


Foreword

This report contains guidance on how highway agencies and contractors can achieve smooth,
long-lasting portland cement concrete (PCC) pavements. The report: (1) assesses whether high
initial smoothness necessarily results in better long-term performance, (2) identifies design
features and material properties that can cause an initially smooth PCC pavement to exhibit
detrimental long-term performance, (3) provides guidance on materials properties, design
features, and construction procedures to avoid these detrimental effects, (4) investigates how the
smoothness of a PCC pavement measured immediately after construction can change over the
short term, and (5) looks at data collection issues related to lightweight inertial profilers.

This report should be of interest to those involved in the design and construction of concrete
pavements. Sufficient copies of this report are being distributed to provide 10 copies to each
FHWA Resource Center, 8 copies to each FHWA Division, and a minimum of 12 copies to each
State highway agency. FHWA Division offices will distribute documents directly to State
highway agencies. Additional copies for the public are available from the National Technical
Information Service (NTIS), 5285 Port Royal Road, Springfield, VA 22161.

Gary L. Henderson
Director, Office of Infrastructure
Research and Development

Notice

This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of information exchange. The U. S. Government assumes no liability for the use
of the information contained in this document. This report does not constitute a standard,
specification, or regulation.

The U. S. Government does not endorse products or manufacturers. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
object of the document.

Quality Assurance Statement

The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its
information. FHWA periodically reviews quality issues and adjusts its programs and processes
to ensure continuous quality improvement.
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APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
2 cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m*
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
“F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
S Celsius 1.8C+32 Fahrenheit °E
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m’ 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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CHAPTER 1. INTRODUCTION AND PROJECT OBJECTIVES

INITIAL SMOOTHNESS OF CONCRETE PAVEMENTS

In 1996, the Federal Highway Administration (FHWA) commissioned a national survey of
frequent highway users that asked them what they wanted in their highway “product.” The
highway users clearly stated that their top priority was quality of road conditions, followed by
safety and the need to reduce congestion.” In an effort to provide highway users with a smooth
ride, highway agencies have implemented smoothness specifications for new pavements. A
smoothness specification indicates the acceptable range of smoothness that contractors must
achieve to obtain full payment. Several highway agencies are giving bonuses to contractors who
obtain better smoothness than the minimal requirement, and they are assessing penalties for those
who deliver unacceptable smoothness.

A survey conducted in 2000 indicated that 86 percent of the highway agencies in the United
States currently use a smoothness specification for new portland cement concrete (PCC)
pavements.” Those agencies that do not use a PCC smoothness specification are believed to be
the ones that construct few or no PCC pavements. The number of highway agencies using a
smoothness specification for the construction of PCC pavements has shown a sharp increase
during the last decade. In addition, the smoothness level specifications standards in highway
agencies have increased over the years as the contractors became familiar with the smoothness
specification.

For a PCC pavement, it is important to achieve both a high level of smoothness during
construction, as well as a satisfactory long-term performance. It is not acceptable to construct a
pavement with high initial smoothness that will give poor long-term performance. The design
features and material properties of the PCC pavement should be conducive to yielding
satisfactory long-term performance.

Smoothness measurements for construction acceptance usually are performed shortly after
paving is completed, using either a profilograph or a lightweight inertial profiler. The results
from the smoothness measurements are used to judge whether the pavement has achieved the
specified smoothness level. These results are also used to determine whether contractors receive
bonuses or whether they will be assessed penalties.

However, it is unclear whether the smoothness of a pavement measured immediately after it is
paved truly reflects the initial smoothness of the pavement, because the smoothness can undergo
changes over the short term (e.g., within 3 months) due to curling or warping effects. In other
words, a pavement can have a very high smoothness immediately after construction, followed by
a decrease in smoothness over a short time period because of changes in slab shape that occur
with curling and warping. Another concern with achieving high levels of initial smoothness
relates to whether paving contractors are using construction procedures or making changes to the
PCC mix design that result in a high initial smoothness but are detrimental to long-term
pavement performance.



