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FOREWORD

The main objective of this project is to quantify and resolve the differences in the longitudinal
profile and roughness indices that are attributable to the different profiling equipment that have
been used in the LTPP program. The Long-Term Pavement Performance (LTPP) program was
designed as a 20-year study of pavement performance. A major data collection effort at LTPP
test sections is the collection of longitudinal profile data using inertial profilers. Three types of
inertial profilers have been used since the inception of the LTPP program: (1) K.J. Law
Engineers DNC 690 incandescent profilers, (2) K.J. Law Engineers T-6600 infrared-system
profilers, and (3) ICC laser profilers. The following analyses were performed for this research
project: (1) investigate data collection characteristics and compare profile data collected by the
different inertial profilers, (2) compare International Roughness Index (IRI) values obtained by
the different inertial profilers, (3) investigate factors that contribute to differences in IRI for data
obtained from profilers and Dipstick®, and (4) identify problems with equipment functionality
and current data collection and processing procedures. The analysis indicated good agreement of
IRI values among the different inertial profilers that have been used in the LTPP program.

Steve Chase, Acting Director
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SI* (MODERN METRIC) CONVERSION FACTORS

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?
2 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
ft® 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 e
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 b
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
“© Celsius 1.8C+32 Fahrenheit °F
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

LONG-TERM PAVEMENT PERFORMANCE PROGRAM

The Strategic Highway Research Program (SHRP) was a 5-year, $150-million research program
that began in 1987. The research areas targeted under SHRP were asphalt, pavement
performance, concrete and structures, and highway operations. One aspect of SHRP was the
Long-Term Pavement Performance (LTPP) program. The LTPP program was designed as a 20-
year study. The first 5 years of the program were administrated by SHRP and, afterwards,
administration of the program was transferred to the Federal Highway Administration (FHWA).

The objectives of the LTPP program are to:

o Evaluate existing design methods.

o Develop improved design methods and strategies for rehabilitating existing pavements.
J Develop improved design equations for new and reconstructed pavements.

o Determine the effects of loading, environment, material properties and variability,

construction quality, and maintenance levels on pavement distress and performance.

o Determine the effects of specific design features on pavement performance.
o Establish a national long-term pavement database to support SHRP objectives and future
needs.

To accomplish these objectives, the LTPP program was divided into two complementary
programs. The first program, General Pavement Studies (GPS), uses inservice pavement test
sections in either their original design phase or in their first overlay phase. The second program,
Specific Pavement Studies (SPS), investigates the effects of specific design features on pavement
performance.

Under the GPS program, more than 800 test sections were established on inservice pavements in
all 50 States and in Canada. Each GPS section is 152.4 meters (m) (500 feet (ft)) long, and is
located in the outside traffic lane. The GPS sections are categorized into different experiments
based on the pavement type as shown in table 1. The GPS sections generally represent
pavements that incorporate materials and structural designs used in standard engineering
practices in the United States and Canada. The objective of the GPS program is to use the data
collected at the GPS sections to develop improved pavement design procedures. The SPS
experiments are designed to study the effects of specific design features on pavement
performance. Each SPS experiment consists of multiple test sections. The SPS experiments that
were designed for the LTPP program are shown in table 2.



Table 1. GPS experiments.

GPS
Experiment Description
Number
GPS-1 Asphalt Concrete on Granular Base
GPS-2 Asphalt Concrete on Stabilized Base
GPS-3 Jointed Plain Concrete
GPS-4 Jointed Reinforced Concrete
GPS-5 Continuously Reinforced Concrete
GPS-6 Asphalt Concrete Overlay of Asphalt Pavements
GPS-7 Asphalt Overlay of Concrete Pavements
GPS-9 Unbonded Concrete Overlay of Concrete Pavements
Table 2. SPS experiments.
SPS
Experiment Description
Number

SPS-1 Strategic Study of Structural Factors for Flexible Pavements
SPS-2 Strategic Study of Structural Factors for Rigid Pavements
SPS-3 Preventive Maintenance Effectiveness for Flexible Pavements

SPS-4 Preventive Maintenance Effectiveness for Rigid Pavements
SPS-5 Rehabilitation of Asphalt Concrete Pavements

SPS-6 Rehabilitation of Jointed Concrete Pavements

SPS-7 Bonded Concrete Overlay of Concrete Pavements

SPS-8 Study of Environmental Factors in the Absence of Heavy Loads
SPS-9 Validation of SHRP Asphalt Specifications and Mix Design

DATA COLLECTION AT GPS AND SPS SECTIONS

The GPS and SPS test sections are monitored at regular intervals to collect deflection, profile,
and distress data. For purposes of data collection, the United States and the Canadian Provinces
have been subdivided into four regions: (1) North Atlantic, (2) North Central, (3) Southern, and
(4) Western. Each region is served by a Regional Support Contractor (RSC) who performs data
collection at the test sections located within its region. The regional boundaries defining the
jurisdiction of each RSC are shown in figure 1.

One of the major data collection efforts in the LTPP program is the collection of longitudinal
profile data at LTPP test sections. Longitudinal profile data are collected using an inertial
profiler (except for test sections located in Alaska, Hawaii, and Puerto Rico, where data are
collected using Dipstick®, a hand-operated device manufactured by the Face Company™).
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Profile data at LTPP test sections are collected along the two wheelpaths. The collected profile
data are processed to compute roughness indices such as the International Roughness Index
(IRI), Root Mean Square Vertical Acceleration (RMSVA), Slope Variance, and the Mays Index.
The computed roughness parameters and the profile data are stored in the LTPP database after
undergoing quality control checks. The data in the LTPP database are available to the research
community.

DEVICES FOR PROFILE DATA COLLECTION

Each RSC operates an inertial profiler to collect longitudinal profile data. From the inception of
the LTPP program until the end of 1996, profile data at test sections were collected using a
model DNC 690 incandescent profiler manufactured by K.J. Law Engineers. In late 1996, each
RSC replaced their model DNC 690 profiler with a model T-6600 infrared profiler manufactured
by K.J. Law Engineers. In September 2002, each RSC replaced their T-6600 profiler with an
International Cybernetics Corporation (ICC) MDR 4086L3 laser profiler. At test sections located
in Alaska, Hawaii, and Puerto Rico, longitudinal profile data collection is performed using
Dipstick.

RESEARCH OBJECTIVES

As described previously, data collection at LTPP test sections has been performed using three
types of inertial profilers. Differences in the sampling interval, filtering procedures, and sensing
devices for these profilers could lead to differences in profiles and smoothness index values
among the devices. To ensure that high-quality and repeatable data are collected with each
device, it is important to confirm the compatibility of the indices obtained using these devices.
An analysis of LTPP profile data and equipment is necessary for quantifying the differences in
IRI values among these profiling devices. The end result of this analysis will be an improvement
in the quality of future LTPP data collection and an understanding of how to use the current
LTPP profile data for analysis. Another useful result is quantification of the tolerances with
which these profilers agree so that studies of roughness progression may be done with the
knowledge of the differences among the devices.

The main objective of this project is to quantify and resolve the differences in the longitudinal
profile and roughness indices that are attributable to the different profiling equipment that have
been used in the LTPP program. Under this research project, the following activities were carried
out to meet the project objective:

o Review of reports on LTPP profiler comparison studies that have been performed in the
past and review of other literature on Dipstick testing and profiler comparisons.

o Quantification of differences in IRI related to different profiling equipment and
investigation of factors causing differences in IRl among the different inertial profiler

types.



