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INTRODUCTION

Smoothness is a measure of the level of comfort experienced by the
traveling public while riding over a pavement surface. As an important
indicator of pavement performance, smoothness is used interchangeably
with roughness as an expression of the deviation of a surface from a true
planar surface (as defined by ASTM E867) and is often cited as the most
important indicator of user satisfaction. However, smoothness also imparts
a number of other benefits, including improved pavement performance and
service life, improved safety, and reduced fuel and vehicle maintenance
cost (Smith et al. 1997; FHWA 2006; Chatti and Zaabar 2012; Van Dam et
al. 2015). In recognition of the importance of pavement smoothness, many
highway agencies employ specifications to control initial pavement
smoothness during construction and then monitor it over time as an
indicator of performance and as a trigger for maintenance or rehabilitation.
The purpose of this Tech Brief is to describe the tools and techniques used
to measure and express pavement smoothness.

EQUIPMENT FOR MEASURING PAVEMENT SMOOTHNESS

A number of different devices have been used over the years for measuring
pavement smoothness, from simple straightedges that indicate localized
deviations in the surface to inertial profilers equipped with laser sensors that
record actual elevation measurements along the pavement. Table 1
provides a listing of the primary types of smoothness-measuring devices,
including a summary of their respective advantages and disadvantages.

For monitoring of initial smoothness on new pavement construction, the
profilograph has a long history of service, but the use of lightweight inertial
profilers has become increasingly common in the last two decades. The
latter is particularly attractive because it is compatible with the high-speed
profiing devices that highway agencies use to monitor pavement
smoothness at the network-level, thereby promoting the use of a single
technology for measuring smoothness of a pavement structure from cradle
to grave. A more detailed description of these two pavement smoothness
measuring devices is provided in the following sections.

Profilographs

Profilographs were widely implemented by State Highway Agencies in the
1980s/1990s exclusively for measuring and controlling initial pavement
smoothness. Profilographs are low-speed profile measurement systems (2
to 5 mi/hr [3 to 8 km/hr]) that consist of a rigid frame, a center profiling wheel,
and a system of support wheels to provide a datum. Originally,
profilographs mechanically recorded data on a strip chart recorder that was
linked to the profile wheel, but today most profilographs are computerized
and record data electronically.



Equipment
Rod and Level

Straight Edge

Profilograph

Response-Type
Instruments

Walking
Profilers

High-Speed
Inertial Profilers

Lightweight
Inertial Profilers

Real-time
Smoothness
Measurement
(concrete
pavements only)
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Table 1. Pavement smoothness measurement equipment.
(Source data: Sayers and Karamihas 1998; Perera, Kohn, and Rada 2008)

Advantages
e Ease of use .

e Accurate data measurement

o Ease of use o
e Useful to study localized
roughness issues

e Ability to collect continuous profile e
data

e Data collection near or at highway e
speeds

e Accurate profile measurements .

o Used to calibrate other equipment
like inertial profilers

e Results provided instantaneously
on equipment’s display
e Data collection at highway speeds e

o Repeatability and accuracy are
high

e Data collection does not need lane
closure

e On concrete pavements, can be
used for testing before concrete
has gained sufficient strength for
opening to regular traffic
operations

e Requires short lead-in distance to
achieve testing speed and can be
used in constrained construction
zones

e Smoothness data can be collected e
in real-time during construction

o Effects of joints and texture on
profile measurements are
eliminated

e Helps improve initial smoothness

Disadvantages

Not suitable for large-scale data collection
efforts

Not suitable for large-scale data collection
efforts

Slow operating speeds, insensitive to certain
wavelengths, not suitable for network-level
data collection

Measurements depend on vehicle dynamics
Measurements are not stable with time

Low accuracy and repeatability

Not suitable for large-scale data collection
efforts

Inability to collect accurate data at low
speeds (urban areas)

Data collection typically requires lane closure

Cannot be used for routine smoothness
measurements



Two basic profilograph models are in use: the
California profilograph (see figure 1) and the
Rainhart profilograph. The California profilograph
uses between four and twelve wheels mounted on a
25-ft (7.6-m) frame, whereas the Rainhart device
uses twelve support wheels evenly spaced along a
24.75-t (7.5-m) frame at offsets up to 22 inches (560
mm) so that no wheel follows the same path (Smith
et al. 1997). Consequently, the datum for the
Rainhart device is established over the entire length
of the unit and over a width of 44 inches (1,118 mm),
whereas the datum for the California type is
established near the end of the 25-ft (7.6-m) beam.
The profilograph measures wavelengths between 1-
to 75-ft (0.3- to 23-m), amplifying or attenuating
wavelengths that are factors of the profilograph
length. Thus, the device can introduce some bias
into the results, depending on the wavelengths of the
pavement profile. The output of the profilograph is a
smoothness statistic referred to as the profile index
(P.