PROJECT OBJECTIVES

The objectives of this research project were to:

e Assess whether high initial smoothness translates into better long-term performance.

o Identify design features and material properties in PCC pavements that can cause an initially
smooth pavement to exhibit detrimental long-term performance.

e Provide guidance on adjustments that can be made to materials properties, design features,
and construction procedures to avoid these detrimental effects.

e Investigate how the smoothness of a PCC pavement measured immediately after construction
(typically 1 day after construction) can change over the short term (within the first 3 months).

RESEARCH APPROACH

The roughness data collected at Long-Term Pavement Performance (LTPP) program test
sections were used to study the roughness progression of jointed plain PCC sections. The initial
and long-term smoothness of the test sections were evaluated and compared to determine what
effect the mix design properties, material properties, construction procedures, and design features
have on pavement performance.

The changes in smoothness that occur over the short term on PCC pavements were investigated
by collecting profile data on test sections established on new PCC pavements. The test sections
were typically profiled 1 day, 3 days, 7 days, and 3 months after paving. This investigation
evaluated the short-term smoothness changes of a PCC pavement.

ORGANIZATION OF THE REPORT

A literature review was performed to compile information related to these topics:

e Methods used to measure the initial smoothness of a PCC pavement for construction
acceptance.

e State highway agency (SHA) concrete smoothness specifications and practices.

e Smoothness indices used to judge pavement smoothness.

e Design, construction, and mix design properties that can affect the initial smoothness of a
PCC pavement.

As part of the literature review, SHA and American Concrete Pavement Association (ACPA)
personnel were asked to provide their views on how the concrete mix design may affect the
smoothness of the as-built pavement.

Chapter 2 presents the results of the literature survey on procedures used to determine pavement
smoothness for construction acceptance and smoothness indices used to judge pavement
smoothness. Chapter 3 presents the literature survey results describing design, construction, and
mix design properties that can affect the initial smoothness of a PCC pavement.



Chapter 4 presents an overview of the analysis procedures. Chapter 5 presents findings from the
analysis of LTPP data, which were used to study roughness progression at LTPP test sections.
The LTPP data were also used to determine factors causing pavements to show poor long-term
performance and to identify factors allowing pavements to retain their smoothness over the
service life. Chapter 6 presents the findings from investigations of short-term changes in the
smoothness of PCC pavements. This chapter also presents findings from the analysis of data
collected from five paving projects at 1 day, 3 day, 7 day, and 3-month intervals after paving.

Chapter 7 presents conclusions from this research. Chapter 8 presents recommendations and
guidelines for design features, PCC material properties, and construction procedures to achieve
pavements with both high initial smoothness and good long-term performance. Guidelines and
recommendations on how to conduct smoothness testing are also presented in this chapter.






CHAPTER 2. PAVEMENT SMOOTHNESS MEASUREMENTS

EQUIPMENT FOR SMOOTHNESS MEASUREMENT

The most common equipment currently used to measure smoothness of new PCC pavements for
construction acceptance is the profilograph.*) The trace obtained from the profilograph is used to
compute the Profile Index (PI) of the pavement.

For pavement management purposes, SHAs use inertial profilers to collect profile data on their
pavement network and then compute the International Roughness Index (IRI) using this data.
Currently, many SHAs use PI to judge the smoothness of pavements for construction acceptance
and then use IRI to monitor the performance of the pavement.

Recently, several SHAs have started using inertial profilers to measure the smoothness of new
PCC pavements. Inertial profilers are capable of recording profile features of the road that affect
ride quality. The collected data are then used to compute IRI to judge the smoothness of the
pavement for construction acceptance. (A profilograph simulation can also be carried out on the
inertial profiler data to obtain a profilograph trace. This trace can then be used to compute the PI
of the roadway.) Several SHAs that have been using the PI for construction acceptance have
converted to using IRI, and other SHAs currently using profilographs are looking into the
possibility of adopting IRI as the construction acceptance index for smoothness.