. Use of data collected for LTPP profiler comparison studies to investigate factors causing
differences in IRI obtained from Dipstick and different types of profilers.

o Identification of problems with equipment functionality, and current data collection and
data processing procedures. Provision of recommendations for modifying current data
collection and data processing procedures.

o Development of a table listing the expected range of differences among the IRI values
collected using LTPP’s profilers and Dipstick, and provision of recommendations for
recalculation of IRI based on the findings.

o Preparation of a final report that describes the analyses performed, findings from the
analyses, and recommendations for improvements in LTPP data collection and
processing procedures.

All analyses were performed using the data that were collected during LTPP profiler comparison
studies.

ORGANIZATION OF THE REPORT

Chapter 2 presents a description of profiling devices that have been used in the LTPP program to
collect longitudinal profile data. Chapter 3 presents an overview of LTPP profiler comparison
studies that have been performed since the inception of the LTPP program. Chapter 4 presents a
description of analytical procedures that were used in this research project to analyze profile
data. Chapter 5 presents a description of the data collection characteristics of LTPP’s profilers
and a comparison of the devices. Chapter 6 presents the factors that can cause differences in IRI
obtained from profilers and Dipstick. Chapter 7 presents several other findings from analysis of
the profile data obtained from LTPP profiler comparison studies. Chapter 8 presents conclusions
and recommendations for improvements to current procedures used in the collection and
processing of profile data in the LTPP program.






CHAPTER 2: PROFILING DEVICES USED IN THE LTPP PROGRAM

INERTIAL PROFILERS

A brief description of each of the inertial profilers that have been used in the LTPP program is
presented in the following sections.

K.J. Law Engineers DNC 690 Profiler

Three of LTPP’s DNC 690 profilers were identical, and the host vehicle used for these profilers
was a Ford E 350 chassis that had a motor home body built onto it (see figure 2). The fourth
DNC 690 profiler had the same profiling equipment as the other three profilers; however, the

host vehicle was a passenger van (see figure 3). This profiler was used to collect profile data in
the North Central region.

Figure 2. K.J. Law Engineers DNC 690 profiler with a motor home body.

Figure 3. K.J. Law Engineers DNC 690 profiler housed in a van.



All of these profilers were equipped with two incandescent sensors manufactured by K.J. Law
Engineers that collected data along the two wheelpaths. The sensors were fixed to the vehicle
body and were located between the axles of the vehicle. The spacing between the two sensors in
the profilers was 1,676 millimeters (mm) (66 inches), except for the passenger van-based profiler
that had a sensor spacing of 1,422 mm (56 inches). The incandescent sensors emitted a beam of
light onto the pavement surface, and the reflected light signal was detected by a rotating mirror
that was located inside the sensor.

The data collected by these profilers could become contaminated if the receiver in the sensor
picked up any sunlight. If the sensor detected sunlight, the result would be spikes in the profile
data. A shroud was installed around the sensors in these profilers to prevent contamination of the
profile data by sunlight. However, there were instances when sunlight did get under the shroud
(particularly on rough roads or when the sun angle was low) and cause spikes to appear in the
profile data.

Another problem that occurred with the incandescent sensors was caused by the insufficient
reflectivity of some of the pavement surfaces—the light signal was not being reflected back to
the sensor. This condition usually happened on pavements having a dark-colored surface, such as
a newly placed asphalt surface, or when there was a change in reflectivity of the pavement
surface. This condition was referred to as “lost lock.” When this condition occurred, it appears
that only the accelerometer signal was used to compute the profile, and this resulted in an
incorrect profile being recorded.

The height-sensor footprint of an incandescent sensor (which is the area covered by the beam of
light emitted by the sensor) was 150 mm by 6 mm (5.9 inches by 0.24 inches), with the 150-mm
(5.9-inch) side being perpendicular to the direction of travel. It is believed that the incandescent
sensors had a measurement range of 125 mm (4.9 inches).

This profiler recorded data at 152.4-mm (6-inch) intervals. However, the profiler collected data
at 25.4-mm (1-inch) intervals and then applied a 304.8-mm (12-inch) moving average onto the
data before recording the data.

K.J. Law Engineers T-6600 Profiler

In 1996, FHWA purchased four K.J. Law Engineers T-6600 profilers (see figure 4) to replace the
K.J. Law Engineers DNC 690 profilers. The T-6600 profilers collected data for the LTPP
program from late 1996 until July 2002.

These profilers were equipped with three infrared height sensors manufactured by K.J. Law
Engineers, which were mounted on a profiler bar located on the front of the vehicle. Two of the
sensors collected data along the wheelpaths, while the third sensor collected data along the center
of the lane. The spacing between the two outer sensors in the profiler was 1676 mm (66 inches).
The infrared sensors had an elliptical footprint that was 38 mm by 6 mm (1.5 inches by

0.24 inches), with the 38-mm (1.5-inch) side being perpendicular to the direction of travel. These
sensors had a measurement range of 125 mm (4.9 inches). The data collected by the infrared



height sensors were not affected by ambient light. These profilers recorded profile data at 25-mm
(I-inch) intervals.

Figure 4. K.J. Law Engineers T-6600 profiler.
International Cybernetics Corporation Profiler

In July 2002, FHWA purchased four new ICC MDR 4086L3 profilers (see figure 5) to replace
the K.J. Law Engineers T-6600 profilers. The ICC profilers began collecting profile data for the
LTPP program in August 2002, and currently are used to collect profile data.

Figure 5. ICC MDR 4086L3 profiler.

These profilers were equipped with three Selcom® Systems laser sensors mounted on a profiler
bar located on the front of the vehicle. Two sensors collect data along the wheelpaths, while the
third sensor collects data along the center of the lane. The spacing between the two outer sensors
is 1676 mm (66 inches). The footprint of a laser sensor is circular, and has a diameter of about
1.5 mm (0.06 inches). The laser sensors have a measurement range of 200 mm (7.9 inches). The
readings obtained by the laser sensors are not affected by ambient light. The ICC profilers do not
record profile data, but rather they record in a file the signals measured by the height sensors and
the accelerometers, and the distance data from the distance measuring instrument (DMI). After



data collection has been completed, a computer program is used to generate profile data at
25-mm (l-inch) intervals.

DIFFERENCES AMONG THE INERTIAL PROFILERS

Several differences among the three types of inertial profilers that have been used to collect
profile data for the LTPP program are:

Height-sensor type and footprint.
Sensor spacing.

Number of sensors.

Location of height sensors.
Measurement range of height sensors.
Data recording interval.

o Data filtering methods.

Height-Sensor Type and Footprint

The DNC 690, T-6600, and ICC profilers were equipped with incandescent sensors, infrared
sensors, and laser sensors, respectively. The height-sensor data collected by the DNC 690
profiler could get contaminated by sunlight getting into the sensor through the shroud covering
the sensors. The data collection capabilities of the infrared sensors on the T-6600 profiler and the
laser sensors on the ICC profilers were not affected by ambient light. Another problem with the
DNC 690 profilers was the occurrence of lost lock. This problem did not occur in either the
T-6600 profilers or the ICC profilers.

There were differences in the height-sensor footprint size among the three profilers. The

DNC 690 profilers had a footprint size of 150 mm by 6 mm (5.9 inches by 0.24 inches); the
150-mm (5.9-inch) side was perpendicular to the direction of travel. The T-6600 profilers had an
elliptical footprint that was 38 mm by 6 mm (1.5 inches by 0.24 inches); the 38-mm (1.5-inch)
side was perpendicular to the direction of travel. The ICC profilers were equipped with laser
height sensors that had a circular footprint of about 1.5 mm (0.06 inches) in diameter. Figure 6
shows the relative size of the sensor footprints for the three height sensors.