Figure 1. Truss-type California profilograph.
(Perera, Kohn, and Tayabji 2005)

Inertial Profilers

The most sophisticated roadway profiling equipment
currently available are those that use inertial
reference systems. These systems include 1) an
accelerometer to measure the movement of the
vehicle frame, 2) noncontact sensors (commonly
lasers) to measure the relative displacement
between the vehicle frame and the road surface at
fixed intervals along the pavement, and 3) a distance
measuring device to record the distance along the
roadway. Together, these features produce a
simulation of the longitudinal profile. As previously
noted, there are two types of inertial profilers:

¢ High Speed Inertial Profilers. These devices
are considered to be highly accurate, and have
been used by State Highway Agencies for
measuring pavement roughness at the network
level. The measurement equipment is mounted
on the front or rear of the data collection vehicle
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and the measurements are collected at posted
speeds. In addition to collecting pavement
smoothness data, the modern data collection
equipment in use today also collect other data
such as right-of-way video, downward imagery of
pavement surface (to enable pavement
condition surveys), sign and signal inventory,
highway grade, cross-slope, and so on. Figure
2 shows a photo of a high-speed inertial profiler.

o Lightweight Inertial Profilers. These types of

profilers (shown in figure 3) employ the same
technologies used in high-speed systems, but in
a smaller, lightweight vehicle, making them ideal
for testing new pavement construction, and
particularly  newly  constructed concrete

pavements that have not yet achieved sufficient
strength to support regular traffic loading. Most
agencies that have inertial profiler-based
smoothness specifications generally allow the
use of lightweight profilers.

Figure 2. High-speed inertial profiler.
(Image source: FHWA)

Figure 3. Lightweight inertial profiler.
(Image source: APTech)
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The inertial profiling systems produce a relatively
accurate and repeatable simulation of the
pavement profile, which can then be analyzed to
produce various smoothness statistics, including
the Pl or the International Roughness Index, IRI.

The use of laser-based systems has led to an
issue related to pavement texture. Specifically,
the use of small footprint lasers (point lasers) can
result in artificially high roughness
measurements on concrete pavements due to
the texture of the surface created through
longitudinally tining or grooving. Because of this,
a line laser that is more representative of a tire
footprint is recommended when measuring
smoothness on textured concrete surfaces
(ACPA 2003; ACPA 2013).

Real-Time Smoothness Measurements
(Concrete Pavements Only)

A new and emerging technology is the measurement
of concrete pavement smoothness immediately
behind the paver. This addresses one concern
associated with conventional concrete pavement
profile measurements, in that the identification of
smoothness-related issues are not obtained until
after construction, and more substantial corrective
actions may then be required over a significant
portion of pavement. These profiling systems
employ non-contact sensors used in a stand-alone
set-up (top photo of figure 4) or attached to the paver
(bottom photo of figure 4) to provide real-time
measurements directly behind the paving machine
(Rasmussen et al. 2013; Van Dam et al. 2015).

EXPRESSING PAVEMENT SMOOTHNESS

Several metrics are available to indicate or report
pavement smoothness, and the most commonly
used expressions are discussed in this section.

Pavement Serviceability Rating (PSR)

Pavement smoothness has been reported using
subjective rating methods. In the large-scale road
test conducted by the American Association of State
Highway Officials (AASHO) in the late 1950s, a
subjective 0 to 5 rating scale (0 being Very Poor and
5 Being Very Good) was used to express the
condition of the pavement in terms of the ride quality.
This AASHO rating system was called the “present
serviceability rating” (PSR). The “present
serviceability index” (PSI), which uses the same 0 to
5 scale, was developed through statistical analyses
to predict PSR as a function of pavement condition
data. Although PSR and PSI are falling out of use,
some agencies still make correlations between

smoothness statistics and PSl values, and PSl is the
basis for the AASHTO 1986/1993 pavement design
procedure.

Figure 4. Real-time smoothness measurement
equipment for concrete pavements.
(Image source: GOMACO, AMES)

Profile Index

The Profile Index (Pl) is a commonly used
smoothness statistic for pavements. Traditionally
based on the results of the profilograph, it can also
be computed from the profile trace produced by
inertial profilers using tools such as ProVAL
(Transtec 2015), which is software that allows users
to view and analyze pavement profile data. The PI
is most commonly used for quality control of the
initial smoothness of new pavement construction.




