according to
AASHTO Standard T198.3 Normally, portland
concrete tensile strength is about 86% of its modulus
of rupture, Sc

′, measured as described earlier.
z = the concrete shrinkage strain at 28 days (in/in), given

in Table 12.4.
� = is the diameter of the steel reinforcement (in.).

σ w = stress under a load w (lbs), given by the nomograph
in Figure 12.2.

The variables αs and αc are the coefficients of thermal expansion
for the steel and the concrete, respectively. The value of αs is typically
5.0 10−6/◦F. Values for αc are given in Table 12.5 as a function of the
type of aggregate in the portland concrete. The stress in the steel
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Computing Rigid Pavement Stresses σw for Steel Reinforcement Design (Ref. 1 Used by Permission)
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Table 12.5
Thermal Coefficient of Portland Concrete (Ref. 1 Used by Permission)

Dominant Aggregate Type Thermal Coefficient αc (10−6/◦F)

Quartz 6.6
Sandstone 6.5
Gravel 6.0
Granite 5.3
Basalt 4.8
Limestone 3.8

reinforcement, σ s, is given by:

σs =
47300

(
1 + DTD

100

)0.425 (
1 + ft

1000

)4.09

(
1 + σw

1000

)3.14
(1 + 1000 z)0.494 (

1 + p
)2.74

(12.6)

where DT D is the difference between the average high daily temper-
ature of the month the concrete was cast, T H, and the average daily
low temperature during the coldest month of the year, T L.

DTD = TH − TL (12.7)

The limiting working stresses in the steel reinforcement is taken
as 75% of its ultimate yield stress. Limiting working stress values for
Grade 60 steel, according to ASTM A6154 are given in Table 12.6 as
a function of bar reinforcement size.

The percent steel reinforcement that satisfies all three criteria is
determined through the following steps:

1. Select a steel reinforcement bar diameter and compute the
percentage of steel required to satisfy a maximum of cs = 8 ft,
cw = 0.04 in., and σ s = the allowable steel stress. The maximum
of these values is defined as pmin.

2. Compute pmax as the percentage of steel that satisfies cs = 3.5 ft.

3. If pmax is larger than pmin, the design is feasible; otherwise, the
steel reinforcement bar diameter should be changed and these
steps repeated.
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Table 12.6
Allowable Steel Working Stress in Portland Concrete Reinforcement (Ref. 1 Used by
Permission)

Allowable Steel Stress (1000 lbs/in2)
Tensile Strength of Concrete Steel Bar No. 4 Steel Bar No. 5 Steel Bar No. 6
at 28 Days (lbs/in2) 1/2-in diameter 5/8-in diameter 3/4-in diameter
≤300 65 57 54

400 67 60 55
500 67 61 56
600 67 63 58
700 67 65 59

≥800 67 67 60

Having established a feasible design, compute the number of steel
reinforcement bars required per unit width for the pmax and pmin,
using:

Nmin = 0.01273 pmin W D /�2 (12.8)

Nmax = 0.01273 pmax W D /�2 (12.9)

where:

N min and N max = the minimum and maximum number of
reinforcement bars required, respectively.

W and D = the width and the thickness of the slab (inches),
respectively.

An integer number of dowel bars is finally selected from the
numbers computed here. Note that Equations 12.4, 12.5, and 12.6
can be solved through nomographs1 or, preferably, by programming
them into a spreadsheet, as done for the next example.

Example 12.4 Compute the amount of steel reinforcement required for a limestone
aggregate CRCP slab 9.5 in. thick. Also given:

❑ T H, and T L = 75◦ and 20◦F, respectively
❑ f t = 550 lbs/in2

❑ Axle load of 20,000 lbs
❑ Subgrade reaction modulus k = 170 lbs/in3

❑ αs = 5.0 10−6/◦F
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ANSWER

Use Figure 12.2 to compute the tensile stress in the slab due to
the 20,000 lb load, σ w, as 230 lbs/in2 Table 12.5 for a limestone
aggregate gives a value of 3.8 10−6/◦F for the coefficient of thermal
expansion of the portland concrete, αc. The tensile strength of the
concrete suggests a shrinkage coefficient z of 0.0004 (Table 12.4).
Selecting as a trial a No. 5 steel bar gives a limiting steel stress
of 62,000 lbs/in2 (Table 12.6). Substituting the available values
in Equations 12.4, 12.5, and 12.6 allows solving for the minimum
percent steel reinforcement, p:

8 =
1.32

(
1 + 550

1000

)6.70 (
1 + 5

2 3.8

)1.15

(1 + 0.625)2.19

(
1 + 230

1000

)5.20 (
1 + p

)
4.6 (1 + 1000 0.0004)1.79

0.04 =
0.00932

(
1 + 550

1000

)6.53

(1 + 0.625)2.20

(
1 + 230

1000

)4.91 (
1 + p

)
4.55

62000 =
47300

(
1 + 55

100

)0.425 (
1 + 550

1000

)4.09

(
1 + 230

1000

)3.14

(1 + 1000 0.0004)0.494 (1 + p
)2.74

The calculated values for the minimum percent steel are 0.425,
0.36, and 0.46, respectively, which yield a minimum percent steel
reinforcement pmin value of 0.46. The maximum percent steel rein-
forcement value is obtained by substituting the minimum crack
spacing value (cs = 3.5 ft) into Equation 12.4. The corresponding
maximum percent steel reinforcement value is 0.7. Since pmax is
larger than pmin, the design is feasible. Utilizing Equation 12.8 and
12.9 gives the number of reinforcement bars required:

❑ N min = 0.01273 0.46 12 9.5 /0.6252 = 1.71 No. 5 bars

❑ N max = 0.01273 0.7 12 9.5 /0.6252 = 2.6 No. 5 bars
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Finally, select two No. 5 bars per foot-width of slab, which gives a
6-in. center-to-center bar spacing.

12.3 PCA Design Method

The Portland Cement Association (PCA) developed a mechanistic
design method for rigid highway and street pavements.16 It is based
on two design criteria associated with slab fatigue cracking and
subgrade erosion. Traffic is handled in the form of the design life
axle load repetitions by load increment and axle configuration (i.e.,
single axles and tandem axles). For a given axle load and configu-
ration, structural response parameters associated with fatigue and
erosion are computed using a finite element algorithm; and the
associated fatigue and erosion life is calculated, in terms of the
number of passes that would cause failure. Subsequently, the fatigue
or erosion damage contributed by each axle load and configuration
is computed as the ratio of the actual number of lifelong axle passes
divided by the number of passes that would cause fatigue or ero-
sion failure, respectively. Finally, these fatigue or erosion damage
ratios are summed over all the applied axle loads and configurations
according to Miner’s hypothesis.10 A pavement design is deemed
adequate if it satisfies independently fatigue damage accumulation
lower than 100% and erosion damage accumulation lower than
100%. The following sections present the actual methodology used
for computing fatigue and erosion damage and the trial-and-error
method used for arriving at a rigid pavement configuration and
thickness. The tables and nomographs used are obtained from an SI
version of this method published by the Canadian Portland Cement
Association.17

12.3.1 Fatigue
Damage

Slab fatigue is associated with the flexural stresses in the concrete
slab under a given axle load. The flexural stress divided by the
modulus of rupture of the portland concrete, Sc

′, defines the stress
ratio factor (SRF ):

SRF = ES
Sc ′ (12.10)

where ES (equivalent stress) is the flexural stress under a reference
axle load. Tables are used to obtain ES as a function of slab thickness
and modulus of subgrade reaction. A different table is available for
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Table 12.7
Equivalent Stress ES (MPa) (Single/Tandem Axles) Rigid Pavement with Asphalt
Concrete Shoulders (Ref. 17)

Slab
Thickness Modulus of Subgrade Reaction, k (MPa/m)
(mm) 20 40 60 80 140 180
100 5.42/4.39 4.75/3.83 4.38/3.59 4.13/3.44 3.66/3.22 3.45/3.15
110 4.71/3.88 4.16/3.35 3.85/3.12 3.63/2.97 3.23/2.76 3.06/2.68
120 4.19/3.47 3.69/2.98 3.41/2.75 3.23/2.62 2.88/2.40 2.73/2.33
130 3.75/3.14 3.30/2.68 3.06/2.46 2.89/2.33 2.59/2.13 2.46/2.05
140 3.37/2.87 2.97/2.43 2.76/2.23 2.61/2.10 2.34/1.90 2.23/1.83
150 3.06/2.64 2.70/2.23 2.51/2.04 2.37/1.92 2.13/1.72 2.03/1.65
160 2.79/2.45 2.47/2.06 2.29/1.87 2.17/1.76 1.95/1.57 1.86/1.50
170 2.56/2.28 2.26/1.91 2.10/1.74 1.99/1.63 1.80/1.45 1.71/1.38
180 2.37/2.14 2.09/1.79 1.94/1.62 1.84/1.51 1.66/1.34 1.58/1.27
190 2.19/2.01 1.94/1.67 1.80/1.51 1.71/1.41 1.54/1.25 1.47/1.18
200 2.04/1.90 1.80/1.58 1.67/1.42 1.59/1.33 1.43/1.17 1.37/1.11
210 1.91/1.79 1.68/1.49 1.56/1.34 1.48/1.25 1.34/1.10 1.28/1.04
220 1.79/1.70 1.57/1.41 1.46/1.27 1.39/1.18 1.26/1.03 1.20/0.98
230 1.68/1.62 1.48/1.34 1.38/1.21 1.31/1.12 1.18/0.98 1.13/0.92
240 1.58/1.55 1.39/1.28 1.30/1.15 1.23/1.06 1.11/0.93 1.06/0.87
250 1.49/1.48 1.32/1.22 1.22/1.09 1.16/1.01 1.05/0.88 1.00/0.83
260 1.41/1.41 1.25/1.17 1.16/1.05 1.10/0.97 0.99/0.84 0.95/0.79
270 1.34/1.36 1.18/1.12 1.10/1.00 1.04/0.93 0.94/0.80 0.90/0.75
280 1.28/1.30 1.12/1.07 1.04/0.96 0.99/0.89 0.89/0.77 0.86/0.72
290 1.22/1.25 1.07/1.03 0.99/0.92 0.94/0.85 0.85/0.74 0.81/0.69
300 1.16/1.21 1.02/0.99 0.95/0.89 0.90/0.82 0.81/0.71 0.78/0.66
310 1.11/1.16 0.97/0.96 0.90/0.86 0.86/0.79 0.77/0.68 0.74/0.64
320 1.06/1.12 0.93/0.92 0.86/0.83 0.82/0.76 0.74/0.66 0.71/0.62
330 1.02/1.09 0.89/0.89 0.83/0.80 0.78/0.74 0.71/0.63 0.68/0.59
340 0.98/1.05 0.85/0.86 0.79/0.77 0.75/0.71 0.68/0.61 0.65/0.57
350 0.94/1.02 0.82/0.84 0.76/0.75 0.72/0.69 0.65/0.59 0.62/0.55

rigid pavements with asphalt concrete shoulders and rigid pavements
with portland concrete shoulders. This is to reflect the differences
in lateral support that yields different flexural stresses when the
right-hand-side wheel is at the edge of the driving lane. Table 12.7,
for example, gives ES values (MPa) for rigid pavements with asphalt
concrete shoulders in metric units.17 The two values separated by a
slash correspond to single and tandem axles, respectively.

These two values, divided by the modulus of rupture of the
portland concrete give SRF values for single and tandem axles,
respectively. These SRF values allow computing the number of single
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Figure 12.3
Nomograph for Computing Fatigue Life by the PCA Rigid Pavement Design Method (Ref. 17)

and tandem axle passes to fatigue failure for each load increment
through Figure 12.3.

The following example explains the methodology used for com-
puting fatigue damage ratios, and summing them to check whether
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the particular design yields an accumulated fatigue damage lower
than 100%.

Example 12.5Design a JPCP for a four-lane divided highway with asphalt con-
crete shoulders. The load frequency distribution data is given in
Table 12.8, in the form of the number of axles per 1000 heavy trucks
(FHWA classes 4 to 13). Noted that, from a fatigue damage point of
view, only the heavy axle loads are of interest. Furthermore, some
of the axle loads listed in this table are over the legal limit, which
explains their low expected frequency. Also given:

❑ Load safety factor (LSF) = 1.00

❑ Modulus of subgrade reaction k = 40 MPa/m

❑ Portland concrete modulus of rupture = 4.5 MPa

❑ Average daily traffic (ADT) over design life = 15,670 vehicles/
day

❑ Directional split = 50/50

❑ Percent of heavy trucks (FHWA classes 4 to 13) = 19%

❑ Percent of trucks in the right-hand-side lane = 80%

❑ Design life = 20 years

ANSWER

Compute the total number of heavy trucks in the design lane over
the 20 year design life:

15, 670 365 20 0.50 0.80 0.19 = 8, 693, 716 heavy trucks

Use the load frequency distribution given in Table 12.8 to compute
the actual number of axle passes, by configuration, as shown in
Table 12.9 (e.g., 5042 = 0.58 × 8693.716). Select a trial slab thickness
of 240 mm to test for fatigue damage. For 240 mm, Table 12.7
gives ES values of 1.39 MPa and 1.28 MPa for single and tandem
axles, respectively. Using Equation 12.10 and a modulus of rupture
of 4.5 MPa allows computing SRF values of 1.39/4.5 = 0.31 and
1.28/4.5 = 0.28, respectively. Entering these SRF s into Figure 12.3,
allows computing the number of axle passes to fatigue failure. In
doing so, it was conservatively elected to use the upper limit of
the load interval. Finally, the damage ratios caused by each axle
load interval are computed and summed for all load intervals and
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Table 12.8
Load Frequency Distribution (i.e., Number of Axles per 1000
Heavy Trucks) Example 12.5

Single Axles
Load Range (kN) Number of Axles/1000 Heavy Trucks
125–133 0.58
115–125 1.35
107–115 2.77
97.8–107 5.92
88.8–97.8 9.83
80–88.8 21.67

Tandem Axles
Load Range (kN) Number of Axles/1000 Heavy Trucks
213–231 1.96
195–213 3.94
178–195 11.48
160–178 34.27
142–160 81.42
125–142 85.54

Table 12.9
Actual Number of Heavy Truck Axles by Load and
Configuration Example 12.5

Single Axles
Axle Load (kN) Actual Number of Axle Passes
125–133 5042
115–125 11737
107–115 24082
97.8–107 51467
88.8–97.8 85459
80–88.8 188393

Tandem Axles
Axle load (kN) Actual Number of Axle Passes
213–231 17040
195–213 34253
178–195 99804
160–178 297934
142–160 707842
125–142 743660



12.3 PCA Design Method 417

axle configurations. The results, tabulated in Table 12.10, show that
240 mm is perhaps too thick for the traffic loads specified. Before
testing a lesser slab thickness for fatigue, however, it is prudent to
make sure that the 240 mm slab can pass the erosion test as well, as
described next.

12.3.2 Erosion
Damage

Subgrade erosion is associated with the work being input into the
subgrade from a given axle load. The latter is computed as the
product of the subgrade deflection at the edge of a slab multiplied
by the subgrade stress and divided by the radius of the relative stiff-
ness of the slab (i.e., the variable � given earlier by Equation 8.21),
defined as the erosion factor (EF ). EF is obtained from tables as
a function of the slab thickness. Four different tables are available,
depending on the type of shoulder (asphalt concrete versus port-
land concrete) and the vertical load transfer mechanism between
slabs (JPCPs versus JDRCPs). The latter applies to CRCPs as well.
An example is given in Table 12.11 for a JPCP with an asphalt
concrete shoulder. The two values separated by a slash correspond
to single and tandem axles, respectively. The remaining tables can
be found in reference 17. The values of EF established allow esti-
mating the number of axle load repetitions to erosion failure using
Figure 12.4.

As for fatigue, erosion ratios are computed for each axle load and
configuration as the ratios of the actual number of passes divided
by the number of passes to erosion failure. Finally, these ratios are
summed to check if the particular design provides a cumulative
erosion lower than 100%. An example of the erosion calculations
follows.

Example 12.6Evaluate whether the slab design described in Example 12.5 meets
erosion requirements.

ANSWER

For the 240 mm JPCP pavement with asphalt shoulders on a subgrade
with 40 MPa/m reaction modulus, Table 12.11 gives EF values of
2.83 and 3.05 for single and tandem axles, respectively. The number
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Table 12.10
Fatigue Damage Ratios by Heavy Truck Axle Load and Configuration Example 12.5

Single Axles
Number of Passes to Failure Actual Number of

Axle Load (kN) (Figure. 12.7) Axle Passes Damage Ratio (%)
125–133 500,000 5042 1.0084
115–125 4,000,000 11737 0.293
107–115 — 24082 0
97.8–107 — 51467 0
88.8–97.8 — 85459 0
80–88.8 — 188393 0

Tandem Axles
Number of Passes to Failure Actual Number of

Axle Load (kN) (Figure. 12.7) Axle Passes
213–231 — 17040 0
195–213 — 34253 0
178–195 — 99804 0
160–178 — 297934 0
142–160 — 707842 0
125–142 — 743660 0

Total Accumulated Fatigue Damage: 1.3%

— = Practically infinite axle passes to fatigue failure.

of axle load passes to erosion failure and the erosion factors are
given in Table 12.12.

The total accumulated erosion damage for this trial is 48.8%. In
conclusion, the critical distress for this design is clearly erosion.
Another erosion check should be tried—for example, 230 mm slab,
to see if some slab thickness can be economized without raising the
accumulated erosion damage higher than 100%.

The PCA methodology described was implemented into a propri-
etary software package named PCAPAV.14 Note that the truck traffic
volume in this software package is input in terms of the bidirectional
daily heavy truck traffic in the design lane (for examples 12.5 and
12.6, this is 15,670 0.80 0.19 = 2,382 trucks).

12.4 NCHRP 1-37A Design Method

The NCHRP Study 1-37A19 adopted a mechanistic-empirical rigid
pavement design approach. It involves analytical computations of
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Figure 12.4
Nomograph for Computing Erosion Life by the PCA Rigid Pavement Design Method (Ref. 17)

pavement structural response to load and environmental input, and
incorporation of these parameters into mechanistic-empirical dam-
age functions to predict the accumulation of pavement distresses
versus time. Design is based on successive trials, whereby the perfor-
mance of selected structural pavement configurations is evaluated to
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Table 12.11
Erosion Factors EF (single/tandem Axles) —Plain Jointed Concrete Pavement (JPCP)
with Asphalt Concrete Shoulders (Ref. 17)

Slab
Thickness Modulus of Subgrade Reaction, k (MPa/m)
(mm) 20 40 60 80 140 180
100 3.94/4.00 3.92/3.93 3.90/3.90 3.88/3.88 3.84/3.84 3.80/3.82
110 3.82/3.90 3.79/3.82 3.78/3.79 3.76/3.76 3.72/3.72 3.69/3.70
120 3.71/3.81 3.68/3.73 3.67/3.69 3.65/3.66 3.62/3.62 3.59/3.59
130 3.61/3.73 3.58/3.65 3.56/3.60 3.55/3.57 3.52/3.52 3.50/3.49
140 3.52/3.66 3.49/3.57 3.47/3.52 3.46/3.49 3.43/3.43 3.41/3.41
150 3.43/3.59 3.40/3.50 3.38/3.45 3.37/3.42 3.34/3.36 3.32/3.33
160 3.35/3.53 3.32/3.43 3.30/3.38 3.29/3.35 3.26/3.28 3.24/3.26
170 3.28/3.48 3.24/3.37 3.22/3.32 3.21/3.28 3.18/3.22 3.17/3.19
180 3.21/3.42 3.17/3.32 3.15/3.26 3.14/3.23 3.11/3.16 3.10/3.13
190 3.15/3.37 3.11/3.27 3.08/3.21 3.07/3.17 3.04/3.10 3.03/3.07
200 3.09/3.33 3.04/3.22 3.02/3.16 3.01/3.12 2.98/3.05 2.96/3.01
210 3.04/3.28 2.99/3.17 2.96/3.11 2.95/3.07 2.92/3.00 2.90/2.96
220 2.98/3.24 2.93/3.13 2.90/3.07 2.89/3.03 2.86/2.95 2.85/2.92
230 2.93/3.20 2.88/3.09 2.85/3.03 2.83/2.98 2.80/2.91 2.79/2.87
240 2.89/3.16 2.83/3.05 2.80/2.99 2.78/2.94 2.75/2.86 2.74/2.83
250 2.84/3.13 2.78/3.01 2.75/2.95 2.73/2.91 2.70/2.82 2.69/2.79
260 2.80/3.09 2.73/2.98 2.70/2.91 2.69/2.87 2.65/2.79 2.64/2.75
270 2.76/3.06 2.69/2.94 2.66/2.88 2.64/2.83 2.61/2.75 2.59/2.71
280 2.72/3.03 2.65/2.91 2.62/2.84 2.60/2.80 2.56/2.71 2.55/2.68
290 2.68/3.00 2.61/2.88 2.58/2.81 2.56/2.77 2.52/2.68 2.50/2.64
300 2.65/2.97 2.57/2.85 2.54/2.78 2.52/2.74 2.48/2.65 2.46/2.61
310 2.61/2.94 2.54/2.82 2.50/2.75 2.48/2.71 2.44/2.62 2.42/2.58
320 2.58/2.91 2.50/2.79 2.47/2.72 2.44/2.68 2.40/2.59 2.38/2.55
330 2.55/2.89 2.47/2.77 2.43/2.70 2.41/2.65 2.36/2.56 2.35/2.52
340 2.52/2.86 2.44/2.74 2.40/2.67 2.37/2.62 2.33/2.53 2.31/2.49
350 2.49/2.84 2.14/2.71 2.37/2.65 2.34/2.60 2.29/2.51 2.28/2.47

determine the one that prevents distresses over the desired analysis
period.

The NCHRP 1-37A rigid design approach distinguishes two broad
categories of portland concrete pavement structures, namely jointed
(JCP) and continuously reinforced (CRCP). JCPs can be either
undoweled or doweled—that is, transmit vertical forces between
adjacent slabs through aggregate interlock or through dowel action
across the joints, respectively. This design approach considers the
following damage mechanisms:

❑ Fatigue transverse cracking, both bottom-up and top-down, for
JCP only
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Table 12.12
Erosion Damage Ratios by Heavy Truck Axle Load and Configuration Example 12.6

Single Axles
Number of Passes to Failure Actual Number of

Axle Load (kN) (Figure. 12.8) Axle Passes Damage Ratio (%)
125–133 900,000 5042 0.56
115–125 1,100,000 11737 1.07
107–115 2,000,000 24082 1.20
97.8–107 3,050,000 51467 1.69
88.8–97.8 6,000,000 85459 1.42
80–88.8 10,000,000 188393 1.88

Tandem Axles
Number of Passes to Failure Actual Number of

Axle Load (kN) (Figure. 12.8) Axle Passes
213–231 600,000 17040 2.84
195–213 1,000,000 34253 3.43
178–195 1,800,000 99804 5.54
160–178 3,000,000 297934 9.93
142–160 6,000,000 707842 11.80
125–142 10,000,000 743660.5 7.44

Total Accumulated Erosion Damage: 48.8%

❑ Joint faulting, for JCP only

❑ Punchouts, for CRCP only

❑ Roughness, for both JCP and CRCP

Pavement structural response is computed using the Finite Ele-
ment computer model ISLAB2000.7 Environmental input to the
model is computed through the Enhanced Integrated Climatic
Model (EICM),8 described in Chapter 10. Temperature profiles are
computed at 11 equally spaced depth increments into slabs at hourly
intervals, based on climatic data from the weather station nearest
to the pavement design location. The effect of relative humidity
is translated into an equivalent temperature gradient. Stresses are
computed for a limited combination of axle locations and slab
conditions, including:

❑ Slab curling due to temperature/moisture gradients

❑ Loss of subgrade support due to curling

❑ Slab-to-slab interaction
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This output is fed into a neural-network algorithm for estimat-
ing the critical structural response parameters to be input into the
pavement damage functions. These analysis components are imple-
mented into the NCHRP 1-37A software. The following provides
a description of the damage functions implemented into the rigid
pavement analysis method adopted by NCHRP Study 1-37A.19 Noted
that this methodology is currently under review.6 The outcome of
this review and subsequent research is likely to result in modifica-
tions to some of the damage functions described here. Also note
that the NCHRP 1-37A software, in its current form, accepts input
only in imperial units.

12.4.1 Fatigue
Transverse
Cracking

The total percentage of slab cracking, TCRACK , in jointed portland
concrete pavements is determined by adding the percentage of
top-down and bottom-up cracking, while subtracting their product.
This is expressed as:

TCRACK = (
CRKp + CRKq − CRKpCRKq

)
100% (12.11)

where CRK p, CRK q = predicted percentage of bottom-up and
top-down cracking, respectively.

Each specific cracking type is modeled as a function of its respec-
tive fatigue damage using:

CRKp,q = 1

1 + FD−1.68
p,q

(12.12)

where:
FDp,q =

∑ ni,j,k,l ,m,n

Ni,j,k,l ,m,n
(12.13)

and:

FDp,q = total fatigue damage for bottom-up or top-down
cracking, accumulated according to Miner’s
hypothesis10

ni, j, k, l, m, n, = applied number of load applications at condition i, j,
k, l, m, n,
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N i,j,k,l,m = number of load applications to failure, (i.e., 50% slab
cracking) under conditions i, j, k, l, m, n, where:

i = age, which accounts for changes in portland
concrete modulus of rupture, layer bond
condition and the deterioration of shoulder
load transfer efficiency (LTE)

j = month, which accounts for changes in base and
effective modulus of subgrade reaction

k = axle type (single, tandem, tridem, and quad)
l = load level for each axle type

m = temperature difference between top and bottom
of slab

n = traffic path, assuming a normally distributed
lateral wheel wander

The number of load application to failure (50% of the slabs
cracked), N i,j,k,l,m,n, under conditions i, j, k, l, m, n is given by:

log
(
Ni,j,k,l ,m,n

) = 2.0

(
MRi

σi,j,k,l ,m,n

)1.22

+ 0.4371 (12.14)

where:

MRi = modulus of rupture of portland concrete at age i
(lb/in2) (Note that this is the same property as the
one denoted by Sc′ earlier.)