Sensor Spacing

The spacing between the two outer sensors for all three profilers was 1,676 mm (66 inches),
except for the DNC 690 profiler operated by the North Central region. This profiler had a sensor
spacing of 1,422 mm (56 inches).

Number of Sensors

The DNC 690 profilers were equipped with two height sensors for collecting profile data along
the wheelpaths. The T-6600 profilers and the ICC profilers had three sensors for collecting

profile data (two sensors collected data along the wheelpaths, and the third sensor was located at
the midpoint between the two outer sensors).
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Figure 6. Height-sensor footprints.

Location of Height Sensors

In the DNC 690 profilers, the height sensors were located midway between the two axles of the
vehicle. The sensors in the T-6600 profilers and the ICC profilers were housed inside a sensor
bar that was mounted on the front of the vehicle.

Measurement Range of Height Sensors

The ICC profilers were equipped with Selcom laser sensors that had a measurement range of
200 mm (7.9 inches). The T-6600 profilers that were equipped with infrared sensors had a
measurement range of 125 mm (4.9 inches). It is believed that the incandescent sensors that were
used on the DNC 690 profilers had a similar measurement range. A National Cooperative
Highway Research Program (NCHRP) study that analyzed data from roads having a roughness
of up to 4.5 meters per kilometer (m/km) (285 inches per mile (inches/mi)) found that the range
of vertical movement that was expected in a vehicle between the axles (where the sensors on the
DNC 690 profiler were located) was well within the measurement range of the sensors on the
DNC 690 profiler." Therefore, it is unlikely that the height sensors on the DNC 690 profiler
exceeded the measurement range while collecting data. On a road with a given roughness value,
the range of movement that is experienced by the profiler bar that is located on the front of the
vehicle is much more than the movement that occurs in the vehicle body between the axles.
Therefore, on any given road, the height sensors of the T-6600 profiler that were mounted on the
front profiler bar measured much more movement than that measured by the height sensors on
the DNC 690 profiler. There is a possibility that the measurement range of the height sensors on
the T-6600 profiler may have been exceeded at extremely rough locations. If this occurred, it is
believed that the reading obtained at the cutoff limit of the height sensor was used to compute the
profile at that location. The 200-mm (7.9-inch) height-sensor range for the ICC profilers is
expected to be sufficient for collecting data on rough LTPP sections without the height sensors
exceeding the measurement range.

11



Data Recording Interval

The DNC 690 profilers collected profile data at 25.4-mm (1-inch) intervals, and then applied a
304.8-mm (12-inch) moving average onto the data and recorded the data at 152.4-mm (6-inch)
intervals. The T-6600 profilers recorded profile data at 25-mm (1-inch) intervals. The ICC
profilers do not record profile data; however, they record data obtained from the height sensors,
accelerometers, and DML. It is possible to obtain profile data at 25-mm (1-inch) intervals from
these data.

Data Filtering Methods

Details about the filters used in the computation of the profile data for all three profiler types are
not available. The manufacturers of the profilers consider this information to be proprietary. It is
possible that the filtering methods used with the DNC 690 and T-6600 profilers may be similar,
since the same manufacturer built both of these profilers. Differences in the filtering techniques
used in the K.J. Law Engineers profilers and the ICC profilers are expected. A 100-m (328-ft)
upper-wavelength cutoff filter is applied to the data obtained from the T-6600 and ICC profilers.
The data collected by the DNC 690 profiler were subjected to a 91-m (300-ft) upper-wavelength
cutoff filter.

DIPSTICK

In the LTPP program, longitudinal profile data collection at the test sections located in Alaska,
Hawaii, and Puerto Rico is performed using Dipstick, a hand-operated device manufactured by
the Face Company. Dipstick has a digital inclinometer that measures the elevation difference
between the two footpads (see figure 7).’ The diameter of the footpads of the Dipsticks used in
the LTPP program is approximately 32 mm (1.25 inches). The spacing between the centers of the
two footpads is 304.8 mm (12 inches). Dipstick is walked along a test section, and at each
position it displays the elevation difference between the two footpads, which is recorded in a data
collection form. The individual readings are then added to get the elevation profile. Dipstick is
used during LTPP profiler comparisons to obtain reference elevations along the two wheelpaths
at the test sections.

In 1989, the Center for Transportation Research at the University of Texas at Austin investigated
the ability of Dipstick to measure road profiles.”’ This investigation showed that when properly
calibrated and operated, Dipstick could give profiles as good as those from rod-and-level
surveys, but at a fraction of the time and cost.

MANUALS FOR PROFILER OPERATIONS

Manuals have been developed that document the operational procedures to be followed when
measuring pavement profiles for the LTPP program using an inertial profiler or Dipstick. These
manuals cover field testing procedures, data collection procedures, calibration of equipment,
record keeping, and maintenance of equipment. The operational procedures for the DNC 690
profiler are documented in a SHRP report (report no. SHRP-P-378).”Y The operational
procedures for the T-6600 profiler are contained in a legacy document written by the LTPP

12



technical support contractor.”’ Operational procedures for the ICC profiler are described in the
LTPP Manual for Profile Measurements and Processing, Version 4.1.°

1 inch =25.4 mm

Figure 7. Schematic view of Dipstick."”

COMPUTATION OF ROUGHNESS INDICES

The longitudinal profile data collected by the inertial profilers and Dipsticks are used to compute
roughness indices such as IRI, RMSVA, and Slope Variance. In the LTPP program, roughness
indices from profile data are computed using FHWA’s ProQual software.”® This program uses
the IRI computation algorithm that is presented in a World Bank document."”’

The DNC 690 profilers recorded profile data at 152.4-mm (6-inch) intervals in a binary format.
ProQual converted this data to an ASCII format, and then used the data to compute roughness
indices. The computed roughness indices and the profile data are stored in the LTPP database.

Profile data obtained at 25-mm (1-inch) intervals are available for both the T-6600 and ICC
profilers. ProQual imports this data and then applies a 300-mm (11.8-inch) moving average onto
the 25-mm (1-inch) data, and extracts data points at 150-mm (5.9-inch) intervals. Roughness
indices are computed using the data that are at 150-mm (5.9-inch) intervals. The computed
roughness indices and the averaged profile data that are at 150-mm (5.9-inch) intervals are
uploaded to the LTPP database. The raw profile data files that contain the data recorded by the
profilers are stored at the regional offices.

13



When computing IRI values from the Dipstick data, the following procedure is used in ProQual:

1.

2.

Sum the individual Dipstick readings to obtain the elevation profile of a wheelpath.

Rotate the profile for a wheelpath by 180 degrees so that an additional length of 152.4 m
(500 ft) is available before the start of the section.

Apply the long-wavelength cutoff filter that is used in the profiler to filter the data so that
wavelengths greater than 100 m (328 ft) are removed.

Extract the filtered profile from the start of the test section to the end of the test section.

Compute roughness indices using this filtered profile.

14



CHAPTER 3: PROFILER COMPARISON STUDIES

INTRODUCTION

Studies have been conducted at regular intervals to compare the output from the four LTPP
profilers. For each study, several test sections were laid out, and reference profile measurements
along each wheelpath were obtained using Dipstick. Thereafter, profile measurements were
performed on the test sections by the profilers. The primary method for checking if the profilers
were functioning accurately was to compare the IRI values computed from Dipstick data with the
values computed from the data obtained from the profilers. The repeatability of the profilers was
evaluated by analyzing the standard deviations of the IRI, which were computed using the IRI
values obtained from repeat measurements on a test section. In the profiler comparison studies
that have been performed since 1998, in addition to comparing the IRI values, profiles obtained
by the profilers were compared to evaluate profiler repeatability and reproducibility. The details
of these comparison tests are presented later in this chapter.