The key steps in determining the Pl are summarized
below. Additional details are provided in California
Test Method 526 (Caltrans 2012).

e Outline Trace. This is a process of drawing a
new profile line through the mid-point of the
spikes of the field trace to reduce the variability
and expedite the tracing process. The primary
purpose of outlining the trace is to average out
the spikes and minor deviations due to debris,
dirt, rocks, and pavement surface texture.

o Position Blanking Band. The second step is to
place the “blanking band” over the profile
measurements to eliminate the consideration of
minor elevation deviations in determining the PI.
Traditionally, a 0.2-inch (56 mm) width blanking
band was used, but many agencies moved to a
0-inch blanking band in an effort to capture
additional profile deviations that might be
contributing to roughness.

e Compute Profile Index. The heights of the
scallops (deviations or excursions from the
reference line) above and below the blanking
band are measured and aggregated. The
summation of the heights within a given segment
represents the Pl for that segment. The
measurement units are inches/mi or mm/km.

Pl values indicating acceptably smooth pavements
vary by agency, and also depend on the blanking
band setting and the facility type. For a 0.2-inch (5
mm) blanking band on a highway pavement,
acceptable Pl values are commonly in the range of
7 to 10 inches/mi (110 to 158 mm/km), while for a O-
inch blanking band on a highway pavement,
acceptable Pl values are often in the range of 20 to
45 inches/mi (316 to 710 mm/km). The relevancy of
the Pl is limited by the frequency response of the
profilograph and, as previously mentioned, may
yield biased results depending on the wavelengths
present in the pavement.

International Roughness Index

Since its development in the 1980s, the IRI has
become the standard for expressing pavement
smoothness. The IRI can be computed using profile
measurements obtained from devices such as the
inertial profiler, Dipstick®, and rod and level.
AASHTO standard R 43M/R 43-07, Standard
Practice for Quantifying Roughness of Pavements
and the ASTM standard E1926, Standard Practice
for Computing International Roughness Index of
Roads from Longitudinal Profile Measurements
provide standardized methods to compute the IRI.
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The IRI is computed using a mathematical model
known as the “quarter-car model,” which represents
the way a single tire system (a quarter of a car) is
affected by the profile of the pavement. The quarter-
car model includes one tire represented by a vertical
spring, the axle mass supported by the tire, a
suspension spring and damper, and the body mass
of the vehicle supported by the suspension for that
tire. The response of this system is simulated over
the profile of the pavement, and the summation of
the absolute values of the suspension motions
obtained from the simulation divided by the
simulation length gives the average suspension
motion over the simulated length, which is the IRI.

As with the PI, the acceptable IRI values for new
pavement construction varies by agency as well as
the type of facility and equipment used to collect the
smoothness data. @ For new asphalt highway
pavements, typical acceptable IRI values range from
52 to 66 inches/mi (810 to 1030 mm/km). For new
concrete highway pavements, typical acceptable IRI
values range from 57 to 72 inches/mi (890 to 1130
mm/km) (Merritt, Chang, and Rutledge 2015);
however, the Minnesota DOT has specified initial IRI
values of 50 inches/mile (781 mm/km) for their
concrete pavements since 2012 (MnDOT 2015).

The primary advantages of using IRI are (Sayers
and Karamihas 1998; FHWA 2014):

e Time-stable, reproducible mathematical
processing of a measured pavement profile.

e Broadly representative of the effects of
roughness on vehicle response and user’s
perception over the range of wavelengths of
interest, and therefore relevant to the definition
of roughness.

e Compatible with profile measuring equipment
available in the U.S.

¢ Independent of section length and amenable to
simple averaging.

e Consistent with established international
standards and correlates well with other
roughness measures.

Mean Ride Index (MRI) and Half Car Ride Index
(HRI)

Two smoothness statistics based on IRI
measurements are used by some agencies: the
Mean Ride Index (MRI) and the Half-car Ride Index
(HRI). Strictly speaking, the IRI is reflective of a
single profile measured in one of the wheelpaths
(often the right wheelpath) of a pavement. However,
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some agencies collect IRI values in both the left and
right wheelpaths and then average the results, which
is reported as the MRI.

The HRI, on the other hand, is a model used to
compute the average of two profiles (left and right
wheelpaths). The response of the half-car model is
computed using the same fundamental equations
used in the quarter-car model. The average profiles
from both wheelpaths is used as the input for the
quarter-car model to compute the HRI, as opposed
to the profile from each individual wheelpath. The
primary disadvantage of the half-car model is that
the profile measurements from the left and right
wheelpaths have to be perfectly synchronized to
obtain accurate results. However, for profilers
measuring the profiles in both wheelpaths
simultaneously, this is typically not an issue (Sayers
and Karamihas 1998). The HRI generally results in
values that are lower than those reported for the IRI
or MRI.