σ i,j,k,,l,m,n = critical stresses under load conditions i, j, k, l, m, n
(lb/in2)

In performing these fatigue calculations, the locations of calcu-
lated stresses are crucial. These differ as a function of axle type,
lateral placement, temperature difference between top and bottom
of slab, subgrade support, and so on. As mentioned earlier, a neu-
ral network approach was used to establish critical stress locations
and their magnitudes. This approach drastically reduces software
running time.
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Example 12.7 Table 12.13 gives the number of single-axle passes by axle load for
a particular hour of a particular month (note that only heavier axle
loads are listed, as lighter ones cause insignificant fatigue damage).
This table also lists the strain levels predicted at the top and bottom of
a portland concrete slab for a particular wheel-path. The modulus of
rupture for the portland concrete is equal to 525 lbs/in2 (3.6 MPa).
Compute the fatigue damage accumulated from these axles in this
time period.

ANSWER

For each axle load level, fatigue life is computed using Equation
12.14; the corresponding fatigue damage is computed using Equation
12.13. The calculations are presented in Table 12.14.

Summing each of the top-down and bottom-up fatigue dam-
age components gives accumulated damage of 0.258% and 0.335%,
respectively. The corresponding percent of slab cracking is
computed using Equation 12.12 as 4.468 10−5 and 6.962 10−5,
respectively. Finally, the combined cracking is computed using

Table 12.13
Number of Single-Axle Load Cycles and Corresponding Stresses Example 12.7

Load Number of Stress at Top of Stress at Bottom of
Level (lbs) Passes Slab (lbs/in2) Slab (lbs/in2)

15500 85 120 131
16500 76 135 140
17500 45 155 165
18500 40 175 189
19500 35 190 201
20500 20 210 220
21500 16 240 253
22500 14 260 271
23500 10 275 288
24500 9 290 301
25500 6 310 318
26500 5 340 343
27500 3 351 360
28500 2 360 369
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Table 12.14
Fatigue Damage Calculations Example 12.7

Number Number
of Repetitions of Repetitions Top-Down Bottom-Up

Load to Top-Down to Bottom-Up Fatigue Fatigue
Level Fatigue Failure Fatigue Failure Damage Damage
(lbs) (Equation. 12.14) (Equation. 12.14) (Equation. 12.13) (Equation. 12.13)

15500 3.49727E+12 2.07E+11 0.000 0.000
16500 83806197416 2.94E+10 0.000 0.000
17500 1980675894 4.43E+08 0.000 0.000
18500 119545217 24705954 0.000 0.000
19500 22292799 7754567 0.000 0.000
20500 3579272 1645556 0.001 0.001
21500 430791 204331 0.004 0.008
22500 141496 82866 0.010 0.017
23500 69021 39609 0.014 0.025
24500 36544 23967 0.025 0.038
25500 17395 13305 0.035 0.046
26500 6840 6293 0.068 0.074
27500 5077 4038 0.051 0.064
28500 4038 3252 0.050 0.062

Total Accumulated Fatigue Damage (%) 0.258 0.335

Equation 12.11, as:

TCRACK =
(

4.468 10−5 + 6.962 10−5 − 4.468 10−5 6.962 10−5
)

100%

= 0.011%

This means that loading during this period will cause 0.011% of
slabs to crack in fatigue.

12.4.2 FaultingFaulting in jointed portland concrete pavements is computed using
an incremental approach, whereby the faulting increments by month
i,� Faulti, are summed to compute the total faulting after m months,
Faultm, (in):

Faultm =
m∑

i=1

�Faulti (12.15)

For each month, the faulting increment, �Faulti, is assumed
proportional to the energy dissipated in deforming the slab support,
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expressed as:

�Faulti = C34 (FAULTMAX i−1 − Faulti−1)
2 DEi (12.16)

where Faulti−1 is the accumulated mean faulting up to the previous
month i−1, FAULTMAX i−1 is the maximum mean faulting for the
previous month, i − 1, and DEi is the differential energy of subgrade
deformation. Assuming a liquid foundation (Figure 8.2), allows
computing the energy input into the subgrade as the product of the
modulus of the subgrade reaction multiplied by the square of the
deflection. Hence, the differential energy is expressed as:

DE = 1
2

k (w2
l − w2

ul ) (12.17)

where wl and wul are the surface vertical deflections at the loaded
and unloaded edges of the joint between two slabs (i.e., the ‘‘leave’’
and the ‘‘approach’’ slabs, respectively). DE depends on the load
transfer efficiency (LTE) of the joint, defined as:

LTE = wul

wl
100% (12.18)

LTE ranges from 0% for no vertical load transfer to 100% for
perfect load transfer between adjacent slabs. Substituting Equation
12.18 into Equation 12.7 gives:

DE = 1
2

k (wl + wul )(wl − wul ) = 1
2

k (wl + wul )2
1 − LTE

100

1 + LTE
100

(12.19)

Hence, LTE affects significantly the subgrade deformation energy,
which drives faulting (the sum wl + wul equals the deflection of the
free end of a slab and, therefore, is not relevant to faulting). Three
sources contribute to LTE , namely aggregate interlock, dowels (if
present), and base/subgrade reaction. The methodology used for
analytically estimating each of these LTE components is described
later.

In Equation 12.16, the constant C34 is a function of the freezing
ratio, FR , which is defined as the percentage of time the temperature
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at the top of the base layer is below freezing; it is expressed as:

C34 = C3 + C4 FR0.25 (12.20)

with C3 = 0.001725 and C4 = 0.0008.
The maximum mean transverse joint faulting for a particular

month is computed using:

FAULTMAXi = FAULTMAX0

+C7

m∑
j=1

DEj log
(
1 + C55.0EROD)C6 (12.21)

where FAULTMAX 0 is the initial (i.e., the first month pavement
is open to traffic) maximum mean transverse joint faulting, com-
puted as:

FAULTMAX0 = C12 δcurling
[
log

(
1 + C5 5.0EROD)

× log
(

P200 WetDays
Ps

)]C6

(12.22)

where:

δcurling = maximum mean monthly slab corner upward deflection
(in), due to temperature and moisture gradients.

EROD = index of the erosion potential of the slab support,12

ranging from 1 for heavily stabilized bases with
geotextiles and drainage to 5 for no base layer at all
(i.e., slab on subgrade).

Ps = overburden stress on subgrade (lb/in2) computed as
the sum of the layer thicknesses above the subgrade
multiplied by their density.

P200 = percent of subgrade grain sizes passing sieve No. 200.
WetDays = average annual number of wet days (daily rainfall

higher than 0.1 in).

The constant C12 is also a function of the freezing ratio:

C12 = C1 + C2 FR0.25 (12.23)
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with:

C1 = 1.29
C2 = 1.1
C5 = 250
C6 = 0.4
C7 = 1.2

Critical structural response parameters are computed under the
combined action of traffic loads and temperature/moisture gradi-
ents. The distribution of temperature and moisture within slabs is
computed from the geographical location of a pavement design
site using the Enhanced Integrated Climatic Model (EICM),8 which
is incorporated into the NCHRP 1-37A Design Guide software.19

For each calendar month, an effective temperature gradient is esti-
mated, representing the warping condition of slabs as a result of the
temperature and moisture distribution versus depth. This equivalent
temperature gradient is defined as:

�Tm = �Tt,m − �Tb,m + �Tsh,m + �TPCW (12.24)

where:

�T m = effective temperature differential for month m.
�T t,m = mean nighttime temperature (from 8 p.m. to 8 a.m.)

for month m at the top of the slab.
�T b,m = mean nighttime temperature (8 p.m. to 8 a.m.) for

month m at the bottom of the slab.
�T sh,m = equivalent temperature differential due to reversible

shrinkage for month m (for old concrete shrinkage is
fully developed).

�T PCW = equivalent temperature differential due to permanent
curl/warp.

The particular night-time period is selected because it results in wider
joint openings and a concave upper slab shape, which exacerbate
faulting damage.

In addition to DE (Equation 12.19), two critical structural response
parameters are computed, namely the dimensionless shear stress at
the slab edge, τ , and the maximum dowel bearing stress, σ b (they
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are normalized by dividing by the product k�):

τ = Jagg

h
(wl − wul ) (12.25)

σb = Jd

d
(wl − wul ) (12.26)

where:

J agg = a dimensionless aggregate interlock stiffness variable,
computed as explained later.

J d = a dimensionless load transfer stiffness variable due to
dowel bar action, computed as explained later.

h = slab thickness (in).
d = dowel diameter (in).
k = modulus of subgrade reaction (lb/in3).
� = radius of relative stiffness, defined earlier (in)

(Equation 8.21).

The following sections describe the methodology used for esti-
mating each of the three LTE components identified: those due to
aggregate interlock, dowel bar action, and subgrade action.

COMPUTING LTE FROM AGGREGATE INTERLOCK, LTEAGG

The LTE across joints is affected by the opening width of the joint,
jw, which is computed from the linear decrease in slab length in
response to a uniform temperature decrease and post-construction
shrinkage, as described earlier (Equation 8.27), and written as:

jw = 12000 L β (ac(Tconstr − Tmean) + εsh,m) (12.27)

where:

jw = joint opening (0.001 in).
L = joint spacing (ft).
β = friction coefficient between the base/subgrade and

the portland concrete slab (assumed equal to 0.65 for
stabilized base and 0.85 for granular base/subgrade).
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αt = portland concrete coefficient of thermal expansion
(/◦F).

T mean = mean monthly nighttime middepth temperature (◦F).
T constr = portland concrete postcuring temperature (◦F).
εsh,m = portland concrete slab mean shrinkage strain for

month m.

The dimensionless initial (first month the pavement is open to
traffic) joint shear capacity, s0, is given by:

s0 = 0.05 h exp
(−0.032jw

)
(12.28)

where h is the thickness of the portland concrete slab (in). The
following expression was adopted18 for computing the dimensionless
joint transverse stiffness from aggregate interlock, J agg.

log
(
Jagg

) = −3.19626 + 16.09737 exp

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

−2.7183−

⎛
⎜⎝ s0 − 0.35

0.38

⎞
⎟⎠
⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(12.29)
Finally, the LTE due to aggregate interlock, LTEagg, is given by:

LTEagg = 100
1 + 1.2 J −0.849

agg
(12.30)

For subsequent monthly increments, the dimensionless shear joint
capacity, s, is computed as:

s = s0 − �s (12.31)

where �s is the loss in shear joint capacity, computed as:

�s =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0 for jw < 0.001 h∑
j

0.005
1 + (jw/h)−5.7

( nj

106

)( τj

τref

)
for 0.001 h < jw < 3.8 h

∑
j

0.0068
1 + 6(jw/h − 3)−1.98

( nj

106

)( τj

τref

)
for jw > 3.8 h

(12.32)
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where:

nj = number of load applications for the current
increment by load group j.

τ j = shear stress on the transverse crack for load group j
(Equation 12.25).

τ ref = dimensionless reference shear stress given by:

τref = 111.1 exp
[− exp

(
0.9988 exp

{−0.1089 log Jagg
})]

(12.33)

Example 12.8Compute the LTE of the joints of a 12 in thick JPCP pavement
with joints spaced 10 ft apart under a mean January temperature of
−15◦F, given that it was cured at +45◦F and it is experiencing mean
shrinkage strain for the month equal to 2 10−4. Also given is the
coefficient of friction between the slab and the subgrade equal to
0.65 and that the coefficient of thermal expansion of the concrete
is equal to 5 10−6/◦F.

ANSWER

Use Equation 12.27 to compute the joint opening as:

jw = 12000 10 0.65 (5 10−6(45 + 15) + 0.0002) = 39 10−3 in

Use Equation 12.28 to compute the initial joint shear capacity, s0:

s0 = 0.05 12 exp (−0.032 39) = 0.17225

Use Equation 12.29 to compute the dimensionless joint transverse
stiffness from aggregate interlock, J agg:

log
(
Jagg

) = −3.19626 + 16.09737 exp
{
−2.7183−

(
0.17225 − 0.35

0.38

)}
= 0.06536,

which gives a J agg value of 1.162. Substituting this value into Equation
12.30 gives:

LTEagg = 100
1 + 1.2 1.162−0.849 = 48.64%
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Example 12.9 As a continuation to the previous example, compute the loss in
LTEagg at the end of the month of January, resulting from 100,000
axle passes of a single-axle configuration/load that causes a vertical
deflection at the edge of the loaded slab wl = 10 10−3 in

ANSWER

For the month of January, the LTEagg was calculated as 48.64%,
which, given a deflection wl of 10 10−3 in, allows computing a
deflection wul of 4.9 10−3 in. This gives the dimensionless shear
stress τ , using Equation 12.25.

τ = 1.162
12

(10 − 4.9) = 0.49

Use Equation 12.33 to compute the reference shear stress.

τref = 111.1 exp
[− exp

(
0.9988 exp

{−0.1089 log 1.162
})] = 7.5

Considering that 3.8 12 = 45.6 is larger than jw = 39, and that
there is only one axle configuration/load to be considered, allows
computation of the loss in shear stress �s, using Equation 12.32, as:

�s = 0.005

1 + (39/12)−5.7

(
100000

106

)(
0.49
7.5

)
= 3.2610−5

which is to be subtracted from the dimensionless shear stress for the
following month (Equation 12.31).

COMPUTING LTE FROM DOWELS, LTEDOWEL

LTE from dowel action is computed on the basis of the load transfer
stiffness variable J d. Initially (the first month the pavement is open
to traffic), it is given by:

Jd = J0 = 120 d2

h
(12.34)

where:

h = slab thickness (in).
d = dowel diameter (in).
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In subsequent months, this stiffness is computed considering the
cumulative damage of the portland concrete supporting the dowels:

Jd = J ∗
d + (

J0 − J ∗
d

)
exp (−DAMdowel ) (12.35)

where J ∗
d = critical dowel stiffness, given by:

J ∗
d = Min

(
118, Max

[
165

d2

h
− 19.8120, 0.4

])
(12.36)

DAMdowel equals cumulative damage of a doweled joint, which
depends on dowel bearing stress, (Equation 12.26) and the number
of load repetitions. For the first month the pavement is open to
traffic, DAMdowel is set equal to zero. For subsequent months, it is
computed as:

DAMdowel = C8

∑
j

( nj

106

)(σbj k �

f ′
c

)
(12.37)

where:

j = signifies summation over axle configuration/load for
the current month.

σ b = the dimensionless bearing stress in the portland
concrete (Equation 12.26).

C8 = a coefficient equal to 400.
f ′
c = the portland concrete compressive strength (lbs/in2).

Finally, the LTE due to dowel action, LTEdowel, is computed using:

LTEdowel = 100

1 + 1.2 J −0.849
d

(12.38)

Example 12.10Compute the LTE due to the action of dowels, 1 in in diameter,
set 1 ft apart, for the first and second months a pavement section
is open to traffic. During the first month, 50,000 axle passes were
experienced of a configuration/load that produced deflections at
the loaded edge of the slabs wl = 10 10−3 in. Given that the thickness
of the slab is 12 in, the modulus of subgrade reaction is 100 lbs/in3,
the elastic properties of the concrete are 4 106 lbs/in2, and 0.15 and
its compressive strength is 3500 lbs/in2
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ANSWER

During the first month, the load transfer stiffness variable J d is
computed from Equation 12.34:

Jd = J0 = 120 12

12
= 10

which allows computing LTEdowel using Equation 12.38:

LTEdowel = 100
1 + 1.2 10−0.849 = 85.5%

which allows computing the wul for the current month (Equation
12.18) as 0.01 0.85 = 0.0085 in. This, in turn, allows computing the
dimensionless bearing stress of the portland concrete (Equation
12.26):

σb = 10
1

(0.01 − 0.0085) = 0.0145

Use Equation 8.21 to compute the radius of relative stiffness.

� =
(

4000000 123

12
(
1 − 0.152

)
100

)1/4

= 49.3 in.

Substituting these values into Equation 12.37 gives the dowel
support damage at the end of the first month:

DAM dowel = 400
∑

j

(
50000

106

)(
0.0145 100 49.3

3500

)
= 0.408

which allows computing the J d for the following month (Equation
12.35), after computing J ∗

d as 0.4 (Equation 12.36).

Jd = 0.4 + (10 − 0.4) exp (−0.408) = 6.78

As a result, the LTEdowel for the following month will be:

LTEdowel = 100
1 + 1.2 6.78−0.849 = 80.9%

COMPUTING LTE FROM BASE/SUBGRADE REACTION, LTEBASE

The contribution of the base/subgrade reaction to the LTE (LTEbase)
is assumed to be a constant value equal to 20%, 30%, and 40% for
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granular base, asphalt-treated, or concrete-treated material, respec-
tively.

COMPUTING THE COMPOSITE LTE FOR A TRANSVERSE JOINT, LTEJOINT

After computing each of the individual LTE factors, namely LTEagg,
LTEdowel, and LTEbase, the combined joint load transfer efficiency,
LTEjoint, is computed as follows:

LTEjoint = 100
(

1 −
{

1 − LTEdowel

100

} {
1 − LTEagg

100

} {
1 − LTEbase

100

})
(12.39)

12.4.3 PunchoutsPunchouts in CRCPs are the result of the formation of longitudinal
top-down fatigue cracks spanning two adjacent transverse cracks.
They typically occur near the edge of a driving lane, when the upper
surface of the pavement is concave and the load transfer between
slab and shoulder is poor. Computing the occurrence of punchouts
involves a number of steps, some of which are similar to the ones
described earlier under the faulting model (e.g., computation of
equivalent monthly temperature/moisture gradients and calcula-
tion of the LTE across joints). The majority of the steps unique to
this model are described next.

Crack spacing is important because it affects crack width, which in
turn affects LTE across the crack. The mean transverse crack spacing
L (in) is calculated using:15

L =
ft − Cσ0

(
1 − 2ζ

h

)
f
2

+ um p
c1d

(12.40)

where:

f t = portland concrete tensile strength at 28 days (lb/in2).
f = coefficient of friction between slab and supporting

layer.
um = maximum bond stress between steel bars and

concrete (lb/in2).
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p = ratio of steel reinforcement area divided by slab cross
sectional area (percent).

d = reinforcing steel bar diameter (in).
h = slab thickness (in).
ζ = depth to steel reinforcement location (in).
C = Bradbury’s curling/warping stress coefficient (Figure

8.6), computed for the typical lane width of 144 in.

The bond slip coefficient c1 is given by:

c1 = 0.577 − 9.499 10−9 ln εtot−ξ(
εtot−ξ

)2 + 0.00502 L ln
(
L
)

(12.41)

where:

εtot−ξ = total strain (in/in) at the depth of the steel
reinforcement, caused by temperature gradient and
shrinkage for the current month.

σ 0 = Westergard’s nominal stress factor:

σ0 = E �εtot

2 (1 − μ)
(12.42)

with:

εtot = the equivalent unrestrained curling/warping strain
difference between top and bottom of slab (in/in) as
a result of the temperature/moisture gradient for the
current month.

The corresponding average crack width, cw, (0.001 in) at the level
of steel reinforcement is computed as:

cw = CC L
(

εshr + αt �Tξ − c2 fσ
E

)
1000 (12.43)

where:

εshr = unrestrained concrete drying shrinkage at the depth
of the reinforcement (in/in 10−6).
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αt = portland concrete coefficient of thermal expansion
(/◦F).

�T ζ = the difference in portland concrete temperature
between the monthly mean temperature and its ‘‘set’’
temperature at the depth of the steel ζ (◦F).

f σ = maximum longitudinal tensile stress in the portland
concrete at the steel level (lb/in2), which has an
upper limit of f t.

CC = calibration constant, with a default value of 1.0.
c2 = another bond slip coefficient, computed as:

c2 = a + b
k1

+ c

L
2 (12.44)

where a, b, and c are regression functions of εtot−ξ :

a = 0.7606 + 1772.5 εtot−ξ − 2 106ε2
tot−ξ (12.45a)

b = 9 108εtot−ξ + 149486 (12.45b)

c = 3 109ε2
tot−ξ − 5 106εtot−ξ + 2020.4 (12.45c)

and k1 is a function of the portland concrete compressive strength,
f c

′, at 28 days (lbs/in2).

k1 = 117.2 f ′
c (12.46)

The average crack width, cw, allows computing the dimensionless
shear transfer capacity of the crack due to aggregate interlock, s.
This is done using Equation 12.28, by substituting the crack width
computed for the joint width, jw. The combined crack stiffness J c
from aggregate interlock and pavement shoulder action is computed
using:

log
(
Jc
) = −2.2 exp

{
−2.718− Js+11.26

7.56

}
− 28.85 exp

{
−2.718− s−0.35

0.38

}
+49.8 exp

{
−2.718− Js+11.26

7.56

}
exp

{
−2.718− s−0.35

0.38

}
(12.47)

where J s is the stiffness contribution of the lane-shoulder joint,
which ranges from 0.04 to 4.0 for unpaved/asphalt concrete to tied



438 12 Structural Design of Rigid Pavements

portland concrete, respectively. Note that this expression could be
readily simplified, but it is presented in the exact form given in the
literature.19 The LTE of the crack, LTEc, due to the contribution
of aggregate interlock and the action of the reinforcing steel, R , is
given by:

LTEc = 100

1 + 10

(
0.214−0.183 a

�
−log(Jc)−R

1.18

) (12.48)

where:

p = percent of longitudinal reinforcement.
a = typical radius of a circular tire imprint (in.).
� = radius of relative stiffness (in.) (this is computed for

each analysis increment to reflect the time-dependent
modulus of the subgrade).

R = factor accounting for the load transfer provided by
the steel reinforcement, calculated as:

R = 2.5 p − 1.25 (12.49)

Finally, the overall LTE of the crack, LTEtot, is computed by
combining LTEc and the contribution of the base layer, LTEbase, as
done earlier (Equation 12.39).

Example 12.11 Compute the LTE across the cracks of CRCP slab in the first month
that it is open to traffic. The slab is 12 in. thick with asphalt-concrete
shoulders. Consider aggregate interlock, steel reinforcement action,
and shoulder action. The continuous reinforcement consists of
0.75 in. diameter steel bars spaced 6 in. center to center. Given:

εshr = 250 10−6 in/in
εtot−ξ = 50 10−6 in/in
�T ζ = 60◦F

The mean material-related values for the particular monthly incre-
ment are given as:

E = 4 106 lbs/in2

k = 110 lbs/in3
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Also given:

ζ = 6 in.
αt = 5.0 10−6/◦F
μ = 0.15
f ′
c = 4000 lbs/in2

f t = 380 lbs/in2

f = 0.85
um = 340 lbs/in2

f σ = 200 lbs/in2

ANSWER

The reinforcement is in the middle of the slab (ζ = h/2) and, as a
result, the second term of the nominator in Equation 12.40 reduces
to zero.

The percentage of steel reinforcement p is:

2π 0.752

4
12 12

100 = 0.61%

The bond slip coefficient c1 is computed from Equation 12.41,
assuming a seed value for L of 85 in, as:

c1 = 0.577 − 9.499 10−9 ln(50 10−6)(
50 10−6

)2 + 0.00502 85 ln (85) = 40.07

As a result, the average length of cracks, L, is computed as:

L = 380
0.85

2
+ 200 0.61

40.07 0.75

= 84.72 in

The variables used in computing the bond coefficient c2 (Equa-
tions 12.45 and 12.46) are:

a = 0.7606 + 1772.5 50 10−6 − 2 106 (50 10−6)2 = 0.844
b = 9 108 100 10−6 + 149486 = 1.94105

c = 3 109 (100 10−6)2 − 5 106 100 10−6 + 2020.4 = 1.78103

k1 = 117.2 4000 = 468800
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Subsequently, the bond coefficient c2 is computed as:

c2 = 0.844 + 1.94 105

468800
+ 1.78 103

804.592 = 9.79

The corresponding mean crack width is given by Equation 12.43.

cw = 84.72
(

250 10−6 + 50 10−660 − 9.79 200
4 106

)
1000

= 5.14 (0.001 in)

Substituting this mean crack width for the joint opening jw in
Equation 12.28 gives:

s0 = 0.05 12 exp (−0.032 5.14) = 0.509

for the first month the pavement is open to traffic. Substituting this
dimensionless shear transfer coefficient and a lane-shoulder joint
stiffness coefficient J s of 0.04 for asphalt-concrete shoulders into
Equation 12.47 gives:

log
(
Jc
) = −2.2 exp

{
−2.718− 0.04+11.26

7.56

}
− 28.85 exp

{
−2.718− 0.509−0.35

0.38

}
+49.8 exp

{
−2.718− 0.04+11.26

7.56

}
exp

{
−2.718− 0.509−0.35

0.38

}
= 3.909

Finally, the factor R for the shear transfer effect of the reinforcing
steel is computed using Equation 12.49.

R = 2.5 0.61 − 1.25 = 0.275

The radius of relative stiffness is computed as:

� =
(

4000000 123

12
(
1 − 0.152

)
110

)1/4

= 48.1 in.