Whenever FHWA purchased new profilers, the profilers underwent rigorous testing to ensure
that they met the requirements that were specified in the contract documents. After each regional
contractor took delivery of a new profiler, a comparison of the new profiler and the old profiler
was performed in each region before collecting data with the new profiler. The purpose of these
verification tests was to compare the output from the old and the new profilers. Details about
these verification tests are presented later in this chapter.

In this research project, a literature review was also performed to gather information on other
profiler comparison studies that have been performed in the past. The results of this literature
review are presented later in this chapter.

LTPP PROFILER COMPARISON STUDIES
Overview

The following six LTPP profiler comparison studies have been held since the start of the LTPP
program:

1990: Austin, TX.

1991: Ann Arbor, MI.

1992: Ames, IA.

1998: Urbana, IL.

2000: College Station, TX.

2003: Minnesota Road Research Project (Mn/ROAD) of the Minnesota Department of
Transportation (Mn/DOT).

This section presents a brief description of the following activities related to an LTPP profiler
comparison: (1) purpose of comparison test, (2) selection of test sections, (3) collection of
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reference elevation measurements, (4) profiler data collection, (5) computation of IRI values, and
(6) analysis of data from LTPP comparison studies.

Purpose of Comparison Test

The purpose of performing a comparison test of the four LTPP profilers is to ensure that the
profilers are collecting accurate, repeatable, and reproducible data. Currently, the following
analyses are performed on the data collected during a comparison test:©

o Evaluation of the static accuracy of the profiler height sensors: Performed before data
collection, this test checks the static accuracy of the height sensors using a set of blocks
to determine whether the readings are within a specified tolerance.

. Evaluation of the results from the bounce test: The bounce test determines whether the
height-sensor readings and accelerometer readings are canceling each other. The results
of this test for each of the four profilers are compared to determine whether all four
profilers are providing similar results.

. Evaluation of the accuracy of the DMI: Performed before data collection, this test
determines whether the DMI meets specified bias and precision criteria. A 300-m-
(984-ft-) long section is laid out to perform this test.

o Evaluation of the repeatability of the IRI values obtained by the profilers and a
comparison of the IRI values obtained by profilers with those obtained using Dipstick:
The IRI values obtained from the repeat runs of a profiler on a test section are used to
evaluate the precision (repeatability) of a profiler. The IRI values are also used to
evaluate the bias of a profiler with respect to Dipstick. For comparison studies that have
been performed since 1998, the following precision and bias criteria have been evaluated:
(1) determination of whether the precision of the IRI along a wheelpath (obtained by
computing the standard deviations of the IRI for the repeat profiler runs) is less than
0.04 m/km (2.5 inches/mi), and (2) determination of whether the difference in IRI for a
wheelpath between the average profiler IRI (which is calculated by averaging IRI
obtained from the five profiler runs) and the Dipstick IRI is within +£0.16 m/km
(10 inches/mi).

o Evaluation of the repeatability of the profile data: The point-to-point repeatability for
each profiler along each wheelpath is computed to evaluate the repeatability of the profile
data.

o Comparison of the profile data obtained by the four profilers: One representative run for

each profiler is selected for a test section and overlaid profile plots for each wheelpath at
each test section are prepared to compare the data collected by the four profilers.

For comparison tests performed before 1998, an evaluation of the profile data was not
performed; the analysis of the data was confined to IRI values.
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Selection of Test Sections

The current LTPP procedures for performing a profiler comparison indicate that five test
sections, which satisfy the following criteria, should be selected:

. Section 1: Smooth Asphalt: Asphalt concrete (AC) pavement with an average IRI for the
two wheelpaths of less than 1.6 m/km (101 inches/mi).

. Section 2: Rough Asphalt: AC pavement with an average IRI for the two wheelpaths of
greater than 2.2 m/km (139 inches/mi).

. Section 3: Smooth Concrete: Jointed portland cement concrete (PCC) pavement with an
average IRI for the two wheelpaths of less than 1.6 m/km (101 inches/mi).

J Section 4: Rough Concrete: Jointed PCC pavement with an average IRI for the two
wheelpaths of greater than 2.2 m/km (139 inches/mi).

o Section 5: Chip-sealed section.

The comparison study performed in 1990 used six test sections, the studies in 1991 and 1992
used eight test sections, the study in 1998 used four test sections, and the studies in 2000 and
2003 used five test sections.

The following guidelines are specified for selecting test sections:®

o Each test section should be 152.4 m (500 ft) in length, with the beginning and end
marked.

o The test sections should be located on flat, tangential sections that have sufficient length
at each end to allow for acceleration to a constant speed before the section and safe

deceleration past its end.

o The speed limit of the roadway containing the test sections should be at least
80 kilometers per hour (km/h) (50 miles per hour (mi/h)).

o The test sections should have a marked outside lane-edge stripe that can be used as a
lateral reference when profiling the test section.

o The AC sections should not be concrete sections that have been overlaid with asphalt.

o Where possible, test sections should be located within a centralized locale, with short
travel distances between each test section to reduce travel time.
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Collection of Reference Elevation Measurements

Dipstick has been used to collect reference elevation data for all profiler comparison studies,
except for the study in 2000. In the 2000 study, the reference profile measurements were
obtained using an Australian Road Research Board (ARRB) walking profiler. In the 1992
comparison, rod-and-level measurements were obtained in addition to Dipstick measurements.

Dipstick measurements are performed along both wheelpaths at all test sections. The current
procedures for performing Dipstick measurements are outlined in the LTPP Manual for Profile
Measurements and Processing.® As described in this document, Dipstick data collection from a
test section is performed according to the following sequence:

1. Start data collection from the beginning of the section along the right wheelpath.

2. When the end of the section is reached, go across the lane toward the left wheelpath.

3. Perform measurements along the left wheelpath toward the beginning of the section.

4. After reaching the start of the section, go across the lane and terminate data collection at
the right wheelpath.

It is not known whether this procedure for Dipstick data collection was followed when data were
collected for the 1990 study. However, this procedure for Dipstick data collection was used for
all other profiler comparison studies, except for the study performed in 1991 in Michigan. In the
Michigan study, Dipstick measurements were first made along a wheelpath from the beginning
of the section to the end of the section and, thereafter, measurements were made along the same
path from the end of the section to the beginning of the section. This resulted in two profiles
being available for each wheelpath. (Note: This was the Dipstick measurement procedure used in
the LTPP program at that time.)

Dipstick measurements on PCC test sections were performed in the afternoon, at the same
approximate time of day as expected for the collection of profiler data for all comparison studies.
This procedure was followed to avoid the slab curling effects that may be present in the PCC
pavements in the morning.

Profiler Data Collection

Current test procedures indicate that data collection at the test sections should be performed at a
test speed of 80 km/h (50 mi/h).® Data collection at PCC sections was performed in the
afternoon, at the same approximate time of day as when Dipstick data were collected at the
sections. At each test section, each profiler collects a set of measurements following the normal
operating procedures that are used during data collection at LTPP sections.