Index Relationships

Several studies investigating the relationships
between MRI, HRI, and IRl have been conducted
(Sayers 1989; Smith, Titus-Glover, and Evans 2002;
Gagarin, Mekemson, and Nemmers 2006;
Karamihas and Senn 2012), and show that some
approximate statistical correlations can be
developed between various smoothness indices
such as the PI, IRlI, MRI, and HRI. These
correlations are typically specific for each study that
has been conducted and they depend on factors
such as pavement type, equipment characteristics,
filtering methods, and statistical approaches used.
While these correlations can be used to obtain a
rough idea of the relationships between various
smoothness indices, none of them should be used
for developing specifications or formal reporting
purposes.

SMOOTHNESS SPECIFICATIONS

Smoothness specifications are used to control initial
pavement smoothness and encourage the
construction of quality pavements. Based on a 2014
survey, summaries of the smoothness specifications
for new asphalt and concrete pavement construction
or reconstruction (not overlays) by state are shown
in figures 5(a) and 5(b), respectively.

Figure 5. Smoothness specifications for (a) asphalt
and (b) concrete pavements in the U.S.
(Merritt, Chang, and Rutledge 2015).

For asphalt pavements, the results indicate that 39
states (78 percent) are using the IRI, 9 states are
using the PI, and the remaining 2 states are using
the Ride Number (RN). For concrete pavements,
the results show that 23 states (46 percent) are
using the IRI, 21 states (42 percent) are using the
Pl, and the remaining 6 states do not have concrete
pavement smoothness specifications.  (Merritt,
Chang, and Rutledge 2015).

Figure 6 shows a summary of the specific IRI-based
indices used for asphalt and concrete pavements.
While 39 states are using specific IRI-based metrics
to report smoothness levels on asphalt pavements,
only 23 states used specific IRI-based metrics to
report the smoothness levels on their concrete
pavements. For asphalt pavements, approximately
59 percent of these states (23 states) are using the
MRI, 33 percent (13 states) use the IRI 8 percent (3
states) use the HRI. For concrete pavements,
around 57 percent of these states (13 states) use the
MRI, 39 percent (9 states) use the IRI and just one
state (Colorado) uses the HRI (Merritt, Chang, and
Rutledge 2015).



Figure 6. Specific IRI-based indices used for (a)
asphalt and (b) concrete pavements in the U.S.
(Merritt, Chang, and Rutledge 2015).

Initial Smoothness Specification Provisions

Smoothness specifications for new pavement
construction commonly include the following
provisions:

e Equipment. The type of equipment to be used
for smoothness measurement is typically
specified by the agency. Most agencies specify
the use of inertial profilers, along with
requirements on type of laser sensors and
recording interval to be used to data collection.
The testing equipment typically undergoes an
annual certification process and the equipment
operator is required to be trained and certified by
the agency prior to testing. The test equipment
typically undergoes a verification process a few
days prior to the actual testing. A control section
that has similar texture and roughness to the
project specification is established and used for
the verification process in accordance with the
AASHTO R 57-10 standard and other agency
and manufacturer standards.

o Testing and Analysis Procedures. The lanes
and wheelpaths to be tested and the exceptions
for testing (such as turn lanes, bridge
approaches, intersections, auxiliary lanes, etc.)
are specified. Requirements for quality control
(QC) testing by the contractor (such as long- and
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short-interval roughness testing along with data
filtering requirements) are also specified. For
concrete pavements, testing during different
times of the day to evaluate diurnal changes in
profile measurements may be specified in some
cases. Quality assurance (QA) test
requirements (which is typically conducted by
the agency or an independent tester and
includes test procedures, threshold limits for
acceptable differences between the QC and QA
testing, and acceptance criteria) are also
specified. Contractor test results that are used
by an agency for QA require the equipment and
operator to be certified by that agency following
the guidelines of 23 CFR 637 Subpart B - Quality
Assurance Procedures for Construction. The
agency typically should conduct independent QA
testing on 10 percent of a project (FHWA 2015).

Surface Tolerances. Minimum average values
for the smoothness index used by the agency
over a specific section length (such as 0.1 mi
[160 m]) based on the type of facility (high-speed
or low-speed) are typically specified.