Substituting these values into Equation 11.48, along with a value
a for the typical radius of a tire imprint of trucks of 6 in, gives the
LTE of the crack as:

LTEc = 100

1 + 10

(
0.214−0.183 6

48.1 −3.909−0.275
1.18

) = 99.96%
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The shear transfer capacity across CRCP cracks is reduced in
subsequent months according to Equation 12.31. The shear transfer
capacity loss, �s, is given by:

�s =

⎧⎪⎪⎨
⎪⎪⎩

∑
j

(
0.005

1+( cw
h )−5.7

) (
nj

106

) (
τj

τref

)
ESR for

cw
h

< 3.7

∑
j

(
0.068

1+6( cw
h −3)−1.98

) (
nj

106

) (
τj

τref

)
ESR for

cw
h

> 3.7

(12.50)
where the reference shear stresses, τ ref, is computed as:

τref = 111.1 exp
(
−2.718x′)

(12.51)

with:

x′ = 0.9988 exp
(−0.1089 ln

(
Jc
))

and ESR is the equivalent shear ratio used to account for lateral
wheel-path wander:

ESR = a + b �

L
+ c

LTEc

100
(12.52)

where:

a = 0.0026D
2 − 0.1779D + 3.2206 (12.53a)

b = 0.1309 ln
(
D
)− 0.4627 (12.53b)

c = 0.5798 ln
(
D
)− 2.061 (12.53c)

and D is the average distance between the lane edge and the center
of the wheel-path.

Having established the load transfer characteristics between the
slabs created by the inherent cracking of the continuously rein-
forced slabs allows structural analysis of stresses under load using
the neural network approach. Fatigue damage, FD, is computed
using a similar approach to cracking fatigue damage accumulation
(Equations 12.13 and 12.14). Finally, punchouts, PO, (number per
mile), are computed using:

PO = 106.3
1 + 4.0 FD−0.4 (12.54)

where FD is the fatigue damage accumulated
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12.4.4 Rough-
ness

Pavement roughness in the NCHRP 1-37A Design Guide is in terms
of the International Roughness Index (IRI ), described in Chapter 9.
The relationships used for predicting IRI are empirical, having
independent variables related to the local conditions, the pavement
age, and the distresses present. They are described next for jointed
and continuously reinforced portland concrete pavements.

IRI MODEL FOR JOINTED PAVEMENTS

The IRI model for jointed portland concrete pavements is expressed
in terms of the distresses present, namely fatigue cracking, faulting,
and spalling, in addition to the initial (post-construction) roughness,
IRI i (in/mi). Spalling, described in Chapter 9, is predicted on the
basis of the following empirical expression:

SPALL =
[

AGE
AGE + 0.01

] [
100

1 + 1.005(−12 AGE+SCF )

]
(12.55)

where:

SPALL = percent of joints with medium-high-severity spalling.
AGE = pavement age (years).
SCF = scaling factor based on site, design, and

climate-related variables, given by:

SCF = −1400 + 350 AIR% (0.5 + PREFORM) + 1.36 f ′
c

−0.2 FTCYC AGE + 43 h − 536 WC RATIO (12.56)

where:

AIR % = air content of the Portland concrete (%).
WC RATIO = water/cement ratio of the portland concrete.

FTCYC = average annual number of freeze/thaw cycles.
PREFORM = either 1.0 or 0 for sealed and non-sealed joints,

respectively.

Finally, the IRI (in/mi) for a particular month is given by:

IRI = IRIi + 0.0823 CRK + 0.4417 SPALL

+1.4929 TFAULT + 25.24 SF (12.57)
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where:

CRK = percent slabs with transverse cracks.
SPALL = percent of joints with medium-high-severity spalling.

TFAULT = total cumulative joint faulting per mile (in.) (the sum
of the Faultm values computed according to Equation
12.15).

SF = site factor, defined as:

SF = AGE (1 + 0.5556 FI )
1 + P200

106 (12.58)

where:

FI = freezing index (◦F-days).
P200 = percent subgrade material passing the No. 200 sieve.

IRI MODEL FOR CONTINUOUSLY REINFORCED PAVEMENTS

For CRCPs, pavement roughness, (IRI in/mi), is expressed as a
function of initial (i.e., post construction) IRI , age as reflected by
the site factor SF (Equation 12.56), and punchouts, PO, as computed
earlier. The model used19 is given by:

IRIm = IRIi + 3.15 PO + 28.35 SF (12.59)

Example 12.12A jointed portland concrete pavement 10 in thick with unsealed
joints is 45 years old and is experiencing the following distresses:

❑ CRK = 12%
❑ TFAULT = 33 in/mile

Its postconstruction roughness, IRI i, was 75 in/mi. Also given, the
following portland concrete properties:

❑ AIR% = 3
❑ WC RATIO = 0.5
❑ f c

′ = 3500 lbs/in2

and environmental/subgrade properties:
❑ FI = 800◦F-days
❑ FTCYC = 200 freeze/thaw cycles per year
❑ P200 = 15%
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ANSWER

Use Equation 12.58 to compute the site factor:

SF = 45 (1 + 0.5556 800)
1 + 15

106 = 0.3207

Use Equation 12.56 to compute the scaling factor:

SCF = −1400 + 350 3 (0.5) + 1.36 3500 − 0.2 200 45

+43 10 − 536 0.50 = 2247

Use Equation 12.55 to compute the extent of spalling:

SPALL =
[

45
45 + 0.01

][
100

1 + 1.005(−12 45+2247)

]
= 2.01% of joints

Use Equation 12.57 to compute the present roughness:

IRI = 75 + 0.0823 12 + 0.4417 2.01 + 1.4929 33 + 25.24 0.3207

= 134.23 in/mi(2.11 m/km)

12.4.5 Model
Calibration

The pavement damage functions just described were calibrated
using field performance observations from two large-scale pavement
experiments described earlier, namely the Minnesota Road Research
(MnROAD) Project,11 and the Long-Term Pavement Performance
(LTPP) Program.9 It is anticipated that these rigid pavement design
models will undergo further refinement as the NCHRP 1-37A pave-
ment design approach is being evaluated.6 Furthermore, additional
model calibration will take place as individual state DOTs begin
implementing the new design approach.

References
1 AASHTO (1986, 1993). AASHTO Guide for the Design of Pavement

Structures, American Association of State Highway and Transporta-
tion Officials, Washington, DC.



References 445

2 AASHTO (1997). AASHTO Standard T97-97, ‘‘Flexural Strength
of Concrete (Using Simple Beam with Third-Point Loading),’’
American Association of State Highway and Transportation Offi-
cials, Washington, DC.

3 AASHTO (2002). AASHTO Standard T198-02, ‘‘Splitting Tensile
Strength of Cylindrical Concrete Samples,’’ American Association
of State Highway and Transportation Officials, Washington, DC.

4 ASTM (2007). A615, Standard Specification for Deformed and
Plain Billet-Steel for Concrete Reinforcement, American Society
for Testing of Materials, Book of Standards, Vol. 01.04, Conshocken,
PA.

5 DARWin, Version 3.1 (1999). Applied Research Associates (ARA)
Inc., Champaign IL.

6 NCHRP (July 2006). Independent Review of the Recommended
Mechanistic-Empirical Design Guide and Software, National
Cooperative Highway Research Program (NCHRP) Research
Results Digest, No. 307, Wasington, DC.

7 Khazanovich, L., H. T. Yu, S. Rao, K. Galasova, E. Shats, and
R. Jones (2000). ISLAB 2000-Finite Element Analysis Program for
Rigid and Composite Pavements User’s Guide, ERES Division of ARA
Inc., Champaign, IL.

8 Larson G., and B. J. Dempsey (1997). Integrated Climatic Model,
Version 2.0, Newmark Civil Engineering Laboratory, University
of Illinois at Urbana-Champaign, Report No. DTFA MN/DOT
72114.

9 Long-Term Pavement Performance, Federal Highway Administra-
tion, www.tfhrc.gov/pavement/ltpp/datapave.htm, accessed 02,
2007.

10 Miner, M. A. (1945). Cumulative Damage in Fatigue, Transactions
of the ASCE , Vol. 67, pp. A159–A164, (1945).

11 Minnesota Road Research Project (MnRoad), www.mrr.dot.state.
mn.us/research/MnROAD Project/MnROADProject.asp,
accessed 02, 2007.

12 Mohamed, A. R., and W. Hansen (1997). ‘‘Effect of Non-Linear
Temperature Gradient on Curling Stresses in Concrete Pave-
ments,’’ TRB Record 1568, Washington DC, pp. 65– 71.



446 12 Structural Design of Rigid Pavements

13 PIARC (1987). ‘‘Combating Concrete Pavement Slab Pumping
by Interface Drainage and Use of Low-Erodibility Materials: State
of the Art and Recommendations,’’ Permanent International
Association of Road Congress, Paris, FR.

14 PCAPAV (1985–1986). Thickness Design of Highway and Street
Pavements, Software MC003X, by the Portland Cement Associa-
tion.

15 Reis, E. E. Jr., J. D. Mozer, A. C. Bianchinni, and C. E. Kesler
(1965). ‘‘Causes and Control of Cracking in Concrete-Reinforced
with High-Strength Steel Bars—A Review of Research’’, Engi-
neering Experimental Station Bulletin 479, University of Illinois,
Urbana-Champaign.

16 PCI (1984/1995). ‘‘Thickness Design for Concrete Highway and
Street Pavements,’’ Portland Cement Association (imperial units),
Skokie, IL.

17 CPCA (1984/1995). ‘‘Thickness Design for Concrete Highway
and Street Pavements,’’ Canadian Portland Cement Association
(SI units), Ottawa, Ont.

18 Zolinger, D. G., N. Buch, D. Xin, and J. Soares (February 1998).
‘‘Performance of CRCP Pavements,’’ Report Volumes 1 to 7,
FHWA Contract DTFH61-90-C-00073, U.S. Department of Trans-
portation, Washington, DC.

19 NCHRP (July 2004). ‘‘2002 Design Guide: Design of New and
Rehabilitated Pavement Structures,’’ Draft Final Report, NCHRP
Study 1-37A, National Cooperative Highway Research Program,
Washington, DC.

Problems

12.1 Calculate the required slab thickness for a JDRCP with tied
portland concrete shoulders on a good-draining subgrade
(the water drains out of the pavement structure within
a period of one day). It is estimated that the pavement
structure becomes saturated less frequently than 5% of the
time. The following data are also given:

◆ Estimated number of ESALs over a 30-year maximum
performance period = 5 million

◆ Modulus of subgrade reaction = 140 lbs/in3 (37.3 MPa/m)
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◆ Design reliability = 95%
◆ Standard error in predicting serviceability = 0.40
◆ Modulus of rupture of portland concrete (28 days)

= 525 lbs/in2 (3.6 MPa)
◆ Elastic modulus of portland concrete = 4,000,000 lbs/in2

(28,000 MPa)
◆ �PSI = 2.5 (from 4.5 to 2.0) and Pt = 2.0

12.2 Compute the environment-related serviceability loss antic-
ipated for a rigid pavement after 30 years of service. The
subgrade is a poorly draining low-plasticity clay (designated
as CL according to the USC system), having less than 70%
by weight finer than 0.02 mm, and a Plasticity Index of 30%.
The subgrade layer is 8 ft deep; it is exposed to high moisture
levels and exhibits a medium level of structural fracturing.
The percent of the pavement surface subjected to swelling
is estimated to be 40%, while the probability of frost is
estimated at 50%. The depth of frost penetration is 2 ft.

12.3 Consider the traffic data specified in problem 12.1 and the
subgrade conditions specified in problem 12.2. Assume that
ESALs compound annually at a constant growth rate of
3%. Compute the anticipated pavement life the JDRCP slab
designed in problem 12.1, considering serviceability loss due
to both traffic and environmental factors.

12.4 Using the AASHTO method,1 compute the amount of steel
reinforcement required for a CRCP slab 12 in thick with
limestone aggregate. Also given:

◆ T H and T L = 80 and 15◦F, respectively
◆ f t = 500 lbs/in2

◆ Axle load of 22,000 lbs
◆ Subgrade reaction modulus k = 150 lbs/in3

◆ αs = 5.0 10−6/◦F

12.5 Using the PCA method,17 design a JDRCP for a four-lane
divided highway with tied portland concrete shoulders. Use
the load frequency distribution data given in Table 12.8.
Also given:

◆ Load safety factor (LSF) = 1.10



448 12 Structural Design of Rigid Pavements

◆ Modulus of subgrade reaction k = 60 MPa/m
◆ Portland concrete modulus of rupture = 4.0 MPa
◆ Average daily traffic (ADT) over design life = 20,000

vehicles/day
◆ Directional split = 50/50
◆ Percent of heavy trucks (FHWA classes 4 to 13) = 15%
◆ Percent of trucks in the right-hand-side lane = 75%
◆ Design life = 25 years

Note that the proper charts from Ref. 17 need to be
obtained.

12.6 Compute the LTE of the joints of a 10 in thick plain jointed
portland concrete pavement with joints spaced 8 ft apart
under mean January temperature of −25◦F, given that it was
cured at + 55◦F and it is experiencing mean shrinkage strain
for the month of 1.5 10−4. Also given that the coefficient
of friction between slab and subgrade is 0.85, and that
the coefficient of thermal expansion of the concrete is
5 10−6/◦F.

12.7 As a continuation to the previous problem, compute the loss
in LTEagg at the end of the month of January, resulting from
250,000 axle passes of a single-axle configuration/load that
causes a vertical deflection at the edge of the loaded slab,
wl = 12 10−3 in.

12.8 Compute the LTE due to the action of dowels, 1.25 in in
diameter, set 1 ft apart, for the first and second months
a pavement section is open to traffic. During the first
month, 100,000 axle passes were experienced of a configu-
ration/load that produced deflections at the loaded edge of
the slabs, wl = 15 10−3 in. Given that the thickness of the slab
is 14 in, the modulus of subgrade reaction is 120 lbs/in3, the
elastic properties of the concrete are 4 106 lbs/in2 and 0.15,
and its compressive strength is 4200 lbs/in2.

12.9 Compute the LTE across the cracks of CRCP slab in the
first month it is open to traffic. The slab is 14 in thick with
asphalt-concrete shoulders. Consider aggregate interlock,
steel reinforcement action, and shoulder action. The con-
tinuous reinforcement consists of 0.75 in diameter steel bars
spaced 6 in center to center. Given:
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◆ εshr = 300 10−6 in/in
◆ εtot−ξ = 50 10−6 in/in
◆ �T ζ = 60◦F

The mean material-related values for the particular monthly
increment are given as:

◆ E = 4 106 lbs/in2

◆ k = 110 lbs/in3

Also given:

◆ ζ = 6 in
◆ αt = 5.0 10−6/◦F
◆ μ = 0.15
◆ f ′

c = 4000 lbs/in2

◆ f = 0.85
◆ um = 340 lbs/in2

◆ f σ = 200 lbs/in2

12.10 A jointed portland concrete pavement 12 in thick with
unsealed joints is 35 years old and is experiencing the
following distresses:

◆ CRK = 22%
◆ TFAULT = 25 in/mile

Its postconstruction roughness, IRI i, was 65 in/mi. Also given
the following portland concrete properties:

◆ AIR% = 7
◆ WC RATIO = 0.45
◆ f ′

c = 4000 lbs/in2

and environmental/subgrade properties:

◆ FI = 1000◦F-days
◆ FTCYC = 100 freeze/thaw cycles per year
◆ P200 = 20%
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12.11 Utilizing the NCHRP 1-37A Design Guide software, estimate
the performance of a plain jointed portland concrete pave-
ment located in the western United States (latitude = 47◦

33′ N, longitude = 117◦ 41′ W). Given:

◆ Slab thickness h = 14 in.
◆ Unbound base thickness = 20 in.
◆ Joint spacing = 10 ft
◆ Average annual daily truck traffic (AADTT) in the design

lane for first year = 800 trucks/day
◆ Traffic growth rate = 3.0% annually, compounded over

the analysis period of 40 years

The vehicle classification distribution is as shown in Table 11.7.
Assume monthly adjustment factors (MAF s) of 1.0 for all vehicle
classes and months. Compute the number of axles by configu-
ration, assuming that the sketches in Table 2.1 represent the
vehicle type in each class. Use the axle load distributions shown
in Figures 11.12 and 11.13, and assume that there are no tridem or
quad-axle configurations in the traffic stream. Finally, assume the
subgrade is a low-plasticity clay with a Resilient Modulus of 82.7 MPa
(12,000 lbs/in2). The tire inflation pressure is equal to 689 kPa
(100 lbs/in2). Present the results in the form of performance curves
of the various distress versus time. Determine whether the selected
pavement structural design is acceptable.



13Pavement
Rehabilitation

13.1 Introduction

Pavement rehabilitation refers to the broad range of treatments
for repair, rehabilitation, restoration and replacement of pave-
ments, colloquially referred as the 4-Rs. Historically, these treatments
excluded routine maintenance activities (e.g., pothole filling), which
did not qualify for federal fund sharing. This is no longer the
case, provided that agencies can document that maintenance is
cost-effective in preserving pavements between more comprehensive
4-R treatments.10,11 Restoration refers to a variety of surface treat-
ments such as crack filling and coating, while resurfacing includes
chip sealing and overlaying with either asphalt concrete or port-
land concrete. Recycling consists mainly of incorporating reclaimed
asphalt pavement (RAP) into new asphalt concrete. Reconstruction
is, in essence, new construction for which design methods were
described earlier in this book (Chapters 11 and 12).

Typically, rehabilitation is triggered using pavement distress crite-
ria (e.g., reaching threshold values in particular distresses) or some
type of aggregate distress index reflecting the type of distresses
present and their extent/severity (e.g., the PCI index described
in Chapter 9). Some jurisdictions utilize pavement roughness or
a combined index of distress and roughness as an alternative
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rehabilitation-triggering criterion. In addition, there are circum-
stances where pavement rehabilitation is triggered by safety rather
than distress/roughness considerations (e.g., the need to increase
pavement texture in order to improve skid resistance).

The range of feasible 4-R treatments depends on pavement
condition, as defined by the type of distresses present and their
extent/severity, as well as the degree of structural strengthening
necessary. Ideally, the best among the feasible 4-R treatments should
be selected on the basis of life-cycle cost analysis (LCCA) described
in Chapter 14. General 4-R treatment guidelines for a selected set of
circumstances are shown in Tables 13.1, 13.2, and 13.3 for asphalt
concrete pavements, jointed portland concrete pavements, (either
JPCP or JDRCP), and continuously reinforced portland concrete
pavements (CRCP), respectively. These tables provide estimates of
the expected service lives of these treatments. Their actual service
lives may vary significantly from these estimates, depending on the
particular traffic/environmental circumstances and construction
quality.

The focus of this chapter is on overlays and their design method-
ologies. Regardless of the design methodology and the materials
involved, the existing pavement surface needs to be prepared to
repair distresses that, if left untreated, may compromise the perfor-
mance of the overlay. This is especially true in portland concrete
pavements, where the surface needs to be treated to control reflec-
tion cracking. This involves either fracturing of the entire surface
or keeping the surface intact while effecting full-depth repairs/slab
replacement at particularly deteriorated locations.9 Fracturing an
existing portland concrete pavement in preparation for an overlay
is cost-effective where the existing portland concrete surface is badly
distressed. It is carried out by either rubbilizing (i.e., mechanically
fracturing slabs into pieces smaller than 0.3 m), cracking/seating
(i.e., breaking slabs into 0.3 to 1.0 m pieces), or breaking/seating
(i.e., breaking the slabs into 0.3 to 1.0 m pieces and ensuring that
the bond between concrete and rebar reinforcement is also bro-
ken). The fracturing method is dictated by portland concrete type:
cracking/seating is suited for JPCPs; breaking/seating is suited to
JDRPCs; and rubbilizing suits all portland concrete types, including
CRCPs. Overlay design requires special care in identifying the lim-
its of the pavement sections to be overlaid, so they have uniform
age, surface condition, traffic level, and structural characteristics.
The overlay design methods described next are attributed to the
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Table 13.1
Guidelines for Flexible Pavement Rehabilitation Treatments and Estimated Service Lives

Fatigue Cracking
Extent Asphalt Layer Estimated

Severity (% Length) Thickness Typical Treatments Service Life

Low 1–10% <200 mm Patch or chip sealing 5
Medium 11–25% >200 mm 50 mm overlay 12
Medium 11–25% <200 mm 75 mm overlay 12
Medium 25–50% >200 mm 75 mm overlay 12
Medium 25–50% <200 mm 150 mm overlay 12
High >50% >200 mm 100 mm overlay 12
High >50% <200 mm Reconstruction 15

Transverse Cracking
Extent Estimated

Severity (Spacing) Typical Treatments Service Life
Low >15 m Rout and Seal 8
Medium 10–15 m Clean and Seal 5
Medium 10–15 m Clean and slurry seal 3
High <10 m Clean/seal, and 50 mm 10

overlay

Rutting
Extent Service

Severity (% Length) Typical Treatments Life
<6 mm >25% Do nothing —

6–12 mm >25% Grinding 7
12–25 mm >25% Grinding 4
>25 mm >50% Mill and inlay 50 mm 10

1993 edition of the AASHTO Pavement Design Guide,1 the Asphalt
Institute,8 and the NCHRP Study 1-37A.13

13.2 AASHTO (1993) Flexible Pavement Overlay
Design Method

AASHTO1 recommends an empirical flexible pavement overlay
thickness design method that relies on the effective structural
number(SN ) of an existing pavement, denoted by SN EFF. Three
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Table 13.2
Guidelines for Jointed Rigid Pavement Rehabilitation Treatments and Estimated
Service Lives

Faulting
Severity Extent (% Length) LTE∗ Typical Treatments Service Life
Low >25% Do nothing —
Medium >25% >70% Grinding 5
Medium >25% <70% Load transfer restoration

and grinding
15

Medium >25% >70% Grinding 6
Medium >25% <70% Load transfer restoration

and grinding
10

High >50% <70% Crack/seat or rubbilize and
125 mm overlay

12

High >50% <70% Reconstruction 35

∗Load Transfer Efficiency

Panel and Corner Cracking
Severity Extent (% Length) Typical Treatments Service Life
Low 1–10 % Panel replacement 7
Medium 11–25% AC overlay 12
Medium 11–25% Unbonded PC overlay 35
High >25% Reconstruction 35

Table 13.3
Guidelines for Continuously Reinforced Rigid Pavement Rehabilitation Treatments and
Estimated Service Lives

Punchouts
Severity Extent Typical Treatments Estimated Service Life

Medium <3 / km Full-depth patching 10
Medium 3–6 / km Full-depth patching 5
Medium >6 / km AC overlay 12
High >15 / km Reconstruction 35

alternatives methods are described for obtaining SN EFF, based on
either:

❑ Estimating structural layer coefficients ai for Equation 2.5 from
qualitative surface distress criteria.
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Figure 13.1
Nomograph for Estimating the Condition Factor CF (Ref. 1 Used by Permission)

❑ Discounting the original (i.e., post-construction) structural
number using a condition factor based on the remaining
ESAL-life to reach terminal serviceability.

❑ Estimating structural layer coefficients ai for Equation 2.5
based on the in-situ effective moduli of the pavement layers, as
determined by nondestructive testing.

The last two methods are preferable and are described next in
detail, followed by the recommended approach for computing the
required asphalt concrete overlay thickness.

13.2.1 SNEFF
from ESAL-Life

Calculations

The remaining ESAL-life of an existing flexible pavement section
is defined as the percent difference between the number of ESALs
estimated to reach a terminal serviceability of 1.5 and the number
of ESALs accumulated up to the present, expressed as:

RL = 100
(

1 − NP

N1.5

)
(13.1)
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where RL is the remaining life, and N p and N 1.5 are the accumulated
ESALs to the present and to terminal serviceability, respectively. The
nomograph shown in Figure 13.1 is used to compute the condition
factor (CF ), which allows computing the effective structural number
SN EFF of this section as:

SNEFF = CF SN0 (13.2)

where SN 0 is the original structural number of the pavement section
post-construction (i.e., Equation 2.5 with structural coefficients
uncompromised by age).

The required overlay thickness DOL is computed using:

DOL = SNF − SNEFF

a1
(13.3)

where SN F is the structural number of a new pavement at this site
designed to sustain the future-life ESALs anticipated as computed
using the procedure described in Chapter 11. Typically, an a1 value
of 0.44 is used for new asphalt concrete layers.

Example 13.1 Determine the thickness of the asphalt concrete overlay required
for an existing pavement with asphalt concrete, unbound base and
subbase layer thicknesses of 18 cm, 15 cm and 20 cm (7, 5.9, and
7.9 in.), respectively. The section has experienced 3.5 million ESALs
to date; its serviceability is 2.5 in the PSI scale; and it is estimated
that if left untreated, it could sustain another 1.5 million ESALs
before its PSI reduces to a terminal value of 1.5. It is estimated that
the overlaid pavement needs to have a structural number of 4.8 to
sustain future traffic. The pavement layers drain within one day if
they become saturated, which happens 10% of the time.

ANSWER

Draining within one day characterizes the drainage as ‘‘good’’
(Table 10.1), which, combined with 10% of time saturation, allows
estimating drainage coefficients for the base and the subbase layers
of 1.1 (Table 2.7). Hence, the original structural number of the
section postconstruction can be computed from Equation 2.5 as:

SN0 = 0.44 7 + 0.14 1.1 5.9 + 0.11 1.1 7.9 = 4.94
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The remaining life factor is computed from Equation 13.1 as:

RL = 100
(

1 − 3.5
5.0

)
= 30%

Using a 30% remaining life, Figure 13.1 gives a condition fac-
tor(CF ) of 0.82, which allows computing the effective structural
number SN EFF from Equation 13.2 as:

SNEFF = CF SN0 = 0.82 4.94 = 4.05

Given a required future structural number of 4.8, the overlay
thickness can be computed from Equation 13.3 as:

DOL = SNF − SNEFF

a1
= 4.8 − 4.05

0.44
= 1.7 in to be rounded up 2 in (5 cm)

13.2.2 SNEFF
from Non-

destructive
Testing Data

AASHTO1 describes an alternative method for establishing the
structural coefficients that give the effective structural number SN EFF.
It is based on obtaining the resilient modulus of the subgrade Mr
from pavement surface deflection measurements, and using this
value to compute an effective modulus of the pavement layers above
the subgrade Ep. The subgrade resilient modulus is obtained from
an expression derived from Equation 7.6 by setting the Poisson’s
ratio equal to 0.5:

Mr = 0.24 P
wr r

(13.4)

a

Subgrade

p

r

D

a2 + D30.7
MR

Ep

wr

Figure 13.2
Radial Offset for Subgrade-only Contribution to Surface Deflection
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where wr is the deflection at a radial offset r from the centerline of the
load of magnitude P . This radial offset should be sufficiently large
to ensure that only vertical strains within the subgrade contribute
to the surface deflection being measured (Figure 13.2). As a result,
the deflection beyond this offset is not temperature-sensitive.