Profilographs

The most common profilograph used today is the truss-type California profilograph (see

figure 1). The profilograph consists of a rigid frame with a system of support wheels at each end
and a center wheel for profile measurement. The distance between the centers of the supporting
wheel systems in the profilograph is 7.6 meters (m) (25 feet (ft)). The support wheels establish a
datum from which the deviations of the center wheel can be evaluated. The center wheel is
linked to a strip chart recorder or a computer that records the movement of the center wheel from
the established datum. The profilograph is pushed along the pavement, and 3 to 5 kilometers
(km) (1.9 to 3.1 miles (mi)) of the pavement can be measured in 1 hour.

Most profilographs in use today are computerized to electronically record the data. Mechanical
profilographs used before computerized profilographs recorded data on a strip chart recorder.
Computerized profilographs use a computer program to compute the PI of the pavement. The strip
chart recorder output from mechanical profilographs is evaluated either manually or
electronically. Using a manual method, a technician evaluates the profilograph output to
determine the PI. Using an electronic method, the output of the strip chart recorder is scanned,
and a computer program performs the data reduction.



Figure 1. Truss-type California profilograph.

There have been questions about the effectiveness of profilographs in measuring wavelengths
related to ride quality. Kulakowski and Wambold reported that profilographs vary in how they
respond to wavelengths present on roadways.”) According to the authors, profilographs correctly
measure some wavelengths, amplify some wavelengths, and hardly measure some wavelengths.
Figure 2 shows the actual and desired frequency response of a 12-wheel California profilograph. As
shown in this figure, the California profilograph gives a poor measurement for wavelengths between
3to4.6 m (10 to 15 ft), and amplifies the response for wavelengths between the 6.1- to 12.2-m (20-
to 40-ft) range by as much as two times.

Because profilographs are known to amplify and attenuate the true pavement surface profile,
concerns have been raised about the suitability of using profilograph data to judge the smoothness
of new pavements for construction acceptance.

Inertial Profilers

Inertial profilers are able to measure elevation features of the roadway that affect ride quality.
The first high-speed inertial profiler was developed by Spangler and Kelley.”” Most SHAs use
high-speed profilers to collect roughness data on their highway networks. Figure 3 shows a
photograph of a high-speed profiler. Currently, new PCC pavements usually are profiled
immediately after they are paved; therefore, van-based high-speed profilers cannot be used to
collect profile data on these pavements, because the pavement is not yet strong enough to support
the weight of a van. Lightweight inertial profilers (see figure 4) based on a utility vehicle can be
used to profile new PCC pavements several hours after the pavement is placed. The profiling
system in a lightweight profiler is similar to the profiling system in a high-speed inertial profiler.
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A schematic diagram of a high-speed inertial profiler is shown in figure 5. The principal
components of an inertial profiler are the height sensor(s), accelerometer(s), a distance measuring
system, and computer software and hardware.

Computer

Profile elevation = JJA - H

Speed/Distance pick-up

Accelerometer: A

Height sensor: H

Figure 5. Components of an inertial profiler.”

The height sensor records the height to the pavement surface from the vehicle. The
accelerometer located on top of the height sensor records the vertical acceleration of the vehicle.
The acceleration is mathematically converted to vertical displacement. The distance measuring
system keeps track of the distance with respect to a reference starting point. Data from the height
sensor and the accelerometer are combined to compute the profile of the pavement, and the
computed profile is recorded in the computer at a specified distance interval. Laser sensors are
the most common height sensors currently used in profilers.

SMOOTHNESS INDICES

Three smoothness indices currently in use are the PI, IRI, and ride number (RN). The trace
obtained from the profilograph is used to obtain PI (PI can be simulated from measurements
obtained from an inertial profiler). The data obtained from an inertial profiler must be used to
compute IRI and RN. A description of these three indices is presented in this section.

Profile Index

There is no universal standard for reducing profilograph traces. Each State agency has its own
standardized procedures. Therefore, comparisons of the PI values between States may not be
meaningful. California has had extensive experience with the use of profilographs and uses
California Test Method 526 for reducing profilograph traces.® The general procedures used in
reducing the profilograph trace to obtain PI are described in this section. A computer program
performs these procedures for computerized profilographs and when scanned data from mechanical
profilographs are analyzed.