Reporting Segment Length. The majority of
the pavement smoothness specifications are
based on a reporting segment length of 0.1 mi
(160 m), although other segment lengths can
also be used.

Measurement and Payment. Many states use
IRI-based smoothness thresholds for
determining the incentives/disincentives for
contractor payments. Three common categories
used for determining contractor payments are
discussed below. The data suggests that there
is no general consensus on the most suitable
thresholds for determining
incentives/disincentives (Merritt, Chang, and
Rutledge 2015; Transtec 2012).

- Incentive Pay. Various levels of incentives
may be provided for contractors when IRI or
MRI values fall within ranges that are
significantly lower than the specified
acceptable value. MRI and IRI values that
qualify for incentive payments often range
between 35 and 80 inches/mile (550 and
1260 mm/km) for asphalt pavements and 40
and 70 inches/mi (630 and 1105 mm/km) for
concrete pavements.

- Full Pay. The contractor receives full
payment when the MRI or IRI value is at or
slightly lower than the specified acceptable
value. The lower limit of the full payment
range is typically the upper limit of the
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incentive pay range described above; the
upper limit is typically the specified
acceptable IRI or MRI value, which typically
ranges between 43 and 100 inches/mile (680
and 1575 mm/km) for asphalt pavements
and 54 and 93 inches/mi (850 and 1470
mm/km) for concrete pavements. These
values also depend on pavement
classification, construction conditions, and
agency preferences.

- Disincentive Pay. Various levels of
disincentives may be applied (in lieu of
corrections or removal and replacement)
when the MRI or IRl value exceeds the
specified acceptable value. MRI and IRI
values subject to disincentive penalties
typically range from anything greater than
the specified acceptable value to the value
where corrective action is required.

- Correction. Threshold Ilimits where
corrective action is required before
acceptance. The limits typically vary
between 60 and 150 inches/mi (950 and
2370 mm/km) for both asphalt and concrete
pavements. Corrective actions are typically
required only for localized roughness.

Figure 7 provides a summary of the use of incentives
and disincentives for asphalt and concrete
pavement construction in the U.S.

Smoothness specification for asphalt pavements
has been published by the FHWA Western Federal
Lands Highway Division (WFLHD 2006). The
American Concrete Pavement Association (ACPA)
recently published a guide specification that
summarizes all the provisions necessary to develop
project-level smoothness specifications (ACPA
2013).

Bl incentive and Disincentive
B oisincentive only

/= Incentive/Must Correct

ey
Figure 7. Incentive/disincentive schemes used by
various states for (a) asphalt and (b) concrete

pavements in the U.S.
(Merritt, Chang, and Rutledge 2015).

Localized Roughness

In addition to having specifications for overall
pavement smoothness, most states also have
provisions for localized roughness, which is typically
identified and reported separately. The primary
reason for having localized roughness specifications
is to identify isolated areas of rough stretches along
a pavement that is otherwise smooth, which can
potentially present a hazardous situation for the
traveling public (Merritt, Chang, and Rutledge 2015;
Transtec 2012).

Localized roughness is typically specified as a
deviation of up to 0.125 inches (3.175 mm) to 0.25
inches (6.35 mm) over a 10- or 16-ft (3 to 4.9-m)
straightedge. This requirement addresses obvious
localized roughness issues (such as construction
joints) that are typically corrected during
construction; however, it does not explicitly identify
localized roughness issues that directly impact ride
quality and smoothness after construction. Most of
the states using IRI-based specifications have
localized roughness specifications that use data
collected by an inertial profiler.



RELEVANT TEST STANDARDS

Test standards relevant to the measurement and
determination of concrete pavement smoothness
are summarized below.

¢ AASHTO Standards

M 328-14. Standard Specification for Inertial
Profiler

R 43M/R 43-07. Standard Practice for
Quantifying Roughness of Pavements

R 40-10. Standard Practice for Measuring
Pavement Profile Using a Rod and Level

R 54-14. Standard Practice for Accepting
Pavement Ride Quality when Measured
Using Inertial Profiling Systems

R 56-14. Standard Practice for Certification
of Inertial Profiling Systems
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R 57-14. Standard Practice for Operating
Inertial Profiling Systems

ASTM Standards

E1926. Standard Practice for Computing
International Roughness Index of Roads
from Longitudinal Profile Measurements

E2560. Standard Specification for Data
Format for Pavement Profile

E867. Standard Terminology Relating to
Vehicle-Pavement Systems

E950. Standard Test Method for Measuring
the Longitudinal Profile of Traveled Surfaces
with an Accelerometer Established Inertial
Profiling Reference
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