The effective modulus of the layers above the subgrade Ep is
subsequently computed through:

w0 = 1.5 p a

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

Mr

√√√√1 +
(

D
a

3

√
EP

Mr

)2
+

1 − 1√
1 +

(
D
a

)2

Ep

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(13.5)

where w0 is the pavement surface deflection at the centerline of the
loading plates the rest of the variables are defined in Figure 13.2.
Note that the w0 deflection must be adjusted to correspond to
the reference temperature of 68◦F (20◦C). A procedure similar
to the one described in Chapter 9 can be used for this purpose.
Solving Equation 13.5 for Ep allows determining SN EFF using the
nomograph shown in Figure 13.3. An example of this procedure
follows.

Example 13.2 A flexible pavement has asphalt concrete and base/subbase layer
thicknesses of 15 and 25 cm (6 and 10 in), respectively. FWD mea-
surements yielded deflections, corrected to 68◦F, of 0.015 and
0.008 in, (0.038 and 0.02 cm) at radial offsets of 0 and 20 in, respec-
tively. The load applied was 8,000 lbs (35.5 kN), and the radius of
the loaded plate was 6 in (15 cm). Determine the SN EFF.

ANSWER

Use Equation 13.4 to compute the resilient modulus of the sub-
grade:

Mr = 0.24 P
wr r

= 0.24 8000
0.008 20

= 12, 000 lb/in2 (82.7 MPa)
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Given a contact area of π62 = 113.1 in2, the contact pressure p on
the FWD plate is 70.7 lb/in2 (487 kPa). Use Equation 13.5 to solve
for Ep:

0.015 = 1.5 70.7 6

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

12000

√√√√1 +
(

16
6

3

√
EP

12000

)2
+

1 − 1√
1 +

(
16
6

)2

Ep

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

This gives an Ep value of approximately 27,500 lbs/in2 (206.8 MPa).
Entering this value, along with a D value of 16 in into Figure 13.3
gives an SN EFF value of 2.2. Consideration of the structural number
required to accommodate future traffic allows computation of the
required overlay thickness, as in the previous example.
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Figure 13.3
Nomograph for Estimating SNEFF from the Estimated Subgrade Modulus Ep (Ref. 1
Used by Permission)
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It should be noted that the methods just described for deter-
mining flexible pavement overlay thickness represent a significant
simplification of the approach described in the 1986 edition of the
AASHTO guide, which based SN EFF estimation on a combination of
remaining ESAL-life and structural considerations.

13.3 Asphalt Institute Flexible Pavement Overlay
Design Method

This method bases flexible pavement overlay thickness on the rep-
resentative rebound deflection (RRD) of a section, obtained as
explained earlier (Chapter 9). Asphalt concrete overlay thickness is
estimated as a function of the future anticipated ESALs over the life
of the overlaid section, using the nomograph shown in Figure 13.4.8

Its use is explained through the following example.

Example 13.3 Design an overlay for the pavement deflection measurements and
particulars described earlier in Examples 9.6, 9.7, and 9.8.

ANSWER

The answer to Example 9.7 suggests an RRD of 1.735 mm (0.0068 in),
which makes it structurally deficient (as described in Example 9.8,
the SAI of this section was 2.0 on a scale of 0 to 10). Given that
the traffic estimated over the future life of this section is 1 million
ESALs, Figure 13.4 allows computing a required asphalt concrete
overlay thickness of 100 mm (4 in).

13.4 AASHTO (1993) Rigid Pavement Overlay
Design Method

AASHTO1 recommends an asphalt concrete overlay design method-
ology over fractured portland concrete similar to the one described
for overlaying existing asphalt concrete pavements. The fractured
portland concrete is simply treated as a high-strength granular base
layer.

The method AASHTO1 recommends for designing asphalt con-
crete overlays over intact portland concrete pavements relies on the
effective slab thickness of the existing pavement, denoted by DEFF.
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Nomograph for Estimating Overlay Thickness from the RRD (Ref. 8)

Two alternatives methods are described for obtaining DEFF, based
on either:

❑ Qualitative surface distress criteria

❑ Discounting the original (post-construction) slab thickness
using a condition factor based on the remaining ESAL-life
to reach terminal serviceability

The latter is preferable, and it is in essence identical to the method
described earlier for computing the SN EFF for existing asphalt
concrete pavements. The remaining life (RL) is computed using
Equation 13.1. and a condition factor (CF ) is obtained using Figure
13.1, while Equation 13.2 is written as:

DEFF = CF D (13.6)
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where D is the as-built thickness of the portland concrete slab.
Note that no method is described for obtaining DEFF from deflec-
tion measurements. Instead, FWD measurements are used for
back-calculating the modulus of subgrade reaction k and the mod-
ulus of the existing portland concrete slab E . The back-calculation
methodology was described in detail in Chapter 9. It is suggested that
the k values obtained with this method are roughly twice as large as
the values that would be obtained with a plate loading test, and need
to be adjusted accordingly.1 In addition, where indirect tension data
on extracted cores are not available, the back-calculated modulus
of the portland concrete slab E is used for indirectly estimating the
modulus of rupture of the portland concrete, S ′

c using:

S ′
C = 43.5

E
106 + 488.5 (13.7)

where S ′
c and E are in lbs/in2. Furthermore, FWD measurements are

used to obtain the load transfer efficiency (LTE) of joints. LTE values
above 70%, between 70% and 50%, and below 50% characterize
load transfer as good, fair, and poor, and are assigned load transfer
coefficients (i.e., J values) of 3.2, 3.5, and 4, respectively. Thus,
FWD measurements provide essential input data in determining the
thickness of the future portland concrete slab, DF, following the
methodology described in Chapter 12 (Equation 12.1).

The following describes the methodology used for computing the
overlay thickness for the most common types of overlays on portland
concrete pavements, including asphalt concrete and portland con-
crete, the latter being either bonded or unbonded. Bonded portland
concrete overlays are constructed after a thin coat of cement grout
or liquid epoxy is placed on the existing portland concrete pave-
ment ahead of the paver.4 Unbonded portland concrete overlays
are constructed after a separation/debonding interlayer is placed
on the existing portland concrete pavement surface.5 This interlayer
is typically thin (25 to 50 mm) and consists of unbound aggregates
or asphalt concrete.

ASPHALT CONCRETE OVERLAYS

Asphalt concrete overlays on intact portland concrete pavements
need to be constructed after the original portland concrete sur-
face has been properly repaired. This includes full-depth repair of
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cracked slabs and spalled joints and drainage improvement, fol-
lowed by a tack coat prior to overlaying. The thickness of the asphalt
concrete overlay DOL required is computed using:

DOL = A (DF − DEFF ) (13.8)

where A is a function of structural deficiency obtained from:

A = 2.2233 + 0.0099 (DF − DEFF )2 − 0.1534 (DF − DEFF )

(13.9)

with the slab thicknesses in inches. The typical range in such overlays
is between 75 and 150 mm (3 to 6 in).

13.4.1 Bonded
Portland

Concrete
Overlays

Bonded portland concrete overlays are effective where the existing
surface has relatively low distress, which can be practically repaired
before the overlay. The procedure recommended for determining
the overlay thickness of a bonded portland concrete overlay is a
variation of the flexible pavement overlay approach just described.
The main difference is that instead of using Equation 13.8, the
portland concrete overlay thickness is computed from:

DOL = DF − DEFF (13.10)

The typical range in this type of overlay is between 50 and 100 mm
(2 to 4 in).

13.4.2 Unbonded
Portland

Concrete
Overlays

Unbonded portland concrete overlays are effective where the exist-
ing surface is badly deteriorated, and repairing it would be too
expensive. Even so, a basic treatment of the surface and improve-
ment of drainage are advisable. The overlay thickness is computed
from:

DOL =
√

DF − DEFF (13.11)

Example 13.4Design an asphalt concrete overlay for a jointed dowel-reinforced
rigid pavement 8 in thick (0.20 m). FWD measurements on this
pavement yield a modulus of subgrade reaction of 140 lbs/in3

(38 MPa/m) and a portland concrete elastic modulus of 3,500,000
lbs/in2 (24.8 MPa). In addition, FWD measurements across the
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joints yield a LTE of 75%. Additional information given includes
6.5 million ESALs accumulated to present and 8 million ESALs
estimated to reduce PSI to 1.5. The number of future ESALs that
needs to be carried over the design life of the overlaid section is
7 million. Consider only traffic-related serviceability loss of 2.5,(4.5
to 2.0). The standard error in predicting serviceability is 0.5, and the
desired reliability is 85%. The drainage condition for this section is
considered good, with pavement layer saturation less frequent than
10%.

ANSWER

Use Equation 12.1 to compute the required thickness of a portland
concrete layer to carry future traffic, DF. Compute the necessary
input from the information given. For 85% confidence, the value of
the standard normal deviate Z R is − 1.037. The adjusted modulus
of the subgrade reaction is 70 lbs/in3. The load transfer coefficient
J is 3.2, and the drainage coefficient Cd is 1.05 (Table 12.1). The
modulus of rupture of the portland concrete, S ′

c , is estimated from
Equation 13.7 as:

S ′
C = 43.5 3.5 + 488.5 = 640 lbs/in2 (4412 kPa)

Substituting these values into Equation 12.1 allows solving for the
required thickness of the future pavement:

log(7 106) = −1.037 0.5 + 7.35 log(D + 1) − 0.06 +
log

[
2.5

4.5 − 1.5

]

1 + 1.624 107

(D + 1)8.46

+ (4.22 − 0.32 2) log
640 1.05 (D0.75 − 1.132)

215.63 3.2
[

D0.75 − 18.42
(3.5 106/70)0.25

]

which gives a value of DF of 9.5 in (0.24 m).
Compute the remaining life from Equation 13.1 as:

RL = 100
(

1 − 6.5
8

)
= 18.75%
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which gives a condition factor of 0.75 (Figure 13.1) and results in
a DEFF value of 0.75 × 0.2 = 0.15 m (5.9 in) (Equation 13.6). The
correction factor A is computed from Equation 13.9.

A = 2.2233 + 0.0099 (9.5 − 5.9)2 − 0.1534 (9.5 − 5.9) = 1.8

Finally, the asphalt concrete overlay thickness is computed using
Equation 13.8.

DOL = 1.8 (9.5 − 5.9) = 6.4 in (0.165 m)

13.5 NCHRP 1-37A Overlay Design Method

The NCHRP 1-37A study13 describes a mechanistic-empirical
approach to the design of asphalt concrete and portland con-
crete overlays. The approach expands on the mechanistic response
and empirical damage function design approach presented earlier
for designing new pavements (Chapters 11 and 12). A key part of
this overlay design approach is determining the properties of the
existing pavement layers. Three levels of detail are described for
this purpose, namely non-destructive testing (NDT), correlation to
index properties such as the California Bearing Ratio, and empirical
relationships to surface distress. Only level 1 design involving NDT
will be described next, given the widely accepted use of this technol-
ogy in designing overlays. The discussion treats separately asphalt
concrete overlays and portland concrete overlays. Each overlay type
is discussed separately as applied over existing flexible pavements,
fractured portland concrete pavements, and intact portland con-
crete pavements. The actual overlay alternative to be selected in
each circumstance should be decided on the basis of life-cycle cost
analysis, as described in Chapter 14. The procedures described are
under review by another NCHRP Study.11 The outcome of this
review and subsequent research is likely to result in modifications to
some of the design procedures described here.

13.5.1 Asphalt
Concrete
Overlays

Asphalt concrete is an effective overlay material for asphalt concrete
pavements, as well as portland concrete pavements. Asphalt concrete
overlaying of portland concrete requires considerable preparation
of the existing surface to avoid reflection cracking, as described
earlier.
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ASPHALT CONCRETE OVERLAYS OVER FLEXIBLE PAVEMENTS

The design of asphalt concrete overlays on asphalt concrete pave-
ments involves determining the in-situ properties of the exist-
ing pavement layers, including their in-situ elastic layer mod-
uli, the amount of fatigue damage, and the amount of plastic
deformation experienced prior to the overlay. As described next,
the fatigue damage in the asphalt concrete is estimated from
the differences in dynamic moduli between the existing and the
as-built layer, which is computed from extracted cores. The plastic
deformation of the pavement layers is measured directly through
trenching.

The pavement layer elastic moduli are computed from NDT data
through back-calculation techniques, as described in Chapter 9.
The in-situ moduli of the granular layers need to be adjusted to
account for the differences between field testing and laboratory
conditions. Typically, factors of 0.67 and 0.40 are used in convert-
ing back-calculated moduli to resilient moduli (Mr) for granular
base and subgrade layers, respectively. The dynamic modulus of the
‘‘damaged’’ asphalt concrete layer, back-calculated from NDT data
and denoted by E*dam, is used in combination with the ‘‘undam-
aged’’ (i.e., as-built) dynamic modulus, denoted by E*, to estimate
the amount of fatigue damage accumulated. The master curve for
E* is reconstructed from field core data (i.e., volumetric, gradation,
and viscosity-temperature susceptibility data of the extracted binder,
as described in Chapter 5). It allows estimating E* for the loading
rate/temperature conditions (i.e., reduced time) prevailing during
NDT. Knowing the E*dam and E* values under the same temper-
ature/loading condition, allows computing the fatigue damage in
the asphalt concrete dAC prior to the overlay by solving the following
expression:

E∗
dam = Emin + E∗ − Emin

1 + e−0.3+5 log dAC
(13.12)

where Emin is the minimum dynamic modulus for the asphalt con-
crete, and the moduli are in lbs/in2. Note that Equation 13.12 is also
used to compute further reductions in the modulus of the asphalt
concrete layer, as fatigue damage keeps accumulating throughout
the life of the overlaid section.
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Example 13.5Compute the fatigue damage accumulated in an existing asphalt
concrete pavement, given that its E* and E*dam, computed as just
described, have values of 450,000 lb/in2 and 375,000 lb/in2 (3.1 GPa
and 2.5 GPa), respectively, and the minimum E∗

min is 200,000 lb/in2

(1.37 GPa).

ANSWER

Substitute given moduli values into Equation 13.12 and solve it for
dAC:

375000 = 200000 + 450000 − 200000
1 + e−0.3+5 log dAC

which gives a dAC value of 0.77, or 77%.
Successive trial performance simulations involving different over-

lay thicknesses are carried out to establish the minimum feasible
thickness that can accommodate future design life traffic. The cri-
terion for the latter is predicting distresses below selected critical
threshold values. The software developed by the NCHRP 1-37A study
is used for implementing this approach. In doing so, the proper-
ties of the existing pavement layers, and their structural condition,
obtained as described previously need to be specified.

ASPHALT CONCRETE OVERLAYS OVER FRACTURED PORTLAND
CONCRETE PAVEMENTS

Asphalt concrete overlays over fractured portland concrete pave-
ments require characterization of the underlying granular layers
and the fractured portland concrete slabs. This involves deter-
mining the moduli of the pavement layers, as well as the plas-
tic deformation in the granular layers. The latter is obtained
directly through trenching. The moduli are computed through
back-calculation using NDT data, as described in Chapter 9. The
effective modulus of the fractured portland concrete slab is com-
puted as a function of the variability in the fracturing process.
Table 13.4 shows the coefficient of variation in the back-calculated
slab piece moduli as a function of the quality of slab fractur-
ing and the corresponding effective slab modulus. The latter was
obtained as the 25th percentile of the observed values.9 Using
these effective moduli requires ensuring that no more than 5%
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Table 13.4
Effective Fractured Portland Concrete Moduli for Asphalt Concrete Overlay Design
(Ref. 1)

Control of Fracturing Coefficient of Variation
Process in Slab Modulus Effective Slab Modulus (GPa)

Good to excellent 25% 4.1
Fair to good 40% 3.1
Poor to fair 60% 2.0

of the slab pieces have a modulus higher than 6.9 GPa (1 million
lbs/in2).

ASPHALT CONCRETE OVERLAYS OVER INTACT PORTLAND CONCRETE
PAVEMENTS

Asphalt concrete overlays over intact portland concrete pavements
are feasible following proper treatment of the existing surface to
limit overlay reflection cracking, as described earlier. An integral
part of the design is characterizing the modulus of the underly-
ing granular layers and the structural condition of the existing
portland concrete layer. The moduli of the underlying granular
layers and the effective modulus of the portland concrete are
obtained from back-calculation of NDT data, following the pro-
cedures described in Chapter 9. In addition, characterization of
the structural condition of the portland concrete layer requires its
in-situ elastic modulus/Poisson’s ratio, modulus of rupture, and cur-
rent fatigue damage level. It is recommended to obtain the in-situ
portland concrete elastic modulus/Poisson’s ratio and the modulus
of rupture from field-extracted cylindrical cores and beams, respec-
tively. The laboratory testing procedures to be followed on these
samples are described in references 7, 2, respectively. Finally, the
amount of fatigue damage in the existing portland concrete dPCC
is computed from its effective modulus, EPCC, (i.e., back-calculated
from NDT) and its as-built modulus, E , by solving the following
equation:

EPCC = 1600000 + E − 1600000
1 + e−5+5 dPCC

(13.13)

The moduli in Equation 13.13 are in lbs/in2 and 1.6 million
lbs/in2 (11.03 MPa) is a representative modulus for rubbilized
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portland concrete (i.e., a lower-limit value for an intact slab).
Equation 13.13 is also used to reduce the modulus of the port-
land concrete, with increasing fatigue damage in simulating the
performance of the asphalt concrete overlay.

13.5.2 Portland
Concrete
Overlays

The NCHRP Study 1-37A13 includes design procedures for portland
concrete overlays over existing flexible pavements, as well as rigid
pavements, including JPCP/JDRCPs and CRCPs. The former, are
similar to analyze/design as new portland concrete pavements with
an asphalt concrete base, will not be further discussed here (see
Chapter 12). Special provisions for constructing ultrathin portland
concrete overlays over asphalt concrete pavements can be found in
the literature (e.g., reference 6). The following describes the design
particulars of portland concrete overlays over existing portland
concrete pavements.

Portland concrete overlays can be either bonded or unbonded.
Bonded portland concrete overlays involve no separation/
debonding layer, hence can only match the configuration of the
existing rigid pavement. This means that jointed portland concrete
overlays are feasible only over an existing jointed portland concrete
pavement with the same joint configuration and spacing. Similarly,
CRCP overlays are feasible only over existing CRCP pavements.
The reason is that bonding between the old and the new surfaces
precludes relative movement of the two layers of slabs. On the
other hand, unbonded portland concrete overlays involve a sepa-
ration/debonding layer, hence allow relative movement of the two
layers of slabs. As a result, there is no reason for matching the
configuration of the portland concrete overlay to that of the existing
pavement.

The analysis/design approach for portland concrete overlays is
similar to the approach used for designing new rigid pavements.
There are several differences, namely the need to describe the
pavement layers and their structural properties, which includes the
existing layers, the new layer, and the interface layer (if one is
present). The moduli for the existing pavement layers are best
obtained from back-calculation of NDT data and extracted samples,
as described earlier. The damage functions for the overlaid structure
are similar to the those described in Chapter 12. There are some
differences in accounting for past damage in the existing layers (e.g.,
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the fatigue damage involves an additional term to the one shown in
Equation 12.13 to account for past damage in the existing layers).
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Problems

13.1 A flexible pavement has asphalt concrete and base/subbase
layer thicknesses of 12 and 30 cm, respectively. FWD measure-
ments yielded deflections, corrected to 68◦F, of 0.010 and
0.007 in at radial offsets of 0 and 20 in, respectively. The load
applied was 10,000 lbs, and the radius of the loaded plate was
6 in. Determine the SN EFF and the required overlay thickness.
The section has experienced 5.0 million ESALs to-date (PSI
to 2.5) and it is estimated that it could sustain another 3.0
million ESALs before its serviceability is reduced to 1.5.

13.2 Determine the thickness of the asphalt concrete overlay
required for an existing flexible pavement with asphalt con-
crete, unbound base, and subbase layer thicknesses of 22 cm,
18 cm, and 15 cm, respectively. The section has experienced
4.5 million ESALs to date; its serviceability is 3.0 in the PSI
scale; and it is estimated that, if left untreated, it could sustain
another 1 million ESALs before its PSI reduces to a terminal
value of 2.3. It is estimated that the overlaid pavement needs
to have a structural number of 4.8 to sustain future traffic.
The pavement layers drain within one week if they become
saturated, which happens 5% of the time.

13.3 Design an asphalt concrete overlay for a jointed dowel-
reinforced rigid pavement 8 in thick. FWD measurements
on this pavement yield a modulus of subgrade reaction
of 110 lbs/in3 and a portland concrete elastic modulus of
3,000,000 lbs/in2. In addition, FWD measurements across the
joints yield an LTE of 65%. Additional information includes
4.5 million ESALs accumulated to present and 5 million ESALs
estimated to reduce PSI to 1.5. The number of future ESALs
that needs to be carried over the design life of the overlaid
section is 6.5 million. Consider only traffic-related serviceabil-
ity loss of 2.5 (4.5 to 2.0). The standard error in predicting
serviceability is 0.45, and the desired reliability is 95%. The
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drainage condition for this section is considered good, with
pavement layer saturation less frequent than 5%.

13.4 Compute the fatigue damage accumulated in an existing
asphalt concrete pavement, given that its E* and E*dam com-
puted as described previously have values of 400,000 lb/in2

and 325,000 lb/in2, respectively, and the minimum E*min is
190,000 lb/in2



14
Economic
Analysis of
Pavement
Project
Alternatives

14.1 Introduction

As described in Chapter 1, the economic analysis of alternative
pavement designs is an essential component of the pavement design
process. The decision to construct new pavement alternatives A or
B, for example (Figure 14.1), requires the ability to predict their
performance and quantify their economic implications. Similarly,
decisions for routine 4-R activities for existing pavements require
economic analysis to ensure the best utilization of available funds.

Pavement 4-R activity decisions are made at two levels, the network
level and at the project level. At the network level, the needs of all
the roadway pavement sections in a jurisdiction compete for the
limited budget available. At this level, the need for pavement 4-R
is established on the basis of pavement surface condition (e.g.,
roughness, distress, friction) rather than economic considerations.
For this purpose, particular surface condition threshold or trigger
values are set, depending on road functional classification (e.g., a
PSI value of 2.0, a rut depth of 0.10 cm, or a friction coefficient
of 0.35).

Pavement sections identified at the network level as ‘‘due’’ for
a 4-R treatment are assembled into projects and further analyzed
at the project level. At the project level, feasible 4-R alternative
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Figure 14.1
Examples of Alternative Pavement Designs and Their Performance

treatments are compared on a project-by-project basis to define the
fiscally optimum alternative for each project over a selected analysis
period. This process is known as life-cycle cost analysis (LCCA).
Federal directives25 define LCCA as ‘‘a process for evaluating the
total economic worth of one or more projects, that is investments,
by analyzing both initial costs as well as discounted future costs, such
as maintenance and user costs over the life of the project.’’ Hence,
LCCA involves economic comparisons of alternative project 4-R
treatments, including the financial implications to both the agency
and the user, in a fashion that maximizes the effectiveness of the
pavement budget allocation throughout a jurisdiction. For practical
purposes, user benefits are calculated as savings in user costs from
some arbitrary benchmark of pavement condition (e.g., pavement
with a PSI of 2.0). The actual process used varies between highway
authorities; however, the basic elements involved are common and
will be presented in the first half of this chapter. The second
half deals with a review of the literature on quantifying the cost
components involved in LCCA, including those of a roadway agency
and those of the road user.
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It should be noted that routine pavement 4-R activities encompass
major work covering the entire length of a pavement section, with
the intention of restoring it to its original as-constructed condition.
They are not to be confused with as-needed spot pavement main-
tenance (e.g., crack filling, patching, and so on) that is intended
to slow pavement deterioration and, hence, delay the need for a
routine pavement 4-R treatment. As-needed pavement maintenance
is typically funded from the operating budget of a roadway agency.
By nature, it is more difficult to predict and quantify, being bud-
geted in conjunction with other activities, such as grass cutting and
snow removal. Hence, the economic implications of maintenance
are typically ignored for the purpose of conducting project-level
pavement LCCA.

14.2 Overview of Time Value of Money Concepts

Pavement LCCA involves comparisons of streams of money over
an analysis period, hence requires an understanding of time value
of money concepts. This section provides an overview of rates and
methods for economic analysis.

14.2.1 Inflation,
Market, and

Borrowing Rates

Clearly, the worth of sums of money varies with time as a function of
market interest rates and inflation. The following example explains
this concept.

Example 14.1A highway department considers purchasing a piece of equipment
costing $1,000,000 today. How much money would it have available
for this purpose, if it decided to wait for one year, assuming that
it could earn a market interest rate of i = 5% per year on its
investments and that inflation runs at f = 3% per year?

ANSWER

Clearly, $1,000,000, after one year, would have accumulated to
$1,050,000 of ‘‘actual’’ money, but would have less buying power
due to inflation, that is $1,050,000/(1 + f ) in terms of ‘‘real’’ (i.e.,
inflation-free) money. Hence, if the real interest rate is defined as
i′, the following is true:

1 + i′ = 1 + i
1 + f

(14.1)
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which can be written as:

i′ = i − f
1 + f

(14.2)

which yields a real interest rate of:

i′ = 0.05 − 0.03
1 + 0.03

= 0.02
1.03

= 0.0194 = 1.94%

Hence, although the actual money available after one year is
$1,050,000, its real purchasing value is only $1,019,400.