Outline Trace

The purpose of outlining the trace is to average out spikes and minor deviations caused by rocks,
texture, dirt, or transverse grooving. Outlining consists of drawing a new profile line through the
midpoint of the spikes of the field trace as shown in figure 6. It is assumed that this was an
enhancement adopted by many agencies to reduce variability and expedite trace reduction.”
Outlining the trace is currently not included in the California Test Method 526.®
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Figure 6. Example of an outlined trace."”

Position Blanking Band

The next process in trace reduction is to place the blanking band on the profile trace. The
procedure for positioning the blanking band is described in California Test Method 526.7 The
scale used to evaluate the profilograph trace is made of plastic; it is 40 millimeters (mm) (1.6
inches) wide and 333.3 mm (13.1 inches) long, representing a pavement length of 0.1 km (0.06
mi). At the center of the scale, there is an opaque band 5 mm (0.2 inches) wide, which extends
the full length of the scale. In the horizontal direction, the scale represents a scale of 1:300; the
scale is a true scale (1:1) in the vertical direction. Parallel to the opaque band on both sides are
five scribed lines that are at 2-mm (0.08-inch) intervals. The blanking band is placed over the
profile trace so that the 5-mm (0.2-inch)-wide center band blanks out as much of the profile as
possible. When this is done, the deviations above and below the opaque band will be
approximately balanced. The common blanking bands in use today are the 5-mm (0.2-inch) and
zero blanking bands. The zero blanking band just has a reference line. The length of the plastic scale
can vary according to the length of the pavement used to evaluate the PI. The scale dimensions
described previously are applicable when the evaluated length of the pavement is 0.1 km (0.06 mi).
Some highway agencies are using a pavement length of 161 m (528 ft) to evaluate the PI. In these
cases, the length of the scale will be different from the value described previously.

Determine Profile Index

The California Test Method 526 describes the procedure for computing the PL.'” Starting at the
right end of the scale, the heights of the scallops appearing both above and below the blanking
band are measured to the nearest 1 mm (0.04 inch) and totaled. The excursions are evaluated
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against the five parallel lines scribed on both sides of the blanking band. However, unless the
feature projects 0.6 mm (0.02 inch) or more and extend longitudinally for 0.6 m (2 ft) or more on
the pavement (2 mm (0.08 inch) on the profilograph trace), they are not counted. The sum of the
recorded heights within a given segment will be the PI for that segment. The PI is expressed in
terms of millimeters per kilometer (mm/km) or inches per mile (inches/mi). Figure 7 shows an
example of a profilograph trace and how the PI is computed.

.%’,Mu'rch Line A Lines Scribed 2 mm Apari on Plasbc Scale Start Count Al This End

. e e = o
ke RIEHATT
A = ] S :
s 333.3 mm = 0.1 km @ Horiz. Scale of 1300 I
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P IN MEXT SECTION 5 mm WIDE e
- -'?ﬁ';'?ﬂ?——:ﬂ_fg_ﬂ_l{b 18=2=18 ST
A W R i e L | L
o .
-( .?'E_J
e s e e 1
Total count for this 0.1 km saction i5 27 mm i

1 mm = 0.039 inch

1 km=0.621 mi ] o 5
Figure 7. Determining PI from a profilograph trace.®

International Roughness Index

IRI was developed in a 1982 study performed to establish a correlation and calibration standard
for roughness measurements.® IRI is defined as a property of the true profile, and therefore it
can be computed from the profile measured with any valid profiler. IRI was mainly developed to
match the response of passenger cars, but subsequent research has shown good correlation with
light trucks and heavy trucks. Specifically, IRI is highly correlated to three vehicle response
variables that are of interest: road meter response (for historical continuity), vertical passenger
acceleration (for ride quality), and tire load (for vehicle controllability and safety).