During the 1990 profiler comparison, profile testing was performed at test speeds of 56 and
80 km/h (35 and 50 mi/h). In the profiler comparison studies that were performed in 1991 and
1992, profile testing was performed at test speeds of 64 and 80 km/h (40 and 50 mi/h). For all
other comparison studies, profile testing was performed only at 80 km/h (50 mi/h).
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The left wheelpath for all test sections was marked using paint dots for the profiler comparisons
that were conducted in 1990 and 1991. In these studies, the profiler driver was asked to align the
vehicle along the left wheelpath when profiling the test sections. In the 2000 comparison, the
wheelpaths of two sections were marked with paint dots. In the 2003 comparison, both
wheelpaths on all test sections were marked with paint dots. The location of the wheelpaths was
not marked for the comparisons that were held in 1992 and 1998. In these studies, the profiler
driver judged the location of the wheelpaths and aligned the profiler along the wheelpaths when
profiling the test sections.

Computation of IRI Values

The computation of IRI values from the profiler data was performed by each region using the
ProQual software.”® The number of runs that were used in the analysis for the different
comparison studies was either five or six. Each RSC selected the profile runs that were to be
used in the analysis from all available repeat runs. Each RSC prepared a table that included the
left- and right-wheelpath IRI values for all selected runs and submitted the table and a brief
report to FHWA and its technical support contractor.

Analysis of Data from LTPP Comparison Studies

The analysis of data obtained from the LTPP profiler comparison studies has been performed by
the LTPP technical support contractor. Reports documenting the analyses and findings for all
profiler comparison studies are available. (See references 10, 11, 12, 13, 14, and 15.) Summaries
of the findings from each profiler comparison study are presented in appendix A.

LTPP PROFILER VERIFICATION STUDIES

Profiler equipment changes occurred in the LTPP program in 1996 and 2002. In 1996, each RSC
replaced their K.J. Law Engineers DNC 690 profiler with a K.J. Law Engineers T-6600 profiler.
In 2002, each RSC replaced their T-6600 profiler with an ICC MDR 4086L3 profiler. On each of
these occasions, after accepting delivery of the new profiler, each RSC performed a comparison
of the old and new profilers before collecting data with the new profiler. Details and findings
from these two verification studies are presented in appendix B.

OTHER PROFILER COMPARISON/ANALYTICAL STUDIES

A literature review was performed to gather information on other studies that have been
performed to compare IRI from profilers and reference devices. The purpose of obtaining
information about other studies was to determine if they contained any explanations regarding
the differences in IRI between inertial profilers and reference devices that could be useful for this
research project. In addition, reports on other studies that have analyzed LTPP profile data were
reviewed.

PIARC Comparison
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In 1998, World Road Association (PIARC) Committee C1 on Surface Characteristics conducted
a global experiment to investigate the performance of various high-speed profiling equipment.(m)
Test sections were established in the United States, Japan, and Europe (The Netherlands and
Germany). Reference profile measurements at the test sections were conducted using Dipstick
and the ARRB walking profiler. The number of high-speed profilers that performed
measurements in the United States, Japan, and Europe were 4, 7, and 25, respectively. The
profilers that took measurements at the test sections in the United States generally showed good
agreement in IRI. However, there was wide variability in the IRI values that were obtained by
the different profilers at the test sections located in Japan and Europe. In addition, there were
some large discrepancies in the IRI values obtained from the reference devices and the high-
speed profilers at many sections. The causes of the differences in IRI were not investigated in
this project.

Road Profiler User Group Comparisons: 1993 and 1994

Four regional test centers were used for these studies performed in 1993 and 1994—
Pennsylvania, South Dakota, Nevada, and Mississippi."'"'® Eight test sections were used at each
regional center, except for Nevada, where six test sections were used. Dipstick measurements
were obtained at all test sections. LTPP’s DNC 690 profilers were used in these two
comparisons. An evaluation of the results indicated that at each of the regional test centers,
LTPP’s profilers were among the profilers that best matched the Dipstick IRI.

LTPP Profile Variability Analysis

This study visually reviewed all LTPP profile data that were collected between June 1989 and
October 1997 for saturation spikes, lost lock, shifted start, wrong location, out of study, and other
equipment- and operator-related problems."” The data for the review were obtained from the
LTPP database. The profile data for the period under review were collected by the DNC 690
profilers, except for a few data sets that were collected by the T-6600 profilers. The profiles that
exhibited problems were divided into two groups—reparable and irreparable profiles. Reparable
profiles included profiles with saturation spikes that were not marked. These data were
reprocessed, and the IRI values in the LTPP database were updated. Data that exhibited problems
that could not be repaired were deleted from the LTPP database.
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CHAPTER 4: ANALYTICAL PROCEDURES

INTRODUCTION

This section describes the analytical techniques and software that were used in this research
project, and the overall approach that was used to analyze data collected for the various LTPP
profiler comparison and verification studies. The following analytical techniques/software were
used for data analysis:

Roughness profiles.

Power spectral density (PSD) plots.

Data filtering.

Cross correlation.

Road Profile Analysis Software (RoadRuf™).!

ANALYTICAL TECHNIQUES AND SOFTWARE
Roughness Profiles

The roughness of a section of roadway can be expressed by the IRI, which indicates the average
roughness for that road section. However, the roughness within this section of roadway can vary.
For example, consider a 100-m- (328-ft-) long section of roadway that has a roughness of

1.23 m/km (6.5 ft/mi). This road section can be divided into 10 equidistant segments, where the
length of each segment is 10 m (33 ft). Figure 8 shows the roughness of each of these 10-m (33-
ft) segments.
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Figure 8. Roughness of a roadway expressed in 10-m (33-ft) segments.

I Initially funded by FHWA, this software was developed by the University of Michigan’s Transportation
Research Institute.
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As shown in this figure, the roughness values for the 10-m (33-ft) segments are variable, with
segment 1, which has an IRI of 1.42 m/km (7.5 ft/mi), having the highest roughness, and
segment 9, which has an IRI of 1.01 m/km (5.3 ft/mi), having the lowest roughness.

Instead of using a single value to characterize the roughness of a roadway, a roughness profile
can be used to show how roughness varies with distance along the roadway. Figure 9 shows a
roughness profile based on a 10-m (33-ft) base length for the same section of roadway whose
roughness distribution was shown in figure 8. In figure 9, the roughness value for a specific
location is the average roughness over a 10-m (33-ft) length (i.e., the base length of the
roughness profile) that is centered at that location. For example, the roughness shown at a
distance of 25 m (82 ft) is the average roughness from 20 to 30 m (66 to 98 ft). The highest
roughness value in the roughness profile occurs at a distance of 50 m (164 ft), and, therefore, the
10-m (33-ft) stretch of the road that has the highest roughness is between 45 and 55 m (148 and
181 ft). A roughness profile can be constructed for any base length. A detailed description of
roughness profiles is presented by Sayers.?”
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Figure 9. Example of a roughness profile.

When evaluating the IRI repeatability of a profiler, or when comparing IRI values obtained by
different profilers, an evaluation of roughness profiles provides much more information than just
evaluating the IRI value that is obtained for the entire road section. For example, consider the
following case where two repeat runs were conducted by a profiler (not LTPP’s profiler) on a
test section that was 180 m (590 ft) long. The left-wheelpath IRI values for the two runs were
1.66 and 1.63 m/km (105 and 103 inches/mi). The IRI values obtained for the two repeat runs
were very similar, which seems to indicate that the profiler is capable of collecting repeatable
data. Figure 10 shows the IRI values for the two runs reported at 10-m (33-ft) intervals.