Several important conclusions can be drawn form this example:

❑ Unless i is larger than f , keeping money in savings would make
no financial sense.

❑ Banks need to charge a rate higher than i to their borrowing
customers (e.g., mortgage holders, credit card users, and so
on) to remain profitable.

❑ Economic analyses conducted in actual money terms using the
market interest rate or real money terms using with the real
interest rate are equivalent.

The last point is further demonstrated by another example.

Example 14.2 A highway department purchased right-of way land in 1951 at $1/m2,
and it estimated that it had a year 2000 market value of $40/m2. What
is the inflation- free rate of return on its investment if inflation runs
at an average of 3% annually over that period (assume end-of-year
transactions)?

ANSWER IN TERMS OF ACTUAL MONEY

The market interest rate i is estimated as:

(1 + i)50 = 40
1

→ i = 7.66%

which suggests (Equation 14.2) a real interest rate i′ of:

i′ = 0.0766 − 0.03
1 + 0.03

= 4.52%
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ANSWER IN TERMS OF REAL MONEY

Translate first the $40 million dollars for year 2000 into equivalent
1951 dollars:

$40
(1 + 0.03)50 = $9.12 million

which allows calculating a real interest rate of:

(1 + i′)
50 = 9.12

1
→ i′ = 4.52%

The point is that care should be taken in utilizing either actual
money and the market interest rate or real money and the real
(inflation-free) interest rate, without mixing the two. In pavement
LCCA analysis, it is customary to use real money and real interest
rate in comparing pavement project alternatives. Therefore, the
remainder of the discussion in this chapter uses real money and the
real interest rate. For this type of analysis, the real interest rate is
also referred to as the discount rate, because it discounts inflation.

Selecting an appropriate discount rate over an analysis period
requires assuming representative values for the market interest rate
and the inflation rate over that period. Clearly, these rates depend
on market forces and are, at best, difficult to predict over the decades
involved in pavement LCCA. Inflation rates can, to some degree,
be predicted from historic data on consumer prices. The Consumer
Price Index (CPI) (Table 14.1) is a summary statistic reflecting the
relative annual prices of goods and services. It can be used as a
guideline for extrapolating future inflation trends, as explained in
the following example.

Example 14.3Predict the average annual inflation rate expected over the next 20
years.

ANSWER

An estimate of future inflation trends can be obtained by studying
the historic inflation data shown in Table 14.1 for the past 20 years.
Between 1981 and 2000, inflation averaged 3.57% annually, which
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Table 14.1
CPI Summary Data: Urban Conditions (U.S. Department of Labor Bureau of Labor
Statistics)

Year CPI Change % Year CPI Change % Year CPI Change %

1960 29.6 1.4 1975 53.8 6.9 1990 130.7 6.1
1961 29.9 0.7 1976 56.9 4.9 1991 136.2 3.1
1962 30.2 1.3 1977 60.6 6.7 1992 140.3 2.9
1963 30.6 1.6 1978 65.2 9 1993 144.5 2.7
1964 31 1 1979 72.6 13.3 1994 148.2 2.7
1965 31.5 1.9 1980 82.4 12.5 1995 152.4 2.5
1966 32.4 3.5 1981 90.9 8.9 1996 156.9 3.3
1967 33.4 3 1982 96.5 3.8 1997 160.5 1.7
1968 34.8 4.7 1983 99.6 3.8 1998 163 1.6
1969 36.7 6.2 1984 103.9 3.9 1999 166.6 2.7
1970 38.8 5.6 1985 107.6 3.8 2000 172.2 3.4
1971 40.5 3.3 1986 109.6 1.1
1972 41.8 3.4 1987 113.6 4.4
1973 44.4 8.7 1988 118.3 4.4
1974 49.3 12.3 1989 124 4.6

is a reasonable estimate of average annual inflation over the next 20
years. It should be noted, however, that inflation rates in individual
years can vary considerably from the mean.

Market interest rates are more difficult to predict, as they largely
depend on the type of investment involved. They range from the
rates earned at guarantied conventional bank accounts or Treasury
bills (T-bills) to the rates earned from the stock market or business
ventures. A good gauge for the interest rates that can be earned in a
secure investment (i.e., an investment where the principal amount is
guarantied) is the T-bill auctions conducted by the U.S. Department
of the Treasury. Table 14.2 lists average annual yields of six-month
T-bills.

Figure 14.2 demonstrates the high correlation between annual
inflation rates and six-month T-bill rates. It also shows the variation
of the discount rate calculated from this data through Equation 14.2.
This figure suggests that over the past 20 years discount rates ranged
from 0.5% to 6%, with an average of about 3%. This information
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Table 14.2
Annual Treasury Bill Rates (U.S. Department of the Treasury)

Average % Rate Average % Rate
Year for six-Month T-Bills Year for six-Month T-Bills

1979 8.68 1990 7.25
1980 11.06 1991 5.21
1981 13.52 1992 3.46
1982 10.44 1993 3.25
1983 8.93 1994 4.88
1984 9.59 1995 5.50
1985 7.46 1996 5.12
1986 5.97 1997 5.17
1987 6.15 1998 4.78
1988 7.22 1999 4.92
1989 7.94 2000 5.84
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Figure 14.2
Historic Data on Inflation, T-Bill, and Discount Rates

provides guidelines for establishing future trends in real interest
rates for conducting LCCA of alternative pavement designs. Often,
the selection of the range in real interest rates to be used is a matter
of policy by individual DOTs.
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14.2.2 Basic
Time Value
Relationships

The relationships most commonly used for moving isolated sums
of money or uniform series of sums of money in time are sum-
marized in Table 14.3. Note that these relationships were derived
assuming that isolated sums occur at the beginning of a period
(e.g., year), while uniform sums occur at the end of each period.
Furthermore, the interest rate and the time period used for the
cash flow diagrams must correspond. The derivation of these rela-
tionships can be found in any introductory economics textbook
(e.g., White et al.68). A few examples are shown next to explain
their application. It is important to note that drawing the cash
flow diagram for each of these problems greatly facilitates their
solution.

Example 14.4 A state DOT is planning on rehabilitating an asphalt concrete
pavement using a 5 cm asphalt concrete overlay, which is projected

Table 14.3
Time Value of Money Formulas

Amounts Notation Formula Cash Flow Diagram

Compound (F/P, i, n) F = P(1 + i)n
P F

Present Worth (P/F, i, n) P = F(1 + i)−n
P F

Series Compound (F/A, i, n) F = A(1 + i)n − 1
i

A

F

Sinking Fund (A/F, i, n) A = F
i

(1 + i)n − 1

A

F

Capital Recovery (A/P, i, n) A = P i(1 + i)n
(1 + i)n − 1

P
A

Series Present Worth (P/A, i, n) P = A(1 + i)n − 1
i(1 + i)n

A
P
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to last 12 years. Given that the overlay costs $20,000 per lane-km,
calculate its annualized costs (assume a 4% discount rate).

ANSWER

The cash flow diagram for this problem is:

P = $20k A = ?

n = 12 

which, according to the Capital Recovery formula (Table 14.3), gives
an annual cost of:

A = P
i(1 + i)n

(1 + i)n − 1
= $20

0.04(1.04)12

1.0412 − 1
= $2.13 thousands, or $2,130

Notice that the timing of the amounts was assumed to comply with
the convention made in deriving these formulas; that is, isolated
sums occur at the beginning of a period, while series of uniform
payments occur at the end of each period.

This example gives the lane-km cost of a particular treatment. The
cost of such pavement 4-R treatments constitutes a DOT expendi-
ture. Detailed information on the unit costs of other treatments is
given later in this chapter.

Example 14.5A state is considering issuing a five year bond for the purpose of
financing a roadway construction program. The bond is to be repaid
by an increase in the state gasoline tax, which will generate an
average annual income of $20 million. What is the amount the state
DOT can hope to raise at present, if the bond pays an inflation-free
interest rate of 3.5% annually?

ANSWER

The cash flow diagram is identical to the one corresponding to
the Series Present Worth formula (Table 14.3), where the uniform
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annual amount is $20 million over five years. This gives:

P = A
(1 + i)n − 1

i(1 + i)n = 20
1.0355 − 1

0.035(1.035)5 = $90.3 million

Hence, $90.3 million can be spent at present for the construction
program. This example indicates one of the alternative mechanisms
for raising capital for special roadway projects.

Example 14.6 A roadway is being overlaid every 20 years. Every time this takes
place, the traveling public incurs an estimated $2 million in delay
costs, due to the necessary lane closures. Estimate the least mon-
etary benefit the public must realize annually from the improved
pavement condition to offset this delay cost (assume a discount rate
of 4%).

ANSWER

The cash flow diagram is plotted assuming that the present worth of
the traveling public benefit from the improved pavement condition
is equal to the delay cost–that is, $2 million.

P = $2
m A = ?

n = 20

Applying the Capital Recovery formula (Table 14.3) gives: A =
P i(1+i)n

(1+i)n−1 = $20.04(1.04)20

1.0420−1
= $0.147million, or $147,160 of least

annual benefit need to be generated from the pavement condition
improvement to compensate for public delays during construction.

The last example introduces the concept of traveling public (i.e.,
user) costs and benefits, which will be the subject of much of the
later discussion on pavement LCCA. In this context, benefits are
quantified as savings in user costs due to the pavement condi-
tion improvement resulting from the 4-R activity. Improvement is
referenced to a benchmark pavement condition, such as the one
reflected by the minimum acceptable Present Serviceability Index
(PSI ), described in Chapter 9.
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14.2.3 Spread-
sheet Functions

Implementing
These

Relationships

PC spreadsheets include a number of functions that facilitate the
performance of some of these calculations. Excel, for example,
includes a number of functions related to uniform payments A,
given a present value P , a future value F , a discount rate i, and
number of periods n:

❑ FV (i, n, A, type), which gives the value F/A, for type = 0

❑ PMT(i, n, P , F , type), which gives the value A/P , for F = 0 and
type = 0

❑ PV (i, n, A, F , type), which gives the value of P/A, for F = 0 and
type = 0

where type is a binary variable indicating the convention made for
the timing of the payments (0 for end of period and 1 for beginning
of period).

14.3 Methods for Economic Comparison of
Alternatives

The relationships presented so far allow reducing streams of costs
and benefits to either present worth or equivalent annual amounts.
Analyzing the economic implications of pavement project alter-
natives requires application of one of the following methods of
economic comparison:

❑ Net present worth

❑ Net annualized worth

❑ Benefit-cost ratio

❑ Increment benefit-cost ratio

❑ Rate of return

❑ Incremental rate of return

Each of these methods is explained in turn, and examples are given
of their applicability in comparing alternative pavement designs and
4-R treatments.

14.3.1 Net
Present Worth

(NPW)

The NPW method consists of translating streams of benefits and
costs into present worth (i.e., time zero) and subtracting them to
calculate the net present worth of benefits minus costs. It can be
used to determine the feasibility of a single alternative or to compare
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two or more alternatives, whereby the alternative with the largest
NPW is best. It can also be used to compare two alternatives that have
the same benefits, which is referred to as a fixed output comparison.
For the latter, the alternative with the lowest present worth of cost is
best.

Example 14.7 The stream of benefits and costs for two alternative pavement
designs, A and B, that have the same service life are shown here in
the form of cash flow diagrams in millions:

Cost = $1 m

Benefits = $0.1 m

n = 20 

Cost = $1.5 m

Benefits = $0.15 m

n = 20 

A

B

As stated earlier, agency costs incur during construction, while
user benefits can be visualized as cost savings accrued annually by
users from a pavement condition that is better than the benchmark
pavement condition. Determine the best alternative, assuming a
discount rate of 4%.

ANSWER

The NPW for alternative A is calculated as:

0.1
1.0420 − 1

0.04(1.04)20 − 1 = $0.359 million
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Alternative B is calculated as:

0.15
1.0420 − 1

0.04(1.04)20 − 1.5 = $0.538 millions

which suggests that alternative B is best.
Two important observations can be made from this example:
❑ NPW comparisons are valid only when the length of the service

life of the alternatives is identical. Since this is not true for the
wide range of pavement 4-R alternatives, the NPW method is
not commonly used for pavement LCCA.

❑ If the comparison just shown was treated as a fixed output
problem—that is, the difference in user benefits between the
two alternatives was ignored—alternative A would be best,
since it requires a lower capital expenditure to construct.

14.3.2 Net
Annualized

Worth (NAW)

The NAW method consists of translating streams of benefits and costs
into equivalent annual amounts and subtracting them to calculate
the net annual worth of benefits minus costs. It can be used to
determine the feasibility of a single alternative or to compare two
or more alternatives, whereby the alternative with the largest NAW
is best. Similar to the NPW method, NAW can be used to compare
two alternatives that have the same benefits, which is referred to
as a fixed output comparison. Since annual costs and benefits are
compared, there is no requirement that the alternatives have the
same service lives.

Example 14.8Solve Example 14.7 using the NAW method.

ANSWER

The solution involves translating the capital (i.e., construction) costs
into equivalent annual terms and subtracting annual benefits minus
annual costs.

The equivalent annual worth of alternative A is:

$0.1 − $1
0.04(1.04)20

1.0420 − 1
= $0.0264 million



486 14 Economic Analysis of Pavement Project Alternatives

The equivalent annual worth of alternative B is:

$0.15 − $1.5
0.04(1.04)20

1.0420 − 1
= $0.0396 million

The NAW is $0.0132 million which, as expected, suggests that
alternative B is best.

The NAW is the method of choice for pavement LCCA that treats
the problem as one of fixed output, by ignoring the differences in
user benefits between pavement alternatives.

14.3.3 Benefit
over Cost Ratio
(BCR)

The BCR method consists of translating streams of benefits and
costs into either present worth or equivalent annual amounts and
dividing them to calculate the benefit-over-cost ratio. It can be used
to determine the feasibility of a single alternative or to compare two
or more alternatives, whereby the alternative with the largest BCR
over 1.00 is best. Obviously, it is not feasible to use the BCR for
evaluating fixed output pavement alternatives, since benefits are not
considered.

Example 14.9 Compare the following two alternatives:

Present Worth Present Worth
Alternative of Benefit of Cost

A $700,000 $500,000
B $1,200,000 $1,000,000

ANSWER

The benefit-cost ratios for these alternatives are:

700, 000
500, 000

= 1.4 and
1, 200, 000
1, 000, 000

= 1.2, respectively,

which suggests that alternative A is best.
Notice that the NPW method would not allow a conclusive com-

parison of these two alternatives, since their net present worth is
identical (i.e., $200,000). Conversely, there are problems where the
BCR between alternatives is identical, such as, two alternatives that
yield benefits twice as large as their costs. Such problems are best
analyzed considering the incremental benefits and costs between
alternatives. This can be done in either incremental net terms
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(i.e., subtracting the difference in benefits minus the difference
in costs between alternatives) or, most commonly, in incremental
benefit/cost ratio terms, as explained next.

14.3.4 Incre-
mental Benefit

over Cost Ratio
(IBCR)

The IBCR method consists of translating streams of benefits and
costs into either present worth or equivalent annual amounts and
comparing the difference in benefits divided by the difference in
costs between two alternatives. If the ratio is larger than 1.00, the
higher-capital cost alternative is better. The method can be used to
compare more than two alternatives, by arranging them in order of
increasing capital cost, and comparing them two at a time. The better
of the two alternatives in the first paired comparison competes with
the next alternative, until the best overall alternative is established.
The ICBR approach is well suited to define the optimum level of
expenditure, given a number of alternatives.

Example 14.10Determine which of the following four alternative pavement treat-
ments, arranged in order of increasing annual cost, is best.

Annual Annual
Alternative Benefit Costs

A $12,000 $8,000
B $44,000 $20,000
C $55,000 $40,000
D $190,000 $100,000

ANSWER

First, calculate the incremental ratios of benefits and costs between
alternatives A and B.

44, 000 − 12, 000
20, 000 − 8, 000

= 2.67 > 1

suggesting that alternative B is better than A. Subsequently, calculate
the incremental ratios of benefits and costs between alternatives B
and C.

55, 000 − 40, 000
40, 000 − 20, 000

= 0.75 < 1

suggesting that alternative B is better than C.
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Figure 14.3
Graphical Solution of IBCR Problem 14.10

Finally, calculate the incremental ratios of benefits and costs
between alternatives B and D.

190, 000 − 44, 000
100, 000 − 40, 000

= 2.435 > 1

suggesting that alternative D is best.
Note that an effective alternative for obtaining an answer to this

problem is to plot benefits versus costs (Figure 14.3). If benefits and
costs are plotted using equal scales for the y-and x-axis, respectively,
the slope of the line connecting any pair of solutions represents
their ICBR. This representations allows, for example, determining
at a glance that alternative C is no better than B, hence it should be
excluded from subsequent comparisons.

14.3.5 Rate of
Return (RR)

The RR method consists of establishing the interest rate that renders
the present worth of benefits equal to the present worth of costs
(i.e., the break-even interest rate). The RR is a good indicator of
the economic feasibility of a particular alternative, by comparing
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the RR with estimates of the discount rate over the analysis period
(Figure 14.2). Clearly, if the RR is. larger than the discount rate, the
project is feasible, otherwise, it is not.

Example 14.11A contractor is considering the purchase of an earth-moving piece
of equipment that costs $835,000, has a service life of 12 years, and
is expected to yield sums of net annual income, in thousands of
dollars, as shown here (assume that the discount rate is 4%).

$835

$120
$140

$90

ANSWER

The rate of return of this investment can be found by defining the
interest rate that will reduce the series of benefits to a present worth
of $835,000, or, alternatively, reduce the over all NPW to zero. This
is expressed as:

835 = 120
(1 + i)4 − 1

i(1 + i)4 + 140
(1 + i)4 − 1

i(1 + i)4 (1 + i)−4

+ 90
(1 + i)4 − 1

i(1 + i)4 (1 + i)−8

which cannot be solved in a close form. Instead, a trial-and-error or
a graphical method can be used. The graphical method is shown in
Figure 14.4, yielding an RR of approximately 9.5%.

Clearly, if the RR is higher than the rate that can be obtained in
the free market, the project is feasible: otherwise, it is not. The RR
is often referred to as the internal rate of return, to differentiate it
from external rates of return, where external suggests investments
outside of the project being evaluated.



490 14 Economic Analysis of Pavement Project Alternatives

−200,000

−100,000

0

100,000

200,000

300,000

400,000

500,000

600,000

700,000

0% 2% 4% 6% 8% 10% 12% 14% 16%

Interest

N
P

W
 $

Figure 14.4
Determining the RR Graphically

14.3.6 Incre-
mental Rate of
Return (IRR)

The IRR, a derivative of the RR method, allows comparing a pair of
alternatives. It is carried out by computing the RR of the differential
streams of benefits and costs for the two alternatives. If the IRR
is higher than market interest rates, the higher-cost alternative is
better.

Example 14.12 Two alternatives, as described by their cash flow diagrams in thou-
sands of dollars, are shown here. Analyze them using the IRR method
(assume a discount rate of 5%).

B

$250

n = 10

A

$120

n = 10

20
32 30
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28 30

20 25 25 25

55 48 40 48

27

65
39 45
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Graphical Solution of the IRR for Example 14.12.

ANSWER

Plotting the cash flow diagram of the difference between the cash
flows for alternatives B and A reduces the comparison into an RR
problem, which is solved graphically to yield an IRR of approximately
6% (Figure 14.5). Hence, alternative B is better than A.

$130

n = 10

25
30 16 10 13

45

14 15 5

1
AB

14.3.7 Spread-
sheet Functions

Implementing
These

Comparisons

PC spreadsheets include a number of functions that facilitate the
performance of some of these calculations. Excel, for example,
includes a number of functions related to blocks of entries (either
columns or rows), given a discount rate i:

❑ NPV (i, block), which gives the NPW of the cash flow entered in
a block.

❑ IRR(block, guess), which gives the RR for a cash flow entered in
a block, given guess, an estimate of the rate of return.
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14.3.8 Summa-
rizing Economic
Evaluation
Alternatives

Of the six economic evaluation methods just described, the NAW and
the IBCR are most commonly used in comparing pavement project
alternatives in LCCA. The NAW method is typically used, where
LCCA is treated as a fixed output problem, where the differential
user benefits between the alternatives are ignored. The ICBR method
is most commonly used where the agency costs and the user benefits
of the various pavement alternatives are explicitly considered.

14.4 Cost Components in Pavement LCCA

The discussion so far has established that analyzing streams of costs
and benefits in comparing pavement project alternatives is straight-
forward. The problem is quantifying these streams of costs and
benefits for the highway agency and the traveling public, respec-
tively. The remainder of this chapter presents a review of the
literature on agency and user costs.

14.4.1 Agency
Costs

Pavement 4-R-related agency costs include all the expenses asso-
ciated with designing, financing, constructing, and rehabilitating
roadway pavements. They can be grouped into the following major
categories:

❑ Initial pavement construction costs, which typically exclude the
cost of acquiring the right-of way

❑ Future 4-R costs (e.g., overlays)

❑ Administrative/engineering/mobilization costs, which are typ-
ically calculated as a fixed percentage of the costs for initial
construction or 4-R

❑ Financing costs

❑ Salvage costs, which are, in essence, negative agency costs,
reflecting the residual value of the layers of a pavement at the
end of its design life.

Since the majority of the pavement initial construction and 4-R
work is contracted out, unit cost data for the various materials and
activities involved are readily available from state DOT contract
bid records. An example is presented in Table 14.4, reflecting
average bid prices submitted to the Washington State DOT in the
2006 construction season. Understandably, unit costs vary between
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regions within a state and between states. Furthermore, they need
to be adjusted for inflation to reflect present conditions.

The actual cost of a pavement 4-R treatment is calculated from
such unit cost data and the geometric data of the roadway, which
includes:

❑ Section length

❑ Number of lanes and their width

❑ Shoulder width

❑ Pavement layer thicknesses

Representative specific gravity values are used to translate the
calculated volumes of the materials to weights, prior to applying the
unit prices.

Example 14.14Calculate the agency cost for 1 km of a four-lane divided freeway
built of flexible pavement. Given:

❑ Lane widths of 3.6 m

❑ Shoulder widths of 1.8 m

❑ Layer thicknesses of 16 cm of asphalt concrete and 40 cm of
unbound base, respectively (specific gravities of 2.49 and 2.55)

Use the unit costs in Table 14.4. Assume that engineering and
mobilization overhead add 15% and 20% to the contract cost,
respectively. Ignore excavation and appurtenance costs (e.g., lane
markings).

Table 14.4
Example of Average Unit Costs for Pavement Construction
Materials (Washington State DOT; Statewide Average for third
Quarter of 2006)

Description Unit Measure Unit Cost

Roadway excavation m3 $13.64
Crushed surfacing (base/subbase) Metric ton $12.65
Hot-mix asphalt concrete Metric ton $68.71∗

Portland concrete pavement m3 $348.8
Steel reinforcement kg $2.40

∗Depends on the price of crude oil.
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ANSWER

Item Unit Cost Item Cost

Asphalt concrete
friction course

$68.71/metric ton 0.16 × 1000 ×
(3.6 × 4 + 1.8
× 4) × 2.49 ×
68.71 =
$591,280

Base layer $12.65/metric ton 0.40 × 1000 ×
(3.6 × 4 + 1.8
× 4) × 2.55 ×
12.65 =
$278,704

Subtotal $ 869,984
Engineering 15% $ 130,498
Mobilization 20% $ 173,997

Grand Total $1,174,478

Dividing the calculated total cost by the total pavement surface
(i.e., 21,600 m2/km) reveals a cost of about $54/m2 ($5.052/ft2) for
pavement materials and their associated DOT overhead cost only.

As discussed in Chapter 13, the extent and severity of the dis-
tresses present dictate the feasible pavement 4-R treatments, which
in turn dictate agency costs. As suggested by Tables 13.1, 13.2 and
13.3, the worse the pavement condition, the fewer and the more
capital-intensive the feasible treatments are. For this reason, many
state DOTs utilize pavement distress as the trigger for pavement reha-
bilitation, rather than pavement roughness. This approach allows
repairing distresses early, before they become more extensive and
severe thereby, reducing pavement life-cycle cost. A more thorough
treatment of this subject can be found in a variety of pavement
management references (e.g., 33).

14.4.2 User
Costs

Roadway user costs can be grouped into two major categories,1

namely vehicle operating costs and non-vehicle operating costs,
each encompassing a number of components:

❑ Vehicle operating costs:

◆ Fuel
◆ Repair/maintenance, including parts and labor
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◆ Tires
◆ Other (i.e., motor oil and usage-related depreciation)

❑ Non-vehicle operating costs:

◆ Travel delays due to lane closures for pavement 4-R
◆ Other (i.e., travel delays due to reduced speed caused by

pavement roughness, pavement-related occupational inju-
ries, cargo damage/packing costs, and pavement condition-
related accidents).

Pavement roughness is the main pavement condition attribute
affecting vehicle operating costs. Clearly, there are other factors
affecting vehicle operating costs, such as roadway geometrics and
traffic congestion, that are not relevant to pavement LCCA, hence
need not be considered in analyzing the impact of alternative pave-
ment project treatments to the road user. Pavement roughness also
affects a number of non-vehicle operating costs, such as travel delays
due to reduced speed, occupational injuries, and cargo damage
costs. Travel delays from pavement 4-R activities depend on traffic
conditions and lane closure practices. Surface friction is the main
pavement attribute that affects traffic accidents. However, it is used
more as an indicator of the need to carry out pavement 4-R, rather
than as a predictor of pavement condition associated traffic accident
costs.