The computation of IRI is based on a mathematical model called a quarter car model. The
quarter car is simulated on the measured profile to calculate the suspension deflection. This
simulation is performed for a speed of 80 kilometers per hour (km/h) (50 miles per hour (mi/h)).
The mathematical simulation is carried out by a computer program shown schematically in
figure 8. The quarter car model used in the IRI algorithm is just what its name implies: a model
of one corner (a quarter) of a car. As shown in figure 8, the quarter car is modeled as one tire that
is represented with a vertical spring, the mass of the axle supported by the tire, a suspension
spring and damper, and the mass of the body supported by the suspension for that tire. The
absolute values of the suspension motions obtained from the simulation are summed and then
divided by the simulation length to obtain the average suspension motion over the simulated
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length. The value computed is the IRI, which has units of slope, with the most common units
being inches per mile or meters per kilometer.

Measured

Profile

+
Body Mass ‘ IRI

Suspension Spring
and Damper

Axle Mass

Tire Spring

b

Computer Algorithm

Figure 8. Illustration of computer algorithm used to compute IRI.®

A computer program is used to calculate IRI from profile data. The American Society for Testing
and Materials (ASTM) Standard E1926, “Standard Practice for Computing International
Roughness Index of Roads from Longitudinal Profile Measurements” presents the computer
program used to compute IRL® IR is calculated for a single profile. As most profilers collect
data along the two wheel paths, the IRI computation should be carried out separately for each
wheel path. The average of the IRI values obtained along the two wheel paths is referred to as
the mean IRI and this number is frequently used as a measure of roughness of the road.

The response of the IRI quarter car filter to different wavelengths is shown in figure 9. IRI is
mostly influenced by wavelengths ranging from 1.2 to 30.5 m (4 to 100 ft). However, there is
still some response for wavelengths outside this range. The IRI filter has maximum sensitivity to
sinusoids with a wavelength of 2.4 m (8 ft) and 15.4 m (51 ft).
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Gain for Profile Slope
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Figure 9. Response of IRI filter."”)

The shape of slabs in a PCC pavement can vary because of curling and warping. Slab curling
refers to the change in the PCC slab shape that occurs because of daily variations in temperature.
Slab warping refers to the change in slab shape that occurs from moisture variations in the PCC
slab, which occur over the long term. It is believed that in the early morning hours when the top
of the slab is cooler than the bottom of the slab, the slab has an upward curl, where the slab joint
is at a higher elevation with respect to the center of the slab. In the afternoon hours, when the top
of the slab is warmer than the bottom, the slabs are believed to have a downward curl, where the
center of the slab is at a higher elevation than the slab joints. However, research has shown that
some pavements will not change the slab shape from an upward curl to a downward curl because
of daily temperature variations.""'" These pavements are permanently in an upward curled
position, and although the amount of curling will change due to temperature variations, the slabs
will not attain a flat position or a downward curl.

Curling or warping present in PCC slabs will affect IRI. Higher amounts of curling or warping
will cause IRI to increase. Most jointed PCC pavements have a joint spacing between 4.6 and 6.1
m (15 and 20 ft). The presence of curling or warping in the PCC slab will cause an increase in
the wavelength content at a wavelength that is equal to the joint spacing, which in turn will cause
an increase in IRI.

Ride Number
For decades, highway engineers have been interested in obtaining the opinion of the traveling

public on the roughness of roads. The Present Serviceability Index (PSI) scale from the
American Association of State Highway Officials (AASHO) Road Test has been of interest to
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engineers since its introduction in the 1950s. PSI ranges from 0 to 5, with 5 representing a
perfectly smooth road and 0 representing a road that is almost impassable. RN is a PI intended to
indicate rideability on a scale similar to PSI. The longitudinal profile measurements taken with a
profiler are processed using a computer program to obtain RN.