This figure shows that at some segments, there was a considerable difference between the IRI
values obtained for the two runs. However, averaging IRI over the 152.4-m- (500-ft-) long
section caused these variations to smooth out and gave an overall IRI value for the two repeat
runs that was very similar to the individual value for each run.
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Figure 11 shows the roughness profiles for a 10-m (33-ft) base length for the two runs whose IRI
values are shown in figure 10. As described previously, for the 180-m- (590-ft-) long section, the
two runs have IRI values of 1.66 and 1.63 m/km (105 and 103 inches/mi). Although the IRI over
the entire section is very similar for the two runs, figure 11 shows there are differences in the
spatial distribution of the roughness for the two runs. The roughness profiles present much more
information than what is presented in the bar charts shown in figure 10 because the roughness
profiles show how the roughness captured by the two runs varies throughout the roadway.
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Figure 10. IRI obtained from two repeat runs.
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Figure 11. Roughness profiles at 10-m (33-ft) base length for two runs.

As illustrated in this example, it is important to recognize that, just because the IRI from repeat
runs agree well, or the IRI from two devices agree well at a pavement section, it does not
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necessarily mean that the two devices are collecting similar profile data. Roughness profiles can
be used to determine whether repeat runs from a profiler or profile runs from different devices
are giving a similar spatial distribution of IRI along the section.

Power Spectral Density Plots

A road profile encompasses a spectrum of sinusoidal wavelengths. A PSD function is a statistical
representation of the importance of the various wavelengths contained in the profile.”) The PSD
function of the profile slope best shows the differences in the roughness properties because the
basic spectrum of roughness over the wave numbers is more uniform.® In this research project,
PSD plots that use the profile slope were used in the analyses. Figure 12 shows an example of a
PSD plot of a road profile. This plot presents a view of the distribution of the wavelengths that
are contained within the road profile. The x-axis of the PSD plot represents the wave number.
The wave number is the inverse of the wavelength. If prominent wavelengths are present in a
profile, such wavelengths will show up as dominant spikes in the PSD plot.
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Figure 12. Example of a PSD plot.
Data Filtering

The profiles obtained by the T-6600 and ICC profilers have been filtered with a 100-m (328-ft)
upper-wavelength cutoff filter, while the data obtained by the DNC 690 profilers have been
filtered with a 91-m (300-ft) upper-wavelength cutoff filter. The profile data can be further
filtered during data analysis to look at details within the profile. The types of filters that are
commonly used in analyses are high-pass filters, low-pass filters, and band-pass filters. A high-
pass filter removes wavelengths greater than a specified value. A low-pass filter removes
wavelengths less than a specified value. A band-pass filter keeps the wavelengths within a
specified waveband and removes all other wavelengths.

The following example illustrates the application of filtering techniques to profile data. Figure 13
shows a plot of a typical profile that was obtained from LTPP’s T-6600 profiler. Figures 14, 15,
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and 16, respectively, show this profile after it has been subjected to a 5-m (16-ft) high-pass filter,
a 10-m (33-ft) low-pass filter, and a band-pass filter that has a lower wavelength of 5 m (16 ft)
and an upper wavelength of 10 m (33 ft).

The profile plot shown in figure 14 has all wavelengths that are greater than 5 m (16 ft) removed.
The profile plot shown in figure 15 has all wavelengths less than 10 m (33 ft) removed. The plot
shown in figure 16 contains only the wavelengths between 5 and 10 m (16 and 33 ft).
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Figure 13. Profile recorded by a profiler.
4
2 s a
E 0 MA AL a Al }Rﬂm hﬂ !L\..hmm A ﬂ*\ AT
£ AR AR | A A A IR RVAR L
5 2 /
T 4
3 6
]
-8
-10
0 20 40 60 80 100 120 140 160
Distance (m)

25.4 mm = 1 inch
1 m=3.28ft

Figure 14. Profile after being subjected to a 5-m (16-ft) high-pass filter.
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Figure 15. Profile after being subjected to a 10-m (33-ft) low-pass filter.
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Figure 16. Profile after being subjected to a band-pass filter.

Cross Correlation

The cross-correlation method for analyzing road profiles, which is an objective procedure for
rating the agreement between profile measurements, was developed by Karamihas.?" This
procedure is based on the cross-correlation function described by Bendant and Piersol.*? The
description of the cross-correlation procedure presented in this section was obtained from
University of Michigan Transportation Research Institute (UMTRI) report 2002-3 6.1

The cross-correlation method can be used to rate agreement between profiles in a given
waveband. It can also be applied to rate agreement between the devices for any given roughness
index, including IRI. This procedure provides a single, unitless rating agreement (ranging from
0 to 1) that describes how well two profiles correlate with each other.
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Consider the example presented previously during the discussion on roughness profiles, where
two repeat runs from a profiler provided very good agreement in overall IRI; however, there
were significant differences in the distribution of roughness within the section. The cross-
correlation method can be applied to this situation to obtain a value between 0 and 1 that will
indicate how well the profiles agreed with each other in their ability to measure IRI over the
section. This method compares the magnitude as well as the spatial distribution of the roughness
within the section when computing the value of the correlation. When the cross-correlation
method is used to compare the IRI for two profiles, both profiles are first filtered with the IRI
filter that is contained in the IRI algorithm. Afterwards, the cross-correlation method is used on
these filtered profiles to obtain a cross-correlation rating. To have a high rating between the two
filtered profiles, the same level of roughness should be present in the two filtered profiles and, in
addition, the rough features in both profiles must appear at the same location and have the same
shape.

Cross correlation is superior to direct comparison of IRI values because it compares the overall
roughness, as well as the spatial distribution of the roughness. Figure 17 shows an example of
three repeat measurements made by a profiler after they have passed through the filters in the IRI
algorithm. The filtered signals compare well with each other and have an average cross
correlation that is higher than 0.995. The average cross correlation was computed by comparing
two profiles at a time for all possible combinations and then computing the average of the cross-
correlation values. The traces shown in figure 17 overlay so well that they are barely
distinguishable from each other.
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Figure 17. Three IRI filtered profiles with an average correlation greater than 0.995."

Figure 18 provides an example of a moderate correlation. It shows the repeat measurements from
the same device on a different pavement section after they have passed through the filters of the
IRI algorithm. The profiles compare fairly well, with an average correlation of 0.84. The traces
do not overlay nearly as well as the traces shown in figure 17, and significant differences in the
IRI filtered profiles are noted at some locations.
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Figure 18. Three IRI filtered profiles with an average correlation of 0.84.?"

The cross-correlation method can also be used to compare two profiles over different wavebands.
For example, the agreement between two profiles can be evaluated for short wavelengths,
medium wavelengths, and long wavelengths.

The rating agreement provided by this procedure represents repeatability when it is applied to
two measurements of the same profile by the same device, reproducibility when it is applied to
two measurements of the same profile by different devices, and accuracy when a measurement
from one of the devices is deemed to be correct.

An important step before applying the cross-correlation method is to ensure that the two profiles
are properly synchronized so that the start location for both profilers is the same. Any error in the
DMI of a profiler could have an impact on the results obtained from this method when it is
applied to evaluate the reproducibility or accuracy of a profiler.

Another important assumption made when evaluating repeatability or reproducibility is that the
profiles were obtained along the same path. Lateral variability during profiling can cause
differences in the profile features that are measured, and these will be interpreted as an
equipment factor during cross-correlation analysis. When this method is used to compare a
profiler with a reference device, it is assumed that the measurements obtained by the reference
device are error free.