The remainder of this chapter presents an overview of the litera-
ture on the effect of pavement roughness on user costs, as well as the
procedures developed for quantifying delay costs during pavement
4-R activities.

FUEL CONSUMPTION

Early efforts to quantify the effect of roadway characteristics on
fuel consumption date back to the 1960s 5,17,54. These early studies
agreed that there is a considerable difference in fuel consumption
between paved roads and earth/gravel roads.

Winfrey69 identified pavement surface stiffness and roughness
as the main roadway attributes affecting fuel consumption, but
presented only relationships between the total vehicle operating
costs on paved surfaces and those on gravel surfaces.

In the 1980s, the World Bank sponsored an extensive program
for establishing user cost models for developing countries.12 Obser-
vations were made in Kenya, Brazil, the Caribbean, and India, using



496 14 Economic Analysis of Pavement Project Alternatives

a number of vehicles instrumented to monitor fuel consumption.
Roads included both unpaved and paved surfaces with a wide range
of roughness. Fuel consumption was plotted versus pavement rough-
ness by vehicle type and country where the observations were made
(Figure 14.6). No consistent trends emerged from these results,
which indicated that only the Brazilian data showed increasing fuel
consumption with increasing pavement roughness for all the vehicle
types monitored.

Work by Zaniewski et al.,70 examined the relationship between
fuel consumption and pavement serviceability (i.e., PSI ), which
is largely a function of pavement roughness (Equations 9.1a and
9.1b). Tests were conducted in the United States on a variety
of road surfaces, including portland concrete, asphalt concrete,
surface treatments and gravel. Fuel consumption was measured
using a fuel meter mounted on eight different test vehicles (four
cars and four trucks, ranging in size). Some differences in fuel
consumption were shown between paved and gravel roads, but
no statistically significant differences were found between paved
surfaces of different roughness. Similar studies conducted in New
Zealand7,14 and South Africa19,20 also reached the conclusion that
pavement roughness has little effect on fuel consumption.

Work by Haugodegard et al.34 produced regression relationships
between fuel consumption and pavement roughness by combining
World Bank data12 and vehicle operating cost survey data from
Norway (Figure 14.7). Fuel consumption was depicted in relative
terms, with reference to an IRI roughness of 3 m/km.

Watanatada et al.66,67 proposed a hybrid mechanistic-empirical
approach for calculating the effect of pavement roughness on fuel
consumption from vehicle rolling resistance analysis, where:

Fr = M g CR (14.3)

with F r the result of the rolling resistance forces acting on the
vehicle (in N), M the mass of the vehicle (in kg), g the acceleration
of gravity (in m/sec2), and CR a dimensionless coefficient of rolling
resistance. The following relationships were developed between
CR and pavement roughness (IRI in m/km) for cars and trucks,
respectively.

CR = 0.0218 + 0.00061 IRI (14.4a)

CR = 0.0139 + 0.00026 IRI (14.4b)
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Figure 14.6
Fuel Consumption (liters per 1,000 km) versus Pavement Roughness (Ref. 12)
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Relationship between Relative Fuel Consumption and Pavement Roughness (Ref. 34)

Empirical relationships were, in turn, used to relate CR to fuel
consumption. These fuel consumption models were incorporated
into version 3 of the Highway Design and Maintenance (HDM-III)
software intended for analyzing alternative roadway projects.

Fancher et al.23 proposed modifying these relationships to account
for the effect of surface stiffness on rolling resistance. It was rec-
ommended to multiply CR by factors of 1.0, 1.2, and 1.5 for new
portland concrete, old portland concrete/asphalt concrete under
cold conditions and asphalt concrete under hot conditions, respec-
tively.

The next generation of HDM-III, referred to as the Highway
Development and Management program(HDM-4),44 expanded on
the mechanistic approach just described by adopting the following
expression for calculating the rolling resistance force, F r (N), on a
moving vehicle developed by Biggs:4

Fr = CR2(b11Nw + CR1(b12 M + b13 v2)) (14.5)

where N w is the number of wheels per vehicle; v is the vehicle speed;
b11, b12, and b13 are rolling resistance parameters, per Table 14.5;
CR1 is a function of tire design (1.3 for cross-ply, 1.0 for radials, and
0.9 for low-profile tires); and CR2 is given in Table 14.6 as a function
of road surface type.
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Table 14.6
HDM-4 Proposed Values for CR2 (Ref. 44)

Pavement Vehicle
Surface Mass CR2

Rigid Pavement M ≤ 2500 kg CR2 = 0.89 + 0.03 IRI (0.38 + 0.93 Tdsp)2
M > 2500 kg CR2 = 0.64 + 0.03 (Tdsp + IRI)

Flexible Pavement M ≤ 2500 kg CR2 = 0.89 + 0.03 IRI (0.38 + 0.93 Tdsp)2
M > 2500 kg CR2 = 0.84 + 0.03 (Tdsp + IRI)

Note: Tdsp is the sand-patch-derived texture depth in mm.59

Example 14.15 Compare the rolling resistance forces acting on an 18-wheel artic-
ulated truck operating on two different pavements with IRI rough-
nesses of 1 m/km and 5 m/km. Given, vehicle speed of 105 km/h
(29.2 m/sec), bias-ply tires, Tdsp of 1 mm, and vehicle mass M of
36,287 kgr. Ignore the effect of pavement surface stiffness.

ANSWER

Tables 14.5 and 14.6 give:

CR1 = 1.3
CR2 = 0.64 + 0.03 (1 + 1) = 0.7 for IRI of 1 m/km
CR2 = 0.64 + 0.03 (1 + 5) = 0.82 for IRI of 5 m/km
b11 = 38.85
b12 = 0.061
b13 = 0.1959

which, substituted into Equation 14.5 give the rolling resistance force
for roughness levels of 1 m/km and 5 m/km in the IRI scale as:

Fr = 0.70(38.8518 + 1.3 (0.0610 36, 287 + 0.1959 29.22)) = 2, 656N

Fr = 0.82 (38.85 18 + 1.3(0.0610 36, 287 + 0.1959 29.22)) = 3, 111N

respectively. Hence, the difference in traction forces due solely to
the difference in pavement roughness is 455 N.

HDM-4 continues by calculating the power required to overcome
total traction forces Ptr (kW), which include, in addition to F r,
aerodynamic forces, F a, grade forces, F g, curvature forces F c, and
inertial forces F i as:
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Ptr = v (Fr + Fa + Fg + Fc + Fi)/1000 (14.6)

Clearly, the last four force components are not relevant to
pavement-oriented economic analyses. The power requirement thus
calculated is translated into fuel consumption IFC (ml/sec), con-
ceptually expressed as:

IFC = fn(Ptr , Paccs + Peng ) (14.7)

where Paccs is the power required for engine accessories (e.g., fan
belts, alternator) and Peng is the power required to overcome internal
engine friction. The total power requirement, Ptot is expressed as:

Ptot = Ptr

edt
+ Paccs + Peng for going uphill/level, i.e., Ptr ≥ 0

(14.8a)

Ptot = Ptr edt + Paccs + Peng for going downhill, i.e., Ptr < 0

(14.8b)

where edt is the drive-train efficiency factor (Table 14.7). Clearly, the
last two power components are not relevant to pavement-oriented
economic analyses. Given the fuel-to-power efficiency ratio, ξ(ml/
kW/s), the fuel consumption can be calculated as:

IFC = ξ Ptot (14.9)

where ξ is factored to account for decreased efficiency at high
engine rotation rates, using:

ξ = ξb

(
1 + ehp

Ptot − Peng

Pmax

)
(14.10)

where, typical values for ξ b, ehp, and Pmax are shown in Table 14.7
by vehicle type.

Example 14.16Continue the previous example by comparing the difference in fuel
consumption for the same 18-wheel articulated truck operating on
IRI roughness levels of 1 m/km versus 5 m/km. Assume that the
power required to overcome engine friction Peng is negligible and
that the engine is running at midpower (Ptot = Pmax/2).
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Table 14.7
HDM-4 Fuel Consumption Parameters for Equations 14.8a and 14.9 (Ref. 44)

Vehicle
Number Type ξb ehp Pmax edt

1 Motorcycle 0.067 0.25 15 0.95
2 Small Car 0.067 0.25 60 0.90
3 Medium Car 0.067 0.25 70 0.90
4 Large Car 0.067 0.25 90 0.90
5 Light Delivery Vehicle 0.067 0.25 60 0.90
6 Light Goods Vehicle 0.067 0.25 55 0.90
7 Four-Wheel Drive 0.057 0.10 60 0.90
8 Light Truck 0.057 0.10 75 0.86
9 Medium Truck 0.057 0.10 100 0.86

10 Heavy Truck 0.057 0.10 280 0.86
11 Articulated Truck 0.057 0.10 300 0.86
12 Minibus 0.057 0.10 60 0.90
13 Light Bus 0.057 0.10 75 0.86
14 Medium Bus 0.057 0.10 100 0.86
15 Heavy Bus 0.057 0.10 120 0.86
16 Coach 0.057 0.10 150 0.86

ANSWER

Table 14.7 suggests that Pmax for an articulated truck is 300 kW,
hence Ptot at midpower is 150 kW. Equation 14.6 suggests that the
difference in the power requirement due to the calculated difference
in rolling resistance force (i.e., 455 N calculated earlier) is:

�Ptot = �Ptr = v �Fr/1000 = 29.2 455/1000 = 13.29 kW

which, according to Equations 14.9 and 14.10, results in a difference
in fuel consumption of:

�IFC = ξ �Ptr = ξb

(
1 + ehp

Ptot − Peng

Pmax

)
�Ptr

= 0.055
(

1 + 0.10
150
300

)
13.29 = 0.76

That is, 0.76 ml/s, or 2.74 liters, of fuel per hour, which, assuming a
constant speed of 105 km/h translates into a 0.026 liters/km. To put
this difference into perspective, consider an average fuel consump-
tion for a heavy truck of 0.40 liters/km (about 5.9 miles/gallon).
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The difference in fuel cost due to pavement roughness is about
6.5%.

Recent experimental evidence confirms that, indeed, pavement
roughness has an effect on the fuel consumption of heavy trucks.
Preliminary observations from the WesTrack experiment,57 involv-
ing driverless articulated instrumented trucks running at 65 km/h
in a closed circuit, suggest a more significant impact of roughness
on fuel consumption (an IRI reduction of about 10% resulted in a
4.4% decrease in fuel consumption).

VEHICLE MAINTENANCE AND REPAIRS

Early work on quantifying user costs has demonstrated significant
differences in repair/maintenance costs between earth/gravel roads
and paved roads,17 as well as between new and old pavements.35

Zaniewski et al.70 studied the relationship between vehicle main-
tenance/repair costs and pavement serviceability (i.e., PSI ) and
developed factors for adjusting repair/maintenance costs with refer-
ence to a baseline PSI of 3.5 (Table 14.8). Work by Clouston14 also
agreed that vehicle maintenance costs and tire costs are significantly
affected by pavement roughness (Table 14.9).

Chesher et al.12 developed relationships between vehicle mainte-
nance and pavement roughness from the data obtained from the
World Bank study mentioned earlier. Figure 14.8 summarizes the
trends in the cost of maintenance-related parts for each of the four
countries from which vehicle operating cost data was collected.
The corresponding vehicle maintenance-related labor cost was

Table 14.8
Maintenance and Repair Factors versus PSI (Ref. 70)

Present Passenger Single-Trailer
Serviceability Passenger Cars and Single-Unit Trucks
Index Pickup Trucks Trucks (2-S2, 3-S2)

4.5 0.83 0.90 0.86
4.0 0.90 0.94 0.92
3.5 1.00 1.00 1.00
3.0 1.15 1.07 1.11
2.5 1.37 1.17 1.27
2.0 1.71 1.30 1.50
1.5 1.98 1.48 1.82
1.0 2.30 1.73 2.35
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Figure 14.8
Cost of Parts for Vehicle Maintenance, Expressed as the Ratio of the Cost of Parts per 1,000 km Divided by the
Purchase Price of a Vehicle × 10−5, versus Pavement Roughness (Ref. 12)

expressed as a function of the cost of parts. The HDM-III model66,67

implemented the regression relationships developed from the data
obtained from the World Bank Brazilian experiment.

Work by du Plessiss et al.20 showed a significant increase in car and
truck maintenance costs with increasing pavement roughness. An
increase in roughness from 1.1 to 7.7 m/km, for example, resulted in
a 95% increase in maintenance costs. Similar trends were reported
by Haugodegard et al.34 (Figure 14.9).
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Figure 14.9
Relative Increase in Vehicle Maintenance Cost versus Roughness (Ref. 34).

The vehicle/maintenance cost relationships in the HDM-4 model44

are largely based on the Brazilian data of the World Bank study
(Figure 14.8). The cost of parts is expressed as:

PARTS = C0
(

CKM
100, 000

)kp

(1 + CIRI (RI − 3)) (14.11)

where PARTS is the standardized parts consumption (cost of parts
divided by the purchase price of the vehicle in $1000s) per 1000 km;
CKM is the cumulative odometer reading of a vehicle (km); C0,
CIRI , and the exponent kp are calibration parameters that depend
on vehicle type (Table 14.10); and RI is a function of pavement
roughness (IRI in m/km):

RI = IRI for IRI ≥ IRI 0 (14.12a)

RI = a0 + a1 IRI a2 for IRI < IRI 0 (14.12b)

with IRI 0 selected to have a value of 3.25 m/km, and a0, a1, and a2
regression constants equal to 3.0, 5.54 × 10−8, and 13, respectively.
It should be noted that Equation 14.11 suggests that a roughness
level below an IRI of 3.25 m/km has limited effect on the cost of
parts.
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Table 14.10
Regression Constants for Calculating the Cost of Parts; Vehicles of Modern
Technology (Ref. 16)

Vehicle
Number Type CO CIRI kp

1 Motorcycle 0.200 0.230 0.230
2 Small Car 1.000 0.230 0.230
3 Medium Car 1.000 0.230 0.230
4 Large Car 1.000 0.230 0.230
5 Light Delivery Vehicle 1.000 0.230 0.230
6 Light Goods Vehicle 1.000 0.230 0.230
7 Four Wheel Drive 0.650 0.200 0.200
8 Light Truck 0.870 0.230 0.280
9 Medium Truck 1.100 0.150 0.280

10 Heavy Truck 1.100 0.150 0.280
11 Articulated Truck 1.100 0.150 0.280
12 Mini-bus 1.000 0.230 0.230
13 Light Bus 0.870 0.230 0.280
14 Medium Bus 0.519 0.061 0.483
15 Heavy Bus 0.519 0.061 0.483
16 Coach 0.519 0.061 0.483

The HDM-4 model calculates vehicle maintenance-related labor
costs as a function of the cost of the corresponding vehicle parts.
The regression relationships used for this purpose were obtained
from analyzing Brazilian World Bank data66 and were expressed as:

LH = COLH PARTSCLHPC eCLHIRI RI (14.13)

where LH is the number of labor hours, and COLH , CLHPC , and
CLHIRI are regression constants given in Table 14.11.

Example 14.17Compare the cost of vehicle maintenance parts and labor for an
articulated truck-tractor that has an odometer reading of 150,000 km
and operates on pavements with an IRI of 5 m/km, versus operating
on a pavement with an IRI of 1 m/km. Given, the purchase cost
of the tractor is $100,000 and the shop charges are $60 per hour
labor.



508 14 Economic Analysis of Pavement Project Alternatives

Table 14.11
Regression Constants for Calculating the Vehicle Maintenance Labor
Cost per Equation 14.13 (Ref. 67)

Vehicle
Number Type COLH CLHPC CLHIRI

1 Motorcycle 77.14 0.547 0
2 Small Car 77.14 0.547 0
3 Medium Car 77.14 0.547 0
4 Large Car 77.14 0.547 0
5 Light Delivery Vehicle 77.14 0.547 0
6 Light Goods Vehicle 77.14 0.547 0
7 Four-Wheel Drive 77.14 0.547 0
8 Light Truck 242.03 0.519 0
9 Medium Truck 242.03 0.519 0

10 Heavy Truck 242.03 0.519 0
11 Articulated Truck 652.51 0.519 0
12 Minibus 77.14 0.547 0
13 Light Bus 242.03 0.519 0
14 Medium Bus 293.44 0.517 0.0715
15 Heavy Bus 293.44 0.517 0.0715
16 Coach 293.44 0.517 0.0715

ANSWER

Substituting the constants for the articulated vehicle from Table
14.10 into Equation 14.11 gives:

PARTS = 1.10
(

150,000
100,000

)0.28

(1 + 0.150(5 − 3))

= 1.6019 of the price of a new vehicle in $1000

That is 1.6019 × 100 = $160.2 per 1000 km for operating on
a pavement with an IRI of 5 m/km. The corresponding labor is
calculated from Equation 14.13 as:

LH = 652.51 PARTS0.519e0 = 652.5 0.00160190.519

= 23.1 hours per 1000 km

which translates to labor costs of $1386 and brings the total vehicle
maintenance cost to $1546 per 1000 km.
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Repeating these calculations for an IRI of 1 m/km gives:

RI = 3.0 + 5.54 × 10−8IRI 13 = 3.000

which, when substituted into Equation 14.11, gives:

PARTS = 1.10
(

150,000
100,000

)0.28

(1 + 0.150(3 − 3))

= 1.2322% of the price of a new vehicle

That is $123 per 1000 km, and involves labor of:

LH = 652.51 PARTS0.519e0 = 652.5 0.0012320.519

= 20.1 hours per 1000 km,

which translates to a labor cost of $1206 and brings the total vehicle
maintenance cost to $1329 per 1000 km. Hence, the difference in
total vehicle maintenance cost attributed to pavement roughness is
$217 per 1000 km ($1546 − $1329), which amounts to about 16.3%
additional parts cost for operating on the rougher pavement.

TIRE WEAR

Early work by Winfrey69 suggested that road-related tire wear is hard
to quantify due to the necessary repairs/replacements following
tire damage from road hazards. De Weille17 found that tire wear
was mainly influenced by ambient temperature and vehicle weight.
Zaniewski et al.70 developed adjustment factors for tire wear as a
function of PSI , using a PSI of 3.5 as the reference (Table 14.12).

Subsequent work by Clouston14 suggested a significant effect of
roughness on tire costs, while work by Brown7 concluded that the
km driven and the vehicle weight have a more significant impact on
tire costs than pavement roughness.

The World Bank study12 found increasing tire cost trends with
increasing pavement roughness, although the rates of increase varied
between the four country experiments (Figure 14.10).

The HDM-III model66,67 implemented tire cost regression
equations fitted to the World Bank data (Figure 14.10). Work
by du Plessis et al.19,20 found similar tire wear trends as in previous
studies, but also noted that surface texture has an effect on tire wear.
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Table 14.12
Tire Expense Adjustment Factors versus PSI (Ref. 70)

Present Passenger Single- Trucks
Serviceability Cars and Pickup and Single-Trailer Trucks
Index Trucks2 (2-S2, 3-S2)

4.5 0.76 0.92
4.0 0.86 0.95
3.5 1.00 1.00
3.0 1.16 1.07
2.5 1.37 1.16
2.0 1.64 1.27
1.5 1.97 1.44
1.0 2.40 1.67

Work done by Haugodegard et al.34 showed an increasing trend in
tire wear costs with increasing pavement roughness (Figure 14.11).

HDM-444 calculates tire costs from their volumetric tread wear
rates under prevailing operating conditions9 and the volume of tread
available.3 The volumetric tread wear rate TWT (dm3/1000 km) is
calculated from:

TWT = FLV

(
CTCFNC

(|CFT |)2

NFT
+ CTLFNL

(|LFT |)2

NFT
+ TWT0

)

(14.14)

where:

TWT 0 = the volumetric tread wear rate constant for a tire
(dm3/1000 km) (i.e., the component of tire
wear that is independent of the external forces).

CFT , LFT = the circumferential (i.e., longitudinal) and the
lateral (i.e., transverse) components of the shear
force (N) on the tire imprint.

FNC , FNL = factors indicating the variation in the
circumferential and the lateral forces on the tire.
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Figure 14.10
Tire Cost, with Reference to the Purchase Price of a New Tire, per 1,000 km versus Pavement Roughness
(Ref. 12)

NFT = the normal (i.e., vertical) force on the
tire imprint (N).

CT C and CT L = the circumferential and lateral
coefficients of tire tread wear
(dm3/N/1000 km).

FLV = a composite factor that reflects
prevailing conditions, including
pavement roughness/texture, vehicle
type, weather, driving style, and so on.
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Figure 14.11
Relative Tire Cost versus Pavement Roughness (Ref. 34)

Table 14.13
Typical Values for Calculating Tire Wear Rates per Equation 14.14

Default Value
Variable Range in HDM-4 Units

TWT0 0.0005–0.0015 0.001 dm3/MN/m
CT 0.0003–0.0009 0.0005 dm3/MN/m
FNC 1.1–12 (cars);1.1–29.4 (trucks) 2 (cars/trucks) —
FNL 2.4–2.6 2.5 (cars/trucks) —

Table 14.13 summarizes the range of values to be used for these
variables, as well as the default values used in HDM-4.

Ignoring the differences between tires on drive axles and nondrive
axles allows calculation of CFT as the ratio of the total tractive force
(i.e., the sum of the force components in the right hand-side of
Equation 14.14) divided by the number of tires in a vehicle. The
average LFT is calculated from the average road curvature (o/km,
which allows calculation of a representative turning radius r per km)
and the cornering speed V c, assumed to be a fraction (e.g., 80%),
of the vehicle speed on a tangent:

LFT = m V 2
c

r
(14.15)

where m is the vehicle mass per wheel (kg).
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Example 14.18Calculate the circumferential and lateral tire forces for an 18-wheel
truck with a mass of 36,000 kg, driving on tangents at speeds of
100 km/h, given that the average curvature of the road is 50o/km
and that the average traction force on level terrain is 9,000 N.

ANSWER

CFT is calculated as 9,000/18 = 500 N, and LFT is calculated from
Equation 14.15 as:

LFT = 2000 (0.8x27.78)2

360
50

1
2 π

1000
= 987,812

1,146
= 861 N

FLV is a function of pavement roughness and texture. To date,
there have been no studies establishing this relationship, hence FLV
is typically assumed to have a value of 1.00.

Example 14.19Continue the previous example by calculating the rate of volumetric
tire tread wear, assuming that the mass of the vehicle is distributed
equally among all its 18 tires (the vertical force on each tire imprint,
NFT , is 353.16/18 = 19.62 kN).

ANSWER

Substituting values for all known variables into Equation 14.14 gives:

TWT = 1.00
(

0.0005 2 5002

19620
+ 0.0005 2.5 8612

19620
+ 0.001

)

= 0.061 dm3/1000 km

After obtaining the tire wear rate TWT the tire life in km, and,
the unit tire cost per km can be calculated from the total available
tread volume of a tire. The latter is computed from tire dimensions
and tread data, as described by Bennett.3 The area of the tread cross
section, AREA (mm2) is calculated as:

AREA = LL + LU
2

(DE − DEmin) ARUB (14.16)

where LL and LU are the width of the tire tread at the pavement
interface (mm) when the tire is new and when it needs replacement,
respectively, DE − DEmin represents the net thickness of the tire tread
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Table 14.14
Tire Wear Model Parameters (Ref. 3)

Vehicle DE − DEmin LU − LL
Number Type (mm) (mm) ARUB

1 Motorcycle 5 4 0.9
2 Small Car 8 6 0.85
3 Medium Car 8 6 0.85
4 Large Car 8 6 0.85
5 Light Delivery Vehicle 8 6 0.85
6 Light Goods Vehicle 8 6 0.85
7 Four-Wheel Drive 9 6 0.85
8 Light Truck 11 10 0.80
9 Medium Truck 15 10 0.70

10 Heavy Truck 17 10 0.70
11 Articulated Truck 17 10 0.70
12 Minibus 11 10 0.80
13 Light Bus 11 10 0.80
14 Medium Bus 15 10 0.70
15 Heavy Bus 15 10 0.70
16 Coach 15 10 0.70

available for wear, and ARUB is the fraction of tire tread in the tire
imprint (decimal). Empirical data was analyzed and typical values
for tread depth, LL, DL, and ARUB, were compiled for each of the
16 vehicle types considered in HDM-4 (Table 14.14). Empirical data
on a number of tires were analyzed, and a regression equation was
developed relating LL to nominal tire width:

LL = 1.05 w − constant (14.17)

where w is the nominal tire width and constant is either 52.5 for
vehicle numbers 1 to 3 or 66.7 for vehicle numbers 4 and higher.

The volume of the wearable rubber, VOL in dm3, is in turn
calculated as:

VOL = π DIAM AREA
1,000,000

(14.18)

where DIAM is the diameter of the tire (mm) given by:

DIAM = z + 2 w a/100 (14.19)
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with z = rim size mm and a = aspect ratio (i.e., the ratio of nominal
tire width divided by tire section height in percent, which is typically
around 80).

Example 14.20One of the tires of the truck described in the previous examples bears
the designation 11 R22.5 (i.e., 11 in. or 27.94 cm nominal width, and
a rim radius of 22.5 in. or 57.15 cm). Calculate the volume of its
wearable tread and its anticipated life.

ANSWER

Substituting the values from Table 14.14 into Equation 14.16 gives:

AREA = 227 + 237
2

(17) 0.70 = 2,759 mm2

Substituting the given values into Equation 14.19 gives:

DIAM = 571.5 + 2 279.4 80/100 = 1019 mm

which, substituted into Equation 14.18, gives a wearable tire rubber
volume of:

VOL = π 1019 2,759
1,000,000

= 8.83 dm3

which, combined with the wear rate calculated under Example 14.19,
gives a tire life of 8.83/0.061 = 144,000 km.