The National Cooperative Highway Research Program (NCHRP) sponsored two research
projects in the 1980s that investigated the effect of road surface roughness on ride comfort."*'
The objective of that research was to determine how features in road profiles were linked to
subjective opinion about the road from members of the public. During two studies, spaced at
about a 5-year interval, mean panel ratings (MPR) were determined experimentally on a 0 to 5
scale for test sites in several States. Longitudinal profiles were obtained for the left and right
wheel paths of the lanes that were rated. Profile-based analyses were developed to predict MPR.
A method was developed by which power spectral density (PSD) functions were calculated for
the two longitudinal profiles measured along the wheel paths and reduced to provide a summary
statistic called PI. (No relationship exists between PI used in RN computations and PI obtained
from the reduction of profilograph traces.) The PI values for the two profiles were then combined
in a nonlinear transform to obtain an estimate of MPR. The mathematical procedure developed to
calculate RN is described in NCHRP Report 275."'? Software for computing RN with this
method was never developed for general use.

In 1995, some of the data from these two NCHRP projects and a panel study conducted in
Minnesota were analyzed by the University of Michigan Transportation Research Institute
(UMTRI) for a pooled-fund study initiated by FHWA."? The objective of this analysis was to
develop and test a practical mathematical process for obtaining RN. The profile data in the
original NCHRP research were obtained from several instruments. Most measurements were
made with a K.J. Law profiler owned by the Ohio Department of Transportation (DOT) and were
thought to be accurate. A few other test sites were profiled with instruments whose validity has
been questioned. The new analysis was limited to 138 test sites that had been profiled with the
Ohio system and the data from the Minnesota study. Based on analysis of this data, a new profile
analysis method to compute RN was developed."® This procedure predicts MPR slightly better
than previously published algorithms. The software was tested on profiles obtained from
different systems on the same sites, and similar values of RN were obtained.

RN uses a scale from 0 to 5. This scale was selected because it is familiar to the highway
community. RN is a nonlinear transform of a statistic called PI, which is computed from profile
data. PI ranges from 0 (a perfectly smooth profile) to a positive value proportional to roughness.
PI is transformed to a scale that goes from 5 (perfectly smooth) to 0 (the maximum possible
roughness).

Figure 10 shows the sensitivity of PI for a slope sinusoid. When a sinusoid is given as an input,
the PI filter produces a sinusoid as the output. The amplitude of the output sinusoid is the
amplitude of the input, multiplied by the gain shown in the figure. The maximum sensitivity
occurs for a wavelength of about 6.1 m (20 ft). The content of a road profile that affects RN is
different from the content that affects IRI. IRI has high sensitivity to sinusoids with a wavelength
of 2.4 to 15.4 m (8 to 51 ft). Figure 10 shows that RN has a low sensitivity to a wavelength of
15.4 m (51 ft) and even lower sensitivity for longer wavelengths. IRI is primarily influenced by
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wavelengths between 1.2 and 30.5 m (4 and 100 ft). RN is primarily influenced by wavelengths

between 0.5 and 11 m (1.6 and 36 ft). IRI and RN will not always correlate the same way and do
not have the same meaning. Thus, they each provide unique information about the roughness of
the road.

Gain for Profile Slope
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Figure 10. Sensitivity of PI for a slope sinusoid.”

The ASTM Standard E 1489, “Standard Practice for Computing Ride Number from Longitudinal
Profile Measurements Made by an Inertial Profile Measuring Device,” presents the computer
program that should be used to compute RN.

SMOOTHNESS SPECIFICATIONS

Rizzo performed a survey in 2000 that found the PI obtained from profilograph measurements
was the most common method used in the United States to measure the smoothness of new PCC
pavements for construction acceptance.”’ The most common blanking band in use was 5 mm
(0.2 inch), but some SHAs were using a 2.5-mm (0.1-inch) or a zero blanking band. The survey
also found that some SHAS specify pay incentives for obtaining a smoothness value that is better
than the required value while others do not. The full pay PI range varied according to the
blanking band that was specified in the smoothness specification. Even for a specific blanking
band, the full pay PI ranges were different among States. For example, the full pay PI range for a
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zero blanking band for two highway agencies varied from between 236 and 315 mm/km (15 to
20 inches/mi) and 394 and 552 mm/km (25 to 35 inches/mi).