RoadRuf Software

RoadRuf is an integrated set of computer tools for interpreting longitudinal road profiles.*”’
RoadRuf was developed at UMTRI and was funded by FHWA. It is free software and can be
downloaded from the Internet. RoadRuf contains a variety of tools for analyzing road profiles.
The tools available in RoadRuf that were used in this research project are: (1) computing IRI and
Ride Number (RN) values, (2) plotting profile data, (3) evaluating roughness profiles, and (4)
plotting PSD.
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ANALYTICAL APPROACH

This section describes the analytical approach that was used in this research project to analyze
data obtained from LTPP profiler comparison and verification studies. When analyzing profile
data obtained from the T-6600 and ICC profilers, the 25-mm (1-inch) data were used. For the
DNC 690 profiler, only the data recorded at 152.4-mm (6-inch) intervals are available.

During LTPP profiler comparison studies, each profiler performs replicate profile runs on a test
section. Initially, the following analyses were performed for each profiler, at each test section,
separately for the left- and right-wheelpath profile data:

1.

Overlay the repeat runs of the profiler and perform a visual evaluation of the profiles.
Distinct features observed in the profile were noted.

Filter the profile data using a 1-m (0.3-ft) high-pass filter, a 10-m (33-ft) high-pass filter,
and a band-pass filter having a wavelength cutoff between 1 and 30 m (3 and 100 ft), and
evaluate the distinct features in the profile. Also look at the differences in the profile
features among the repeat runs.

Evaluate the repeatability of the roughness profiles computed for a 10-m (33-ft) base
length by overlaying the roughness profiles obtained for the repeat runs. If differences in
the roughness profiles are noted, evaluate the profile data to identify the profile features
that cause the roughness profiles to be different.

Compare PSD plots of the repeat runs. If differences in the PSD plots are noted, evaluate
the profile data to identify the profile features that cause the PSD plots to be different.

After performing this evaluation, a representative profile run was selected for each profiler at
each test section. Thereafter, for each LTPP comparison, the following analyses were performed
separately for the left and right wheelpaths:

I.

Overlay the profile runs obtained from four of LTPP’s profilers and perform a visual
evaluation of the profile data. Note any distinct features that are different among the
profiles.

Filter the profile data using a 1-m (0.3-ft) high-pass filter, a 10-m (33-ft) high-pass filter,

and a band-pass filter having a wavelength cutoff between 1 and 30 m (3 and 100 ft), and
compare the profile features recorded by the four profilers. Note any distinct features that
are different among the profiles.

Overlay the 10-m (33-ft) base-length roughness profiles for the four profilers and
Dipstick, and evaluate the repeatability of the roughness profiles. If major differences
among the roughness profiles are noted, look at the profile data to identify features that
cause the roughness profiles to be different.
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4. Overlay the PSD plots for the four profilers and determine whether there are differences
in the PSD plots. If major differences are noted, analyze the profile data for the profiler
that is different to identify the features in the profile that cause the difference.

5. Perform a cross-correlation analysis between the profiler and Dipstick data.

Changes in LTPP’s profiling equipment occurred in 1996 and 2002. On both of these occasions,
before using the new profiler, each region performed a verification study between their old
profiler and the new profiler. Data obtained from these two studies were used to evaluate the
profile data collected by the two profilers. When comparing the data from the DNC 690 and
T-6600 profilers, the ProQual-processed data, which is averaged profile data, were used. When
comparing the profile data between the T-6600 and ICC profilers, profile data at 25-mm (1-inch)
intervals were used. The following analyses were conducted at each test section and were
performed separately for the left and right wheelpaths:

1. Overlay the profile data from the two profilers and perform a visual evaluation of the
profiles. Determine whether there are differences in the features contained in the profile
data.

2. Filter the profile data using a 1-m (3-ft) high-pass filter, a 10-m (33-ft) high-pass filter,
and a band-pass filter having a wavelength cutoff between 1 and 30 m (3 and 100 ft), and
evaluate the distinct features in the profile. Also look at the differences in the profile
features among the repeat runs.

3. Overlay the 10-m (33-ft) base-length roughness profiles for the two profilers to evaluate
the agreement of the roughness distribution within a section. If major differences among
the roughness profiles are noted, look at the profile data to identify the features that cause
the roughness profiles to be different.

4. Compare the PSD plots for the two profilers to determine whether the wavelength
distribution for the two profilers is similar.

5. Perform a cross-correlation analysis on a subset of the profiles to evaluate the agreement
among the profiles collected by the two profilers.
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CHAPTER 5: DATA COLLECTION CHARACTERISTICS AND
COMPARISON OF DATA COLLECTED BY LTPP’S PROFILERS

CHARACTERISTICS OF DATA COLLECTED BY LTPP’S PROFILERS
K.J. Law Engineers DNC 690 Profiler

The DNC 690 profiler collected profile data at 25.4-mm (1-inch) intervals, and then applied a
304.8-mm (12-inch) moving average onto the data and recorded the data at 152.4-mm (6-inch)
intervals. The data collected by this profiler at LTPP sections and the IRI values computed from
the profile data are available in the LTPP database. Figure 19 shows a PSD plot of the data
collected by this profiler. The PSD plot shows a sharp drop after a wave number of 1 cycle/m
(0.3 cycle/ft), which corresponds to a wavelength of 1 m (3 ft). This sharp drop in the PSD plot is
an indication that a moving average has been applied to the profile data. The application of the
moving average onto the profile data attenuates wavelengths less than 1 m (3 ft).
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Figure 19. PSD plot of data collected by the K.J. Law Engineers DNC 690 profiler.
K.J. Law Engineers T-6600 Profiler

The T-6600 profiler recorded profile data at 25-mm (1-inch) intervals. In the LTPP program,
these data are processed using the ProQual software, which applies a 300-mm (11.8-inch)
moving average onto the 25-mm (1-inch) interval profile data, and then extracts profile data
points at 150-mm intervals. ProQual computes the IRI using these averaged data. The IRI values
and the averaged 150-mm (5.9-inch) interval profile data for LTPP sections are available in the
LTPP database.
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Figure 20 shows a PSD plot of the 25-mm (1-inch) data collected by the T-6600 profiler and the
PSD plot of the same data after it has been processed using ProQual. Figure 20 shows that there
is a significant difference in the profile content between the two profilers for wave numbers
greater than 1 cycle/m (0.3 cycle/ft), which corresponds to wavelengths less than 1 m (3 ft). The
sharp dropoff seen in the PSD plot for 150-mm (5.9-inch) data for wave numbers greater than

1 cycle/m (0.3 cycle/ft) occurs because the moving average attenuates wavelengths less than 1 m
(3 ft) in the profile.
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Figure 20. PSD plot of data collected by the K.J. Law Engineers T-6600 profiler.
International Cybernetics Corporation Profiler

The ICC profilers do not record profile data, but rather record the data collected by the height
sensors, accelerometers, and the DMI. These data can be used to generate profiles with a 25-mm
(1-inch) sampling interval. In the LTPP program, these 25-mm (1-inch) data are processed using
the ProQual software, which uses the same procedure as described for the T-6600 profiler. As in
the case of the T-6600 profiler, IRI is computed using the averaged data that are at 150-mm
(5.9-inch) intervals. The computed IRI values and the averaged profile data for LTPP sections
are available in the LTPP database. Figure 21 shows a PSD plot of the 25-mm (1-inch) data
collected by the ICC profiler and the PSD plot of the same data after it had been processed using
ProQual.