Considering a purchase price for this tire of $250 results in a
unit cost of $0.0017/km under the conditions specified. Obviously,
from a pavement LCCA point of view, the interest is calculating
differences in unit tire costs as pavement conditions change, which
as mentioned earlier, in not quite feasible yet.

OTHER VEHICLE OPERATING COST COMPONENTS

Other vehicle operating costs include motor oil and depreciation.
Motor oil costs are a function of oil consumption and the frequency
of oil changes. These depend to a significant extent on factors other
than pavement condition (e.g., engine condition, driving style).
Hence, although motor oil cost may be important in other types
of transportation economic studies, it is not typically considered in
pavement LCCA.
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Vehicle-usage-related depreciation is defined in terms of the
life-km of a vehicle. Vehicle life-km is to be differentiated from
vehicle life-year expectancy, because it is strictly related to the
amount of usage of a particular vehicle. Considerable work has been
done in differentiating these two sources of vehicle depreciation
(e.g., references 69, 70). The unit cost for vehicle-usage-related
depreciation is calculated as the ratio of the purchase price of a
vehicle divided by its life-km ($/km). Pavement condition, primarily
in terms of roughness, may affect the unit depreciation cost of
vehicles by altering their life-km. However, the literature5,7,12,17,34

suggests no consistent trends in vehicle unit depreciation costs in
response to pavement roughness. The reason is that the life-km of
vehicles is, to some extent subjective, often being decided by the
cost of the maintenance/repairs required as the odometer reading
of a vehicle increases. Hence, vehicle depreciation costs are often
ignored in pavement LCCA.

TRAVEL DELAY DUE TO LANE CLOSURES FOR PAVEMENT 4-R

Pavement 4-R activities require lane closures, which result in reduced
roadway capacity and, as a consequence, higher travel times through
work zones. The resulting travel time delays can be translated into
cost by selecting the appropriate unit cost for the value of time of the
traveling public. In addition to travel delay, vehicle operating costs
are higher due to potential speed changes and stopping through
the work zone. The configuration of the lane closure, the length of
the lane or lanes closed, and the duration of the closure depend on
local circumstances and vary widely. The following discussion deals
with the procedures to be used in calculating travel time delay for
only two simple lane closure scenarios: one where one or more lanes
of a multilane divided freeway facility are closed, while some lanes
remain open in each direction; and, two, where one lane is closed in
a two-lane undivided highway facility, and directional traffic needs
to be alternated on the remaining lane (Figure 14.12a and 14.12b,
respectively). The source of the information presented next is a
study by Memmott et al.46.

Scenario 1

The method used for calculating lane-closure-associated delays in
multilane divided highways is based on queuing (i.e., vehicles having
to stop) and speed reduction (i.e., vehicles having to slow down)
calculations through work zones. The latter is computed according
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(a)

Work Zone

Work Zone

stop

(b)

Figure 14.12
Schematic of Lane Closure Scenarios for Calculating Pavement 4-R Delay

to procedures described in the Highway Capacity Manual .36 The
simplifying assumption of this method is that vehicles arrive at
a work zone uniformly distributed through time. The analysis is
carried out at distinct time intervals, ANALINT , that are typically
subsets of an hour (min). The number of vehicles stopped in the
queue in interval i VEHQUEi is calculated by:

VEHQUEi = VEHQUEi−1 + (ARRIVALi − CAPWZi)
ANALINT

60
(14.20)

where VEHQUEi−1 = the number of vehicles in the queue in the
previous time interval, ARRIVALi = the arrival rate for interval i in
passenger car equivalents/hr (pce/hr), and CAPWZ i = the capacity
through the work zone, calculated as:

CAPWZ = (a0 − a1 CERF )WZLANES (14.21)

where the coefficients a0 and a1 are given in Table 14.15, CERF =
the capacity estimate risk factor (the probability that the estimated
capacity will be lower than or equal to the actual capacity), and
WZLANES = the number of open lanes through the work zone.
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The length of the queue is therefore calculated as:

QUELENi = VEHQUEi VEHSPC
NLAPP

(14.22)

where VEHSPC = the average vehicle spacing in m/pce (average
of 12m) and NLAPP = the number of open lanes approaching the
work zone.

Example 14.21Calculate the queue length accumulated over a 10-minute interval,
given the lane closure situation shown in Figure 14.12a, the vehicle
arrival rate is 3,100 pce/hr, the fact that there are 10 vehicles stopped
at the beginning of the time interval, and that the desired capacity
estimate risk factor is 60%.

ANSWER

Equation 14.21 gives: CAPWZ = (1600 − 1.81 60) 2 = 2,982 pce/hr
The number of vehicles at the end of the interval is calculated

from Equation 14.20 as:

VEHQUEi = 10 + (3,100 − 2,982)
10
60

= 29.7 rounded to 30 pce

The associated queue length is given from Equation 14.22 as:

QUELENi = 30 12
3

= 120 m

The total time delay DQUEi (vehicle-sec) is subsequently calcu-
lated by:

DQUEi =
(
VEHQUEi−1 + VEHQUEi

)
2

60 ANALINT

(14.23a)

when the queue persists throughout the time interval i or:

DQUEi = VEHQUE2
i−1

2 (CAPWZi − ARRIVALi)
60 ANALINT

(14.23b)

when the queue dissipates during the time interval i.
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Example 14.22 Continue the previous example by calculating the total delay
involved and the associated cost, assuming single-vehicle occupancy
and a constant unit cost for the travel time equal to $10/hr.

ANSWER

Substituting the calculated values into Equation 14.23a gives:

DQUEi = (10 + 30)

2
60 10 = 12,000 vehicle-sec or 3.33 hours

which translates to $33.33 for the time interval of the 10 minutes
analyzed.

Memmott et al.46 proposed calculating capacity-constrained
speeds through work zones from simplified speed versus volume over
capacity relationship, such as the one shown in Figure 14.13. Under
these conditions, the length of the road experiencing reduced vehi-
cle speeds WZELi (m) is, in general, different from the length of the
work zone WZLEN (m), and is expressed as:

WZELi = WZLEN + 320 (14.24a)

when WZLEN ≤ 160 or ARRIVALi
CAPWZi

> 1 or:

WZELi = 160 + (WZLEN + 160)

(
ARRIVALi

CAPWZi

)
(14.24b)

otherwise.
Subsequently, the delay DELAYWZ i associated with driving through

the length of the road experiencing reduced vehicle speeds is:

DELAYWZi = WZELi

(
1

VELWZ
− 1

VELAPP

)
(14.25)

where VELAPP is the vehicle speed upstream from the influence of
the work zone (m/s) and VELWZ is the lowest of the speed imposed
by the posted speed limit and that imposed by capacity constraints
through the work zone.
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Speed m/s

Volume/Capacity

V1

V2

V3

Q1

V1 = 26.8 m/sec Q1 = 0.8
V2 = 17.9 m/sec Q2 = 1.0
V3 = 13.4 m/sec  

Q2

Figure 14.13
Speed versus Volume Relationships (Ref. 46)

Example 14.23Calculate the delay and the associated cost for a single-lane per
direction closure of 500 m in length on a six-lane divided freeway
(Figure 14.12a). Given that lane capacity upstream from the work
zone is 2000 pce/hr, the capacity of the work zone is 2,982 pce/hr
(Example 14.21), the arrival rate is 2,500 pce/hr in the 10-minute
interval to be analyzed, and no lower speed limit is posted through
the work zone. Assume that all vehicles are single occupancy, that
there is no lower speed limit posted in the approach to the work
zone, and that the unit cost of travel time is $10/hr.

ANSWER

Equation 14.24b gives the length of the road influenced by the work
zone as:

WZELi = 160 + (500 + 160)

(
2,500
2,982

)
= 713.3 m

For the approach to the work zone and the work zone, the lane
traffic volumes are calculated as 2,500/3 = 833.3 and 2,500/2 =
1250 pce/hr, respectively, while the lane capacities (i.e., value of Q2
in Figure 14.13) are 2,000 and 2,982/2 = 1,491 pce/hr, respectively.
The corresponding volume-over-capacity ratios are 0.416 and 0.838,
which give vehicle speeds of 22.2 m/sec and 16 m/sec, respectively.
Hence, the delay in the work zone is computed from Equation 14.25
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as:

DELAYWZi = 713.3
(

1
16

− 1
22.2

)
= 12.45 sec per vehicle

which, over a period of 10 minutes, translates to a delay cost of 2,500
10/60 12.45/3600 10 = $14.41 for the 10 minutes analyzed.

Scenario 2

The delay calculations for a lane closure on two-lane undivided
roads are different from the ones described under Scenario 1,
because the traffic in each direction needs to alternate using the
only remaining lane, while the opposing traffic lane is directed to
stop by flagpeople (Figure 14.12b). Under this Scenario, there are
two sources of delay: the one due to the reduced speed through the
work zone and the other due to queuing while stopped. Assuming a
constant speed through the work zone, the delay through the work
zone can be calculated from Equation 14.25. The following describes
how queuing delay is calculated.36,62 The problem is equivalent to
delay calculations through signalized intersections, where the cycle
time WZCYCLE (sec) is the time required to complete a set of
two alternating directional releases of traffic; inter-‘‘green’’ time IG
(sec) is the time required after a direction is switched to ‘‘red,’’
until the opposite direction can be switched to green (i.e., the time
it takes to clear from traffic the first direction); effective green
time EFFG (sec) is the time actually available for movement in one
direction; and the green-to-cycle-length ratio GCRATIO is expressed
in effective green terms. These quantities are expressed as:

IG = WZLEN
VELWZ

(14.26)

EFFG = WZCYCLE
2

+ (IG + STLOSS + ENDLOSS) (14.27)

GCRATIO = EFFG
WZCYCLE

(14.28)

where STLOSS is the lost time at the start of the cycle (sec) and
ENDLOSS is the lost time at the end of the cycle (sec).
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Example 14.24Calculate the inter-green time, the effective green and the green-
to-cycle ratio for a 500 m lane closure with a 600-second cycle on a
two-lane undivided roadway with a posted speed through the work
zone of 45 km/h (12.5 m/sec). Assume lost times at the beginning
and end of the green interval of two seconds and one second,
respectively.

ANSWER

Equations 14.26 to 14.28 give:

IG = 500
12.5

= 40 sec

EFFG = 600
2

+ (40 + 2 + 1) = 343 sec

GCRATIO = 343
600

= 0.57

Defining X as the arrival traffic volume over the capacity ratio, the
unit delay caused by queuing through the work zone DELAYQUE
(sec/pce) is calculated as the sum of the uniform delay DELAYUN
(delay when all arrivals get processed during each green) plus the
incremental delay DELAYIN (delay when not all arrivals in each
direction get processed in each green cycle but need to wait the
next green), expressed as:

DELAYQUE = DELAYUN + DELAYIN (14.29)

The uniform delay is calculated by either:

DELAYUN = WZCYCLE − EFFG
2

(14.30a)

when X > 1, or:

DELAYUN = 0.38
WZCYCLE (1 − GCRATIO)2

1 − GCRATIO X
(14.30b)

when X ≤ 1.
The incremental delay is calculated as either:

DELAYIN = 0 (14.31a)
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when X < Xo, or:

DELAYIN = 15 ANALINT X xn
[

(X − 1)

+
√

(X − 1)2 + 720 (X − Xo)
ARRIVAL ANALINT

]
(14.31b)

when X ≥ Xo, with:

Xo = 0.67 + WZCAP
3600

(14.32)

and xn is a model parameter, typically assumed to be equal to zero.
The average speed through the work zone VELQUE is given by:

VELQUE =
(

V 1
2

) [
1 +

√
1 − CAPWZ

CAPNORM

]
(14.33)

where, V 1 = the free-flow velocity (m/s), as defined in Figure 14.13
and CAPNORM = the normal capacity of the work zone in pce/h.

Example 14.25 Calculate the total hourly delay for the circumstance of the previous
example, given that the directional volume is 900 pce/h and that
the work zone capacity is 1,200 pce/h. What is the associated cost,
assuming single-vehicle occupancy and a unit travel time cost of
$10/hr?

ANSWER

The volume-over-capacity ratio is:

X = 900
1200

= 0.75

which, when substituted into Equation 14.30b gives:

DELAYUN = 0.38
600 (1 − 0.57)2

1 − 0.57 0.75
= 73.6 s/pce.
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Equation 14.32 gives:

Xo = 0.67 + 1,200
3,600

= 1.0 >0.75

which suggests that there no incremental delays. Hence, the total
delay is 73.6 sec/pce which results in 73.6 / 3600 900 2 10 =
$368/hour for both directions of traffic.

OTHER NON-VEHICLE OPERATING COST COMPONENTS

Other non-vehicle operating cost components include travel delays
due to reduced speed caused by pavement roughness, cargo dam-
age/packing, pavement-related occupational injuries, and pavement
condition-related accidents.

High levels of pavement roughness may prevent vehicles from
driving at the posted speed limit. The resulting increase in travel
time can be quantified and included into pavement LCCA. A variety
of empirical relationships are available in the international literature
relating driving speed to pavement roughness (e.g., references
12, 34, 41, 45, 70). However, no consistent trends appear among
them over the range of pavement roughness encountered in North
America (Figure 9.23). As a result, this user cost component is
typically not considered in state DOT-conducted pavement LCCA.

Freight insurance and packaging costs are sizeable compared to
freight transportation revenues. Freight insurance alone comprises
2.2% of the gross revenue of intercity common carriers, as reported
by the American Trucking Association. About half of this insurance
cost is against damage during loading/unloading, while the remain-
ing half is against in-transit damage. A considerable part of the
latter can be attributed to pavement roughness. No relationships
exist in the literature, however, relating directly freight insurance
claims to pavement roughness. Furthermore, although considerable
work has been done in quantifying freight packaging dynamics (e.g.,
references 2, 26, 49, 50, 56), little empirical evidence exists as to
the packaging expenditure required solely for preventing freight
damage due to pavement roughness. Hence, although the mone-
tary implications of pavement roughness on freight insurance and
packaging costs are recognized, they are typically not quantified in
conducting pavement LCCA.

The literature contains an abundance of work on the effect of
vibration on human physiology. In addition, considerable amount
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of work has been done in studying the occupational hazards of
driving, particularly those related to heavy trucks (e.g., references
28, 64). However, no exclusive cause-effect relationship between
roughness-induced vehicle vibrations and chronic medical problems
has been established. As a result, including the cost of treating such
medical problems into pavement LCCA is not yet possible.

Finally, the pavement condition attribute associated with vehicle
safety is surface friction, which is related primarily to the texture of
the pavement surface, as described in Chapter 9. Understandably,
there is considerable difficulty in isolating pavement friction as the
sole cause of vehicular accidents. Hence, associating the cost of an
accident, which can be obtained from insurance claims, to pavement
condition is tenuous at best. Thus, it is customary to use pavement
surface friction as a trigger to pavement 4-R activity, rather than as a
predictor of accident costs to be incorporated into pavement LCCA.
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Problems

14.1 A company purchased a paving machine for $350,000 in
1992. What would the actual replacement cost for an equiv-
alent machine have been in the year 2000; and, what would
it be in, 2008, assuming an average inflation rate of 3.5%?

14.2 Explain why the incremental benefit-cost method is superior
to the net method and the plain benefit-cost method in
comparing economic alternatives.

14.3 Land was acquired for the right-of-way of a roadway in 1955
for $2 million. Its estimated value in 2001 was $36 million.
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Calculate the inflation-free rate of return of this investment,
given that the inflation runs at 2.5% average per annum.
Carry out your calculations in terms of (a) actual dollars and
(b) real (i.e., inflation-free) dollars.

14.4 Compare the agency costs for two flexible pavement treat-
ments with the following characteristics:

◆ Capital cost of $60,000 per two-lane-km and an expected
life of nine years

◆ Capital cost of $100,000 per two-lane-km and an expected
life of 13 years

Assume a discount rate of 3.5%.

14.5 Compare the agency costs for a flexible and a rigid pavement
with the following characteristics:

◆ Capital cost of $405,000 and an expected life of 15 years
◆ Capital cost of $675,000 and an expected life of 35 years

Assume a discount rate of 3.5%. Perform the calculations
short-hand and through the built-in functions of a spread-
sheet.

14.6 Compare the rolling resistance forces acting on a large
passenger car operating on two different pavements with IRI
roughnesses of 1 m/km and 6 m/km. Given:

◆ Vehicle speed of 110 km/h
◆ Radial tires
◆ Tdsp of 0.6 mm
◆ Vehicle mass M of 1,800 kgr

Ignore the effect of pavement surface stiffness.

14.7 What is the difference in fuel consumption for the circum-
stance of the previous problem?

14.8 Compare the cost of vehicle maintenance parts and labor
for a large passenger car that has an odometer reading of
100,000 km and operates on pavements with IRI of 6 m/km,
versus operating on a pavement with an IRI of 1 m/km.
Given:
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◆ Purchase cost of the vehicle is $20,000
◆ Shop charges are $60 per hour labor

14.9 Calculate the delay and the associated cost for a two-lane
lane closure of 250 m in length on a six-lane divided freeway.
Given that:

◆ Arrival rate is 1,300 pce/hour in the 10-minute interval to
be analyzed.

◆ No lower speed limit is posted through the work zone.
◆ All vehicles have double occupancy.
◆ Unit cost of travel time is $10/hour.

14.10 Calculate the total hourly delay for a 1,000 m lane closure on
a two-lane undivided roadway with a directional volume of
800 pce/hour, a work zone cycle of 700 seconds, a work-zone
capacity of 1,100 pce/hour, and a posted speed through the
work zone of 45 km/hour (12.5 m/sec). Assume lost times
at the beginning and end of the green interval of 2 seconds
and 0 second respectively.
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Admixtures, concrete, 168
Agency costs, 492–494
Aggregates, 73–102

Atterberg limits, 64–65
California bearing ratio, 62
chemical properties, 96–97
coefficient of lateral pressure, 63,

64
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manufacturing by-products, 75
mechanical properties, 98–102
modulus of subgrade reaction,

61–62
from natural rocks, 74
physical properties, 76–77, 80–96,
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plastic response, 57–61

pore structure, 87
resilient response and structure,

48–49
R -value, 62–63
specifications and tests, 76–80
specific gravity and absorption,

83–87
stabilization, 65–68
types and classifications, 74–76

Aggregate crushing value (ACV), 99
Aggregate filters, 345
Aggregate Imaging System (AIMS),

91, 92
Aggregate impact value (AIV), 99
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Air-entrained concrete, 172
Air-entraining admixtures, 168
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American Association of State
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American Concrete Institute (ACI)
318, 175

Angle of internal friction, 64
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87–94
Anisotropic properties (granular

materials), 47–48
Apparent opening size (AOS), 347
Apparent specific gravity, 83–85
Archimedes principle, 83
Artificial aggregates, 75
Asphalt, 96, 107–109
Asphalt concrete overlays, 462–469
Asphalt concrete pavements, 1

base layer, 2
binders and mixtures. See Asphalt

mixtures

cross-section, 2
distresses, 93, 94, 304–307
drainage, 2
fatigue cracking in thin vs. thick

layers, 132
one-dimensional plastic

deformation, 58
portland concrete overlays, 469
stresses and deflections, 1–2

Asphaltenes, 110
Asphalt Institute, 63, 286, 288
Asphalt Institute design method,

376–378, 460
Asphalt mixtures, 107–158. See also

Hot-mixed asphalt
beam fatigue, 155–158
binder. See Binder (asphalt

mixtures)
creep compliance, 149, 152–153
dynamic modulus test, 148–152
indirect tension, 154
properties, 148–158
repeated dynamic, 153–154
volumetric analysis, 144–148

ASTM aggregate specifications, 77
ASTM aggregate tests, 78–80
Atterberg limits, 64–65
Australian Road Research Board, 263
Autogenous shrinkage, 176
Automated traffic recorders (ATRs),

14–16
Automated vehicle classifiers (AVCs),

14–18
Average annual daily traffic (AADT),

291
Average annual daily truck traffic, 31,

33–34
Axial creep compliance, 113
Axial relaxation modulus, 113
Axles, vehicle classification by, 16, 18
Axle loads:

dynamic, 19–22

535
Pavement Design and Materials     A. T. Papagiannakis and E. A. Masad
Copyright © 2008 John Wiley & Sons, Inc.



536 Index

Axle loads: (continued)
dynamic modulus, 114
enforcement of limits, 34–37
equivalent single-axle load factors,

25–30
and erosion damage, 416–418, 421
load spectra by axle configuration,

29–34
static, 19, 20, 22
for trucks, 13–14
WIM sensing, 18–25

Back calculation of elastic moduli:
flexible pavement, 293–298
rigid pavement, 298–303

Basalts, 75
Base layers

aggregate properties and
performance of, 93

asphalt concrete pavements, 2
drainage coefficients, 26
portland concrete pavements, 3
properties. See Properties of

base/subbase/subgrade
layers

water infiltration, 338–339
Basic aggregates, 96
Beam fatigue (asphalt mixtures),

155–158
Bearing capacity, 62
Bearing stress (concrete), 226, 227
Bending beam rheometer (BBR),

124–125, 132, 133, 144
Bending-plate WIM systems, 18
Benefit over cost ratio (BCR),

486–487
Benkelman Beam, 284, 286–287
Berggren formula, 355–357
Binder (asphalt mixtures), 107–144

aging, 127–129
chemical composition, 108–111
dynamic shear, 123, 124
flexural creep, 124–127
grades, 129–141
linear viscoelasticity, 112–118
modification, 141–144
Newtonian vs. non-Newtonian

behavior, 111–112
penetration, 123
rheology and viscoelasticity,

111–120
and selective absorption, 87
surface energy, 126, 127
temperature susceptibility, 140–141
tensile strength, 126, 128
time-temperature superposition,

118–120
viscoelastic properties, 131–133

viscosity, 121–122
Bitumen modifiers, 142
Bituminous surface treatment (BST),

1, 6, 7
Blaine test, 169
Blast-furnace slag, 75
Bleeding, 172, 306
Blended aggregates, 80, 82–83, 86
Blended cements, 163, 164
Block cracking, 304, 305
Blowups, 310
Boltzmann’s superposition principle,

196
Bonded portland concrete overlays,

463, 469
Bond energy (aggregates), 97
Bond stress (tiebars and concrete),

219
Borrowing rates, 475–477
Boussinesq subgrade foundation

model for rigid pavements,
186, 209

BPR Roughness Meter, 255, 256, 273
Bridge formula, 34, 35
Bridge load limits, 34, 35
British Pendulum Tester (BPT), 318
British Portable Pendulum Tests,

99–101
British Wheel device, 99
Bulk density (cement), 169
Bulk-specific gravity, 84, 85, 145
Bulk-specific gravity—saturated

surface dry (SSD), 84–85
Bulk stress, 54–56
Burger model, 116, 118, 143

California bearing ratio (CBR), 62
Canadian Portland Cement

Association, 412
Capillary absorption of concrete, 176
Capillary action, 334–335
Capital Recovery formula, 481, 482
Carbonate rocks, 75
Car Road Meters (CRM), 257
Cash flow diagrams, 480–482
Cementitious materials, 163–166
Cement properties, 168–171
Cement specifications, 169
Cement stabilization of soil, 67
Chemical admixtures (concrete), 168
Chemical reactions, durability and,

178–179
Chloride ion penetration, 176
Chloride resistance of concrete, 176
Circular stresses, 14, 187–189,

223–226
Clastic rocks, 75

Climatic-Materials-Structural (CMS)
model, 352

Clogging prevention, 345
Coal fly ash stabilization of soil, 67–68
Coarse aggregates, 75, 76
Collapsible end caps, 3
Combined absorption, 86
Combined specific gravity, 86
Commercial load limits, 34–37
Compactability (concrete), 172
Compaction, resilient response and,

48–49
Complex shear modulus (G*),

135–139
Composite pavements, 1, 6, 7
Compressive strength, 172
Concentrated point loads, 221–223
Concrete, 163–180

aggregates in. See Aggregates
cementitious materials, 163–166
cement properties, 168–171
chemical admixtures, 168
components, 163
creep, 176
curling and warping, 179–180
durability, 176–179
hydration, 164–165, 167–168
modulus of elasticity, 174–175
mortar, 163
paste, 163
Poisson’s ratio, 174–175
properties, 168–180
shrinkage, 175–176
strength, 172–174
workability, 171

Confining stress, 44–47
Construction joints, 4, 5, 219
Continuously reinforced concrete

pavements (CRCP), 4, 207
Design. See Rigid pavement design
distresses, 311
IRI for, 443–444
overlays, 469
rehabilitation treatment

guidelines, 453
reinforcement stresses, 230–232
steel reinforcement, 406–412

Cooling stage (concrete), 167
Corner cracking, 307
Corrosion, 179
Cracking, 304–309. See also specific

types, e.g.: Low-temperature
cracking

Creep
concrete, 176
flexural, 124–127
indirect tensile test, 154
plastic creep region, 43

Creep and recovery test, 143
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Creep compliance
asphalt mixtures, 149, 152–153
dynamic, 114
master curve for, 154
multilayer flexible pavements, 196
under shear vs. axial loading, 113
single semi-infinite layers, 198, 200

Creep recovery, 176
Creep response regions, 152
Creep strain, 176
Crushed stone, 74
Curling, concrete, 179–180

Darcy’s law, 332
Daylighting (drainage), 344
D-cracks, 95–96, 178, 309
Deduct values (PCI calculation),

312–316
Deflection

asphalt concrete pavements, 1–2
in back-calculating elastic moduli,

293–303
with BBR testing, 125
computing SAI for, 291–293
of dowel bars, 226–227
influence charts, 225–226
multilayer flexible systems,

193–194
processing data on, 286–290
surface deflection measuring

devices, 284–286
Deflection distributions, 1–2
Deflectometers, 284–285
Deformation:

flexible pavement, 305–306
permanent, binder resistance to,

143
plastic, 381–382
and temperature difference in

rigid slabs, 213–214
Deicers, durability and, 178–179
Delayed elastic, 116, 118
Densification stage (concrete), 167
Depreciation, vehicle, 516
Design rebound deflection (DRD),