Highway agencies continually are using their experiences on paving projects to refine their
smoothness specification. Hancock and Hossain presented an overview of how the PCC
smoothness specification in Kansas evolved over the years."'> The first PCC pavement with a
smoothness specification was built in Kansas in 1985, and the Kansas DOT (KDOT) adopted the
first standard specification in 1990. This specification was based on reducing the output from a
7.6-m (25-ft) California profilograph using a 5-mm (0.2-inch) blanking band. In 1990, KDOT
noted a high frequency vibration on a PCC reconstruction project on I-70. Careful review of the
profilograph trace revealed a sine-wave oscillation of about 2.4-m (7.9-ft) spacing with a 5.1-mm
(0.2-inch) amplitude. However, most of the surface deviations were covered up by the 5-mm
(0.2-inch) blanking bandwidth during the trace reduction that resulted in an acceptable PI. A
project on Interstate (I)-470 indicated oscillation waves that were spaced at about 9.1 m (30 ft)
with an amplitude of 5 mm (0.2 inch), which were again covered by the 5-mm (0.2-inch)
blanking band.

These results prompted KDOT to study the effects of blanking bandwidth on trace reduction.
Based on this review, KDOT adopted a zero blanking bandwidth. A zero blanking band is
merely a reference line placed approximately at the center of the trace. The change in the
blanking bandwidth resulted in a new PCC smoothness specification that was adopted in 1992.
Further refinements in the smoothness specification occurred between 1992 and 1996. Before
1996, the smoothness specification was based on percentage of bid item. The smoothness
specification was designed this way because concrete pavements were usually bid as unit item
per square meter. In 1996, KDOT adopted a dollar value incentive scheme where a specific
dollar amount was assigned as incentive for each 0.16 km (0.1 mi) section per lane depending on
the obtained PI.

As indicated previously, most highway agencies use PI to judge the smoothness of a pavement
for construction acceptance. Thereafter, they use a roughness statistic such as IRI to monitor the
roughness of their pavement network. With these different profile indices, it is not possible to
relate the roughness of the pavement at some point in time with its as-constructed smoothness.
Currently, some SHAs are moving toward adopting a consistent measure of pavement
smoothness that can be used throughout the life cycle of a roadway. This measure would involve
using the same index to measure the pavement smoothness for construction acceptance as well as
to monitor the pavement for pavement management purposes. Several SHAs have adopted IRI as
this index. Using the same smoothness index to measure the smoothness for construction
acceptance and thereafter to monitor the roughness over time will enable highway agencies to
monitor the performance of a pavement from cradle to grave.
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CHAPTER 3. DESIGN AND CONSTRUCTION FACTORS
THAT AFFECT INITIAL SMOOTHNESS

INTRODUCTION

Factors that can influence the initial smoothness of a PCC pavement surface generally can be
separated into the following categories:

e Pavement design factors.
e Concrete mix design.
e Construction operation.

The effect of each factor on pavement smoothness is described separately in the following
sections.

PAVEMENT DESIGN FACTORS

Design features such as base type and base width, horizontal alignment, and embedded items in
the pavement (dowels, steel reinforcement) can have an impact on the initial smoothness of a
PCC pavement. The effect of each factor is described separately.

Base/Subbase

One of the most important design considerations for PCC smoothness is the provision of a stable
and smooth track line."'® The track line is the path that wheeled tracks of the slipform paving
machine will follow while paving. Providing an even and stable track line is essential for
constructing a smooth concrete pavement. Irregularities in the track lines cause the profile pan of
the paving machine to continuously adjust its position relative to the machine frame and can
cause bumps or dips on the pavement surface.

The simplest way to provide a stable and even track line is to design the base layer 1 m (3.3 ft)
beyond the edges of the PCC slab."'” For concrete overlay projects, special provisions may be
necessary to stabilize the track lines as part of the preoverlay preparation. Subbase material
stability is another important consideration. Materials stabilized with cement or asphalt and
dense-graded granular materials create firm support for construction equipment. Unstabilized
permeable layers have caused some placement and performance problems. An important balance
must be met between the degree of drainage and the stability of an unstabilized subbase layer.