288, 289, 291
Deviatoric stress, 45–48
Differential scanning calorimetry

(DSC), 171
Diffusion (concrete), 176–177
Dipstick, 263, 264
Direct tension test (DTT), 126, 132,

133, 143–144
Dissipated energy, 115–117, 143, 144
Dissipated energy ratio, 143
Distresses, 303

asphalt pavements, 93, 94
evaluation of, 303–316

flexible pavement, 304–307
portland cement concrete, 95–96
rigid pavement, 306–311

Distress density, 312
Dolomite, 75
Dormancy stage (concrete), 165
Dowel bars, 3, 226–230
Drainage, 2, 332–333, 338–345
Drainage coefficients, 26, 401, 402
Drying shrinkage, 175, 176
Durability, 93–96, 176–179
Dynaflect, 284
Dynamic axle load sensing, 19–21
Dynamic creep compliance, 114
Dynamic modulus, 114–115, 466
Dynamic modulus test, 148–152
Dynamic shear, 123, 124
Dynamic shear rheometer (DSR)

testing, 123, 131, 132, 135

Economic analysis of alternatives,
473–526

agency costs, 492–494
benefit over cost ratio, 486–487
fuel consumption, 495–503
incremental benefit over cost ratio,

487–488
incremental rate of return,

490–491
methods for, 483
net annualized worth, 485–486
net present worth, 483–485
rate of return, 488–490
spreadsheet functions

implementing comparisons,
491–492

time value of money concepts,
475–483

travel delay due to lane closures,
516–525

user costs, 494–526
vehicle mainte-

nance/repair/operating
costs, 503–516

Edge cracking, 304
Effective specific gravity (aggregates),

146
Effective structural number (SNEFF),

455–460
Elastic behavior (Burger model), 116,

118
Elasticity

in flexible pavement layers, 183
modulus of, 27, 174–175, 298–303
theory of, 210–213

Elastic shakedown, 42
Elastic solutions

multilayer pavement systems,
192–194

single-layer pavement systems,
184–189

two-layer pavement systems,
189–192

Elastic strain, 176
Elastoplastic behavior, 41–43
Enforcement of load limits, 34–37
Engineering pavements, 10
Enhanced Integrated Climatic Model

(EICM), 348, 380, 421, 428
Entrained air (cement), 171–172
Environment, serviceability loss due

to, 369–373, 402–404
Environmental performance factors,

331–357
heat in pavements, 349–357
water in pavements, 332–348

Environment-induced stresses,
213–221

Equivalent single-axle load (ESAL)
factors, 25–30, 455–457

Erosion damage, 416–421
Ettringite, 165
Expanded slag, 75
Expansion joints, 4, 5
Extrusive igneous rocks, 75

Fabric layer, 2
Falling-weight deflectometers (FWD),

284–285, 298
Fatigue (rigid pavements), 412–418
Fatigue cracking:

asphalt binder, 140, 143–144
beam fatigue test, 155–158
binder resistance to, 132
flexible pavements, 304, 379–381
rigid pavements, 306, 307, 422–425

Faulting (rigid pavement), 309–310,
331, 425–435

equivalent temperature gradient,
428

freezing ratio, 426–428
load transfer efficiency of joints,

426–435
Fick’s second law, 176–177
Filters, 345–348
Filtering (in profile creation), 268,

269
Fine Aggregate Angularity (FAA) test,

88
Fine aggregates, 75–76
Fineness modulus (aggregates), 82
Fines content, resilient modulus and,

50–51
Finite Element Method (FEM), 210,

232, 243–244



538 Index

Finite Element Method solutions,
232–244

element stiffness, 233–236
joint stiffness, 240–244
overall element stiffness and slab

stiffness, 239–240
subgrade support stiffness, 236–239

Fixed output comparisons, 485
Fixed slip speed, 318
Flexible pavements, 1

asphalt concrete overlays over,
466–467

base layers, 41
cross-section, 2
distresses, 304–307
elastic moduli back-calculation,

293–298
equivalent single-axle load, 26–28
rehabilitation treatment

guidelines, 453
rural roadways, 6
saturated base layer, 335, 336
stresses and deflections, 1–2
subbase layers, 41
urban roadways, 7
and vehicle/axle speed, 14

Flexible pavement analysis, 183–202
multilayer linear elastic solutions,

192–194
multilayer nonlinear elastic

solutions, 194–196
single-layer elastic solutions,

184–189
two-layer elastic solutions, 189–192
viscoelastic solutions, 196–202

Flexible pavement design, 363–391
AASHTO 1986/1993 method,

364–376
AASHTO (1993) overlay method,

453–460
Asphalt Institute method, 376–378
Asphalt Institute overlay method,

460
NCHRP 1–37A method,

378–391
NCHRP 1–37A overlay method,

465–469
Flexural creep, 124–127
Flexural strain, 125
Flexural stress, 125, 412, 413
Flexural test (concrete), 172, 173
Flow table test, 169
Flow time, 152–153
Flushing, 306
Fly ash, 67–68, 179
Form (shape) of aggregate particles,

87–93
Foundation models, 208–210
4-Rs, 451, 452, 473–475

Freezing, 95, 178, 353–357. See also
Water in pavements

Freezing Index (FI), 353–355
Freight insurance costs, 525
Friction, 217–220, 317–319
Frictional resistance, 99
Friction index, 321–322
Frost, 178, 353–357
Frost heaves, 369, 370, 403–404
Fuel consumption costs, 495–503
Fuel taxes, 7, 9
Fuller and Thompson method

(aggregate gradation), 76, 77,
80, 81

Functional class designations, 5
Funding pavements, 7, 9–10

Gap graded aggregates, 76
Geotextiles, 2, 345, 347
GMR Profilometer, 261–262
Gneiss, 75
Gradation

aggregates, 76–77, 80–84
and resilient modulus, 50

Grades, asphalt binder, 129–141
Granites, 75, 102
Granular base layers, 2
Gravel, 74
Groundwater seepage, 333–334

Hardening stage (concrete), 165, 167
Heat in pavements, 349–357

frost, 353–357
heat transfer, 349–353

Heat of hydration, 164, 165
Heaving, 331, 369, 370
Heteroatoms (in asphalt), 108, 109
Highest deduct value (HDV), 312,

316
High-speed profilometers, 261–253
Highway Design and Maintenance

(HDM-III), 498, 505, 509
Highway Development and

Management program
(HDM-4), 498–503, 506, 507,
510

Hooke’s law, 112–113
Hot-mixed asphalt (HMA), 107. See

also Asphalt mixtures
aggregates, 73, 76, 91
durability, 93
dynamic modulus test, 148–152
friction characteristics, 99
low-temperature cracking

resistance, 154
Hybrid rigid pavement structures, 4
Hydration, 164–165, 167–168, 175

Hydraulic cements, 163–164
Hydraulic gradient, 340–341
Hydrocarbons, 108
Hydrophilic aggregates, 96
Hydrophobic aggregates, 96

Igneous rocks, 74, 75
Image analysis (aggregate geometry),

90–92
Impact forces (aggregates), 98–99
Incremental benefit over cost ratio

(IBCR), 392, 487–488
Incremental rate of return (IRR),

490–491
Indirect tension, 154, 583
Inductive loops, 15
Infiltration rates, 336–338
Inflation, 475–479
Influence charts (slab deflections),

225–226
Initial construction costs, 492–495
Internal friction, angle of, 64
Internal rate of return, 489
International Friction Index (IFI),

321
International Roughness Index (IRI),

21, 272–280, 284, 442–444
Interstate system load limits, 34
Intrusive igneous rocks, 75
ISLAB2000, 421
Iso-octane asphaltene, 110

Joints
construction, 219
deficiencies, 309
load transfer, 228, 426, 462
opening, 220–221, 406
stiffness, 240–244
transverse, 3, 207
types, 3–5

Jointed dowel reinforced concrete
pavements (JDRCP), 3–4, 207

design, See Rigid pavement design
distresses, 310
dowel-bar-induced stresses,

226–230
IRI for, 442–443
rehabilitation treatment

guidelines, 454
stiffness of joints, 240–244

Jointed plain concrete pavements
(JPCP), 3, 207

Design. See Rigid pavement design
distresses, 310
erosion factors, 420
IRI for, 442–443
joint opening, 220
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rehabilitation treatment
guidelines, 454

stiffness of joints, 240–244

Kinematic viscosity, 121

Lane closures, 516–525
Lateral pressure, coefficient of, 63,

64
Layered analysis software, 192, 193
Length inventory data, 5–7
Life-cycle cost analysis (LCCA), 392,

474, 475, 477, 479
agency costs, 492–494
cost components in, 492
user costs, 494–526

Lighter-duty asphalt-surfaced
pavements, 1, 6, 7

Lime stabilization, 65–67
Limestone, 75, 102
Linear elastic solutions (multilayer

systems), 192–194
Linear variable differential

transducers (LVDTs), 149, 152
Linear viscoelasticity, 112–118
Liquid limit (LL), 64–65
Liquid slab foundation assumption,

62
Load cell WIM systems, 18, 19
Load-induced stresses (rigid

pavements), 221–232
under concentrated point loads,

221–223
dowel-bar-induced stresses in

JDRCPs, 226–230
reinforcement stresses in CRCPs,

230–232
under uniform circular stresses,

223–226
Load limit enforcement, 34–37
Load transfer, 3, 228
Load transfer coefficients, 401, 402
Load transfer efficiency (LTE), 426,

462
Locked wheel slip speed, 318
Longitudinal cracking, 304, 307,

381
Long-Term Pavement Performance

(LTPP) Program, 389–391
Los Angeles Degradation Test, 98
Loss dynamic modulus, 116
Loss energy, 115–116
Loss modulus, 115
Low-speed profilometers, 263–265
Low-temperature cracking, 132–133,

140, 143–144, 154

Macrotexture, 317, 320
Magma, 75
Maltene, 110
Man-made aggregates, 75
Manning’s formula, 344
Map cracking, 96, 309
Marble, 75
Market interest rates, 475–476, 478
Master curve (viscoelastic properties),

119
Maturity curve, 175
Maximum corrected deduct value

(max CDV), 312, 314
Mays Ride Meter (MRM), 255, 256
Mean profile depth (MPD), 320, 321
Mean texture depth (MTD), 320, 321
Metamorphic rocks, 75
Micro-Deval test, 99, 100
Micro-Deval Voids at nine hours

(MDV9), 100, 101
Microtexture, 317, 320
Mixing stage (concrete), 164, 165
Model calibration, 389–391, 444
Moisture content, 64–65

and curling/warping, 179–180
and resilient modulus, 51, 53

Monitoring systems. See
Traffic-monitoring systems

Mortar, 163, 169, 171
Moving average (MA), 265–268
Multilayer pavement systems

linear elastic solutions for, 192–194
nonlinear elastic solutions for,

194–196
viscoelastic solutions for, 198,

200–202

NCHRP 1–37A Design Guide,
465–470

asphalt concrete overlays, 465–469
flexible pavements, 378–391
portland concrete overlays,

469–470
rigid pavements, 418–444
traffic input levels, 29–31
traffic loads input data, 29–34

Net annualized worth (NAW), 392,
485–486

Net present worth (NPW), 483–485,
491

Newtonian behavior, 112, 121
Newtonian viscous relationship, 113
N-heptane asphaltene, 110
95th percentile size (O95), 347
Nonlinear elastic solutions, 194–196
Non-Newtonian behavior, 112, 121
Nonpolar molecules (asphalt), 109

Octahedral shear stress, 54–57
Oils, in asphalt, 110
Open graded aggregates, 76
Overlay design methods, 453–470

AASHTO (1993) flexible pavement
method, 453–460

asphalt concrete overlays, 462–463
Asphalt Institute flexible pavement

method, 460
NCHRP 1–37A method, 465–470

Oxidation, 109, 127–129

Page Impact Test, 98–99
Pal-Rhodes model, 111
Paris law, 386
Parseval’s formula, 282
Parts and labor costs (vehicles),

506–509
Paste, 163, 169, 172
Pavement Condition Index (PCI),

311–316
Pavement evaluation, 251–322

categories of information for, 251
safety, 316–322
serviceability, 252–284
structural capacity, 284–303
surface distress, 303–316

Pavement infrastructure, 5–10
Pavement rehabilitation, 451–453. See

also Overlay design methods
Pavement texture, 317, 320–321
PCA design method, 412–421

erosion damage, 416–421
fatigue damage, 412–418

PCAPAV, 418
Penetration (asphalt binder), 123
Penetration grading (asphalt), 130
Penetration index (PI), 141
Permanent strain, 42, 58–61, 143,

153–154
Permeability, 176–178, 332–333, 336,

343
Pfeiffer and Saal model, 110, 111
Phase angle, 114–115
Piezoelectric WIM sensors, 18, 19
Pitting, 95
Plastic creep region, 43
Plastic deformation, 381–382
Plasticity index (PI), 65
Plastic limit (PL), 64–65
Plastic response, 57–61
Plastic shakedown, 43
Plastic shakedown limit, 43
Plastic shrinkage, 175
Plastic strain, 43, 382–385
Point loads, 184–187, 221–223
Poisson’s ratio, 44, 47, 174, 175
Polar molecules (asphalt), 109–110
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Polishing resistance, 99–101
Popouts, 309
Pore structure (aggregates), 87
Portland cements, 163–165, 169
Portland Cement Association (PCA),

412
Portland cement concrete (PCC), 73,

91–93, 95, 99
Portland concrete overlays, 463,

469–470
Portland concrete pavements, 1–5,

409, 410, 452, 467–469. See also
Rigid pavements

Potential reactivity of aggregates, 97
Power requirement, 501–503
Power spectral density (PSD),

269–272
Precipitation, 335, 337
Predicting serviceable life, 253–255,

374–376, 404–406
Present Serviceability Index (PSI), 26,

253
Present Serviceability rating (PSR),

252, 253
Pressure aging vessel (PAV), 129
Profile Index (PI), 260, 282
Profilometers, 261–253, 263–273
Profilometer-type roughness

measuring devices, 261
Properties of base/subbase/subgrade

layers, 41–68
aggregate and soil stabilization,

65–68
Atterberg limits, 64–65
California bearing ratio, 62
coefficient of lateral pressure, 63,

64
mechanical behavior, 41–43
modulus of subgrade reaction,

61–62
plastic response, 57–61
resilient response, 43–57
R -value, 62–63

Punchouts, 435–441
Pure bending stresses, 211–215

Quad axles, 13
Quartzite, 75, 102

Radar sensors, 15
Radial frequency, 115
Radius of relative stiffness, 223
Rainfall rates, 336
Rate of return (RR), 488–490
Raveling, 306
Reconstruction of pavements, 451
Recycling of pavements, 451

Reflection cracks, 305
Rehabilitation of pavements. See

Pavement rehabilitation
Reinforced concrete, 207

chloride diffusion, 177–178
shrinkage of, 175
steel reinforcement, 4, 179, 219,

230–232, 406–412
types of, 207

Reinforcement stresses (CRCPs),
230–232

Relative stiffness, radius of, 223
Relaxation modulus, 113–115
Repeated dynamic (asphalt

mixtures), 153–154
Replacement of pavements, 451
Representative rebound deflection

(RRD), 287–290, 460
Resilient modulus, 43, 44, 46, 63, 457,

458
Resilient response, 43–57

and compaction and aggregate
structure, 48–49

experimental measurements,
51–58

and material factors, 49–51
and stress level, 44–48

Resilient strain, 58
Resins, 110
Response-type roughness measuring

devices, 255–261
Restoration of pavements, 451
Retarders (cement admixtures), 168
Rheology (asphalt binder), 111–120
Ride Number (RN), 281–283
Rigid pavements, 1

with asphalt concrete shoulders,
413

base layer, 41
cross sections, 3–4
distresses, 306–311
elastic moduli, back-calculating, 27,

298–303
equivalent single-axle load, 27–30
joints, 3–5
load-carrying capacity, 207, 399
rural roadways, 6
stresses and deflections, 1–4
urban roadways, 7

Rigid pavement analysis, 207–244
elastic theory on plates, 210–213
environment-induced stresses,

213–221
Finite Element Method solutions,

232–244
load-induced stresses, 221–232

Rigid pavement design, 399–444
AASHTO 1986/1993 method,

400–412

AASHTO (1993) overlay method,
460–465

NCHRP 1–37A method, 418–444
NCHRP 1–37A overlay method,

469–470
PCA method, 412–421

Rocks, aggregates derived from,
74–75

Rolling resistance force, 498–500
Rolling straightedge (RSE), 257–260
Rolling thin-film oven (RTFO),

127–129
Rolling-weight deflectometers, 286
Root-mean-square (RMS), 282
Rotational viscometer test, 121–122
Roughness

flexible pavements, 389
indices of, 272–284
profilometer-type measuring

devices, 261
response-type measuring devices,

255–261
rigid pavements, 442–444
and serviceability, 253–255
and user costs, 495. See also User

costs
Rupture, modulus of (portland

concrete), 424
Rural roadway pavements, 6
Rutting, 131–132, 140, 143, 305,

381–382
R -value, 62–63

Safety evaluation, 316–322
Salt-induced scaling, 179
Sand, 74
Sand-equivalent test, 93, 94
Sand-patch test, 320
Sandstone, 102
Scaling, 178–179
Seal coat, 2
Secant modulus (elasticity), 174–175
Sedimentary rocks, 75
Selective absorption, 87
Series Present Worth formula,

481–482
Serviceability, 252–284

and fuel consumption, 497
high-speed profilometers, 261–253
loss due to environment, 369–373,

402–404
loss due to traffic, 365–368,

400–402
low-speed profilometers, 263–265
predicting, 253–255, 374–376,

404–406
processing profilometer

measurements, 265–273
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profilometer-type roughness
measuring devices, 261

rating scale for, 252
response-type roughness

measuring devices, 255–261
roughness indices, 272–284

Setting time (cement), 169
‘‘Shakedown’’ theory, 41–43
Shear dynamic modulus, 115
Shear loading, 114
Shear relaxation modulus, 113
Shear strain, 123
Shear stress, 123
Sheer creep compliance, 113
Shift function-temperature curve

(viscoelastic properties),
119–120

Short-term aging, 127, 128, 140
Shoving, 306
Shrinkage, 175–176, 220–221, 406
Side force in yaw mode, 318
Sieve analysis, 82, 99
Sigmoidal function, 149
Silica content (aggregates), 96–97,

179
Single-layer pavement system

solutions, 184–189, 197–200
Sizes (aggregates), 76–77, 80–84
Skid resistance, 99, 316, 317. See also

Friction
Slab stiffness, 239–240
Slag, 75
Slip speed, 317, 318, 321–322
Slump test, 171
Soils

Atterberg limits, 64–65
coefficient of lateral pressure, 63,

64
plastic strain response, 43
resilient modulus of, 48, 53–54
stabilization, 65–68
subgrade, 44, 53–54

Soil-aggregate mixtures, resilient
modulus of, 51–57

Solid subgrade foundation model for
rigid pavements, 186

Soundness of aggregates, 93–96
Spalling, 309
Specific gravity, 83–87
Specific heat, 349, 350
Split cylinder test (concrete), 172
Spreadsheet functions, 483, 491–492
Stabilization, 2, 65–68
State transition method, 277–278
Static axle loads, 19, 20, 22
Steel reinforcement, 4, 179, 230–232,

406–412
Stiffness

aggregates, 98

asphalt mixtures, 124, 127, 132,
133, 140, 143

rigid pavements, 233–236, 239–244
R -value, 62–63

Storage modulus, 115
Stored dynamic modulus, 116
Stored (dissipated) energy, 115–117
Strains

flexible pavements, 185, 193–198,
200–202

overlapping, 13
permanent, 42, 58–61
plastic, 43, 382–385
pure bending of plates, 212
resilient, 58
and resilient modulus, 44

Strain-gauged plate WIM systems, 18
Strategic Highway Research Program

(SHRP), 76, 154, 385, 390
Strength

aggregates, 98
concrete, 172–174
indirect tensile test, 154

Stresses, 1–2
asphalt concrete pavements, 1–2
factors causing, 208
flexible pavements, 184, 186–191,

193–196, 198, 200
overlapping, 13
pure bending of plates, 211
and resilient modulus, 44–48
and resilient response, 44–48
rigid pavements, 213–232, 408
thermal, 14

Stripping, 306
Structural Adequacy Index (SAI),

291–293
Structural capacity evaluation,

284–303
assigning in index to, 290–298
back-calculating rigid pavement

elastic moduli, 298–303
processing deflection data,

286–290
surface deflection measuring

devices, 284–286
Structural Number (SN), 26–28
Subbase layers

aggregate properties and
performance of, 93

asphalt concrete pavements, 2
drainage coefficients for, 26
properties of, See Properties of

base/subbase/subgrade
layers

Subgrade, 1
asphalt concrete pavements, 2
erosion damage, 416–421
modeling, 208–210

modulus of subgrade reaction,
61–62

portland concrete pavements, 3
properties, See Properties of

base/subbase/subgrade
layers

stiffness, 236–239
Subgrade friction, 217–220
Subgrade swelling, 369–370, 402–403
Sublayers (lifts), 2
Sulfates, 179
Sulfate soundness test, 95
Superpave , 76, 82, 88, 89, 130–134,

140, 141
Supplementary cementitious

materials, 164, 166
Surface defects, 306, 309
Surface deflection, 189–190, 284–286
Surface deformation, 305–306
Surface distresses, See Distresses
Surface energy, 97, 126, 127
Surface friction, 316. See also Friction
Surface texture (aggregate particles),

87–93
Surface Transportation Act of 1982,

7, 9
Suspensions, axle load and, 19–20

Tack coat layer, 2
Tandem axles, 13, 27–28
Tangent modulus (elasticity), 174
Taxes, as funding source, 7, 9–10
Technology, 10
Temperature(s)

adjusting deflections for, 290
and aging, 127–129
for binder grades, 130, 131,

141
and concrete pavement durability,

178
and curling/warping, 179–180
heat in pavements, 349–357
joint opening due to changes,

220–221, 406
stresses due to, 213–217

Temperature susceptibility, 140–141
Tensile strength, 126, 128, 172–173
Thawing, 95, 178
Theoretical maximum specific

gravity, 145
Thermal analysis, 169–171
Thermal coefficient (portland

concrete), 409
Thermal conductivity, 95, 179–180,

349
Thermal cracking, 154, 385–387
Thermal difussivity, 351
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Thermal expansion, coefficient of,
94–95

Thermal stresses, 14. See also Heat in
pavements

Thermogravimetric analysis (TGA),
170–171

Thin film oven (TFO), 128
Time-temperature superposition,

118–120
Time value of money concepts,

475–483
Timing of axle passes, 14
Tire inflation pressure, 14
Tire loads, modeling, 183
Tire wear, road-related, 509–515
Total load limit, 34, 35
Total resilient axial deformation

response, 53
Traction forces, 500
Traffic, serviceability loss due to,

365–368, 400–402
Traffic loads, 13–37

design input data for, 24–34
load limits enforcement, 34–37
traffic-monitoring systems, 14–25
truck, 13

Traffic load input data, 24–34
AASHTO 1986/1993 approach,

25–30
NCHRP 1–37A approach, 29–34

Traffic-monitoring systems, 14–25
automated traffic recorders, 15–16
automated vehicle classifier, 16–18
weigh-in-motion, 18–25

Traffic recorder systems, 15–16
Transient flow, 342
Transverse cracking, 304, 307,

385–387, 406–407, 422–425
Transverse joints, 3, 207, 435

Travel delays, 516–525
Triaxial permanent deformation test,

59–61
Triaxial repeated load tests, 44, 52–53
Triple axles, 13
Truck axle configurations, 16, 17
Truck inspection stations, 36–37
Two-layer pavement systems, 189–192
Types of pavements, 1

Ultrasonic sensors, 15
Unbonded portland concrete

overlays, 463, 469
Uniform aggregates, 76
Uniform circular stresses, 223–226
Unreinforced concrete slabs, 3
Urban roadway pavements, 7
User costs, 494–526

fuel consumption, 495–503
travel delay due to lane closures,

516–525
vehicle maintenance and repairs,

503–515
vehicle operating costs, 515–516

Vander Waal’s forces, 109
Variable slip speed, 318
Variation, coefficient of (CV), 20, 21
Vehicle classification systems, 16–18
Vehicle maintenance and repairs

costs, 503–515
Vehicle operating costs, 515–516
Vertical loads, tire, 14
Vertical load transfer, 3
VESYS model, 58
Vibrations, physiological effects of,

525–526

Vicat plunger test, 169, 170
Viscoelasticity (asphalt binder),

111–120, 131
linear, 112–118
and time-temperature

superposition, 118–120
Viscoelastic solutions, 196–202
Viscosity (asphalt binder), 121–122
Viscosity grading (asphalt), 130
Viscosity of aged residue grading

(asphalt), 130
Voids, 2, 87, 145, 178
Voids filled with asphalt (VFA), 145
Voids in mineral aggregate (VMA),

145
Voids in total mix (VTM), 145
Voight-Kelvin model, 385, 386
Volume change (aggregates), 95
Volumetric analysis (asphalt

mixtures), 144–148

Warping, 179–180, 213–214
Water in pavements, 332–348

drainage, 332–333, 338–345
filters, 345–348
infiltration rates, 336–338
sources, 333–336

Water-reducing admixtures, 168, 172
Water-to-cement ratio (w/c), 171, 172
Weigh-in-motion (WIM) systems,

14–15, 18–25, 36–37
Weight-distance tax, 10
Well-graded aggregates, 76
WesTrack Project, 389, 390, 503
Wilhelmy plate method, 126, 127
Winkler slab foundation assumption,

62
Workability (concrete), 171