Horizontal Alignment

It is more difficult to construct a smooth surface for PCC pavements along horizontal curves than
those on tangents because of the transitions for superelevation. Generally, roughness is more
prevalent in transitions and superelevated portions of a horizontal curve than on tangents. In the
transition sections, the profile pan must adjust to meet the varied cross slope requirements of the
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curve. As with an uneven track line, the constant adjustments of the paving machine can
adversely affect the smoothness of the pavement.

As the horizontal curvature increases, the potential for roughness within the curve increases.
When the degree of curvature exceeds 6 degrees (or the radius of curvature falls below 300 m
(984 ft)), the contractor must focus increased attention to the machine operation and the
stringline-staking interval. It has been suggested that when the curvature exceeds 7 degrees, it is
virtually impossible to construct the surface to the same specified tolerance desirable for a
tangent section because of the significant corrective adjustments necessary by the
equipment."'® Pavement smoothness on horizontal curve sections can be improved by reducing
the distance between staking rods.

Embedded Items

Plain jointed concrete pavements carrying truck traffic are usually equipped with dowel bars.
There are two procedures for incorporating dowel bars into a PCC pavement: inserting the dowel
bar into the plastic concrete during construction or placing dowel baskets on the base before
placing the concrete. Steel reinforcements are used during construction of jointed reinforced
concrete pavements and continuously reinforced concrete pavements. The use of embedded
items such as dowel bars and reinforcements can affect the smoothness of the pavement.
According to ACPA, four main conditions can cause roughness because of the use of dowel bars
and reinforcement.""” These conditions are lack of consolidation, reinforcement ripple,
springback, and damming:

e Lack of consolidation: The presence of dowel baskets may result in a lack of consolidation of
concrete in the dowel basket. If this occurs, the concrete may settle over the dowels, creating
a rough surface.

e Reinforcement ripple occurs when concrete is restrained by the reinforcing bars, resulting in
a ripple on the surface, with the surface slightly lower near each bar than between bars. The
degree of surface rippling generally depends upon the finishing techniques and depth of
cover to the reinforcement, with less cover producing more prominent rippling.

e Springback occurs when the dowel basket assembly deflects and rebounds after the profile
pan of the slipform paver passes over the dowel basket. This action results in a slight hump in
the concrete surface just ahead of the dowel basket. It is thought that this effect is more
pronounced where agencies require dowel basket spacer wires to be cut before paving, which
weakens the assembly.

e Damming typically occurs when paving down steep grades or on lesser grades with a
low-friction paving surface. In these cases, the dowel basket assembly or transverse steel can
act as a dam on the grade, causing bumps to form at the basket or transverse steel.

For local roads, additional embedded items may include utility boxouts, cast-in-place fixtures,

traffic signal handholds, and drainage structures. These items may affect the pavement
smoothness because they require extra handwork vibration and finishing efforts to blend them
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into the surrounding pavement surface. Ideally, in-pavement objects should be in position before
placing the concrete to minimize any handwork.

CONCRETE MIX DESIGN

Concrete mix design can have a significant effect on the smoothness of concrete pavements. (See
references 17, 19, 20, and 21.) The ACPA publication Constructing Smooth Concrete Pavements
states: “The concrete mixture should be proportioned to assure proper consolidation without
excessive vibration. This is achieved through optimization programs that develop mixtures
containing well-graded aggregates. These mixtures are not harsh and unworkable, and they flow
easily when vibrated, and consolidate well around embedded fixtures and reinforcement.”'”

When evaluating concrete mix design and quality, many elements need to be considered. These
elements include uniformity, workability, finishability, strength, durability, economics, and time
required for initial set. The elements having a direct impact on the as-constructed pavement
smoothness are uniformity, workability, finishability, and time required for initial set. Strength
and durability will influence the roughness progression over time. The following sections
describe the ways in which these factors related to mix design could influence pavement
smoothness.

Mix Design and Proportions

The concrete mix design can affect the smoothness achieved during pavement construction. The
concrete mix design influences the workability and slump of concrete, which have a direct
impact on the ease of concrete placement and finishing. The concrete mix design will influence
how wel