The trend between the 25-mm (1-inch) data and the 150-mm (5.9-inch) data seen in this figure is
similar to the trend that was observed for the T-6600 profiler, where the application of the
moving average caused profile features that have a wave number greater than 1 cycle/m

(0.3 cycle/ft) to become attenuated.
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COMPARISON OF K.J. LAW ENGINEERS DNC 690 AND T-6600 PROFILERS

Comparison of Profile Data

The DNC 690 profiler recorded profile data at 152.4-mm (6-inch) intervals, while the T-6600
profiler recorded profile data at 25-mm (1-inch) intervals. The DNC 690 and T-6600 profilers
applied a 91-m (300-ft) and 100-m (328-ft) upper-wavelength cutoff filter to the profile data,
respectively.
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Figure 21. PSD plot of data collected by the ICC profiler.

Figure 22 shows overlaid profile plots of data collected at the same site by the DNC 690 and
T-6600 profilers. These data are from the smooth AC section that was used by the North Central
region for the 1996 profiler verification test.*” Figure 23 shows a similar plot at the rough AC
section used by the North Central region for the same study.

33



DNC 690
—— T-6600

Elevation (mm)

Distance (m)

2.54 mm = 1 inch
1 m=328ft

Figure 22. Data collected by the North Central K.J. Law Engineers DNC 690 and T-6600
profilers at the smooth AC site during the 1996 verification test.
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Figure 23. Data collected by the North Central K.J. Law Engineers DNC 690 and T-6600
profilers at the rough AC site during the 1996 verification test.

The data collected by the two profilers overlay extremely well at the smooth AC section, while at
the rough AC section, the agreement is less when compared to the agreement seen at the smooth
AC section. At the rough AC section, although there is a slight shift between the two profiles, an

evaluation of the profile data using filtering techniques shows that similar profile features are
captured by both profilers.

The overall shape of a profile plot primarily depends on the long-wavelength content in the
profile. There is a slight difference in the long-wavelength cutoff limit used by the two profilers,
which can cause some differences to occur in the profile plots. The long-wavelength content at
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the rough AC site is higher than that at the smooth AC site and, thus, differences among the
profiles are seen more clearly at the rough AC site. These observations, as well as a comparison
of other data collected during the 1996 verification test, indicate that the same upper-wavelength
cutoff filtering technique appears to have been used with the DNC 690 and T-6600 profilers.

Figure 24 shows PSD plots of left-wheelpath data collected by the DNC 690 profiler, which has
a sampling interval of 152.4 mm (6 inches), and the T-6600 profiler, which has a sampling
interval of 25 mm (1 inch), at the smooth AC site in the North Central region during the 1996
verification test. The PSD plots show good agreement, except for wave numbers greater than 1
cycle/m (0.3 cycle/ft), which corresponds to wavelengths less than 1 m (3 ft). In this waveband
range, the profile content in the DNC 690 profiler is attenuated when compared to the T-6600
profiler. This attenuation is caused by the moving average filter that is applied to the DNC 690
profiler data before saving the data.

Figure 25 shows the PSD plot of the two data sets whose PSD plots are shown in figure 24,
except that the data shown for the T-6600 profiler are the data that were obtained after the
25-mm (1-inch) data were processed using ProQual. The application of the 300-mm (11.8-inch)
moving average onto the 25-mm (1-inch) T-6600 profiler data attenuates wavelengths less than
1 m (3 ft), which corresponds to wave numbers greater than 1 cycle/m (0.3 cycle/ft). The two
PSD plots shown in figure 25 indicate good agreement. A review of similar plots for other data
collected during the 1996 verification test showed similar trends. These results confirm that the
DNC 690 profiler applied a 304.8-mm (12-inch) moving average onto the data before saving the
data. Since the PSD plots for the two profilers agree well through a range of 0.025 to 1 cycle/m
(0.008 to 0.3 cycle/ft), which corresponds to wavelengths between 1 and 40 m (3 and 130 ft), the
IRI values of the two profilers are expected to agree closely.

Left PSD (Log/Log)
P30 of Left Slope - micycle
0.0001

--T BBO0

o0 —DNCEI0

1e-006

1e-007 :

1e-005

0.001 0.m 0.1 1 10 100
Wavenumber - cycle/m

1 cycle/m = 0.3 cycle/ft
1 m/cycle =3 ft/cycle

Figure 24. PSD plot of data collected by the K.J. Law Engineers DNC 690 and T-6600 profilers.
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Figure 25. PSD plots of K.J. Law Engineers DNC 690 profiler data and ProQual-processed
T-6600 profiler data.

The PSD plots also indicate that the spectral content of the data collected at the same site by the
two profilers was similar. This indicates that the profile features that are recorded by the two
profilers are similar. (Note: These observations are only valid when the DNC 690 profiler data
are compared to ProQual-processed T-6600 profiler data. If 25-mm (1-inch) T-6600 profiler data
are compared to DNC 690 profiler data, differences among the profile data will be seen for wave
numbers greater than 1 cycle/m (0.3 cycle/ft).) The PSD plots also indicated good agreement
between the two profilers for low wave numbers (long wavelengths), which is an indication that
the filtering technique used by the two profilers for the upper-wavelength cutoff is similar. The
slight differences seen in the PSD plots for the low wave numbers (long wavelengths) are
probably related to the different upper-wavelength cutoff values that were used in the two
profilers, which are 91 m (300 ft) for the DNC 690 profiler and 100 m (328 ft) for the T-6600
profiler.

Comparison of IRI Values

When comparison testing between the two profilers is performed, the profiler driver should do
the following two tasks accurately:

o Align the profiler along the wheelpaths.
o Maintain a consistent path within the test section.

If the profiler driver does not correctly align the profiler along the wheelpaths, the longitudinal
path followed by the sensors of the different profilers will be different. This can cause IRI
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obtained from the different profilers to vary. After aligning the profiler along the wheelpaths, the
driver should also follow a consistent path within the test section without lateral wander. If there
is variability in the path that is followed within the section, it can result in differences in IRI
when the two profilers are being compared.

The ability of a driver to correctly align the profiler along the wheelpaths and to follow a
consistent path within the section can vary among drivers. Drivers who are more experienced in
profiling can probably do these two tasks much better than a driver who is inexperienced in
profiling. A driver who is experienced in profiling probably will also be able to follow a more
consistent path when obtaining repeat measurements at a site than a person who does not have
much experience in operating the profiler.

Not following the correct wheelpath, or variability within the section during profiling, will
usually have a greater impact on the IRI for sections that have distresses. This is because, in such
sections, lateral variations can cause certain pavement features either to be included or missed in
the profile, thus affecting the IRI. The effect of lateral wander is an issue that can sometimes
complicate the analysis when the IRI from different profilers are compared.

A study performed for an NCHRP project found that variations in the longitudinal path that is
followed during profiling could have a significant effect on IRL" In this study, the effect of
lateral variations in profiling was studied at seven test sections. The percent change in IRI that
was obtained for each wheelpath at the test sections for a 0.3-m (1-ft) lateral shift in the
longitudinal path to the left and to the right is shown in table 3. As shown in this table, the
percent change in IRI will vary for different pavements. Some pavements showed extremely
large variations in IRI for a 0.3-m (1-ft) shift from the wheelpath. Generally, the percent change
in IRI that was observed along the left wheelpath was less than that obtained for the right
wheelpath.

Table 3. Changes in IRI caused by lateral variations in the longitudinal path.

Section IRI (m/km) Percent Change in IRI

Wheelpath |Shifted 0.3 m Right| Shifted 0.3 m Left
Left | Right Wheelpath Wheelpath
Left Right Left Right
New AC 0.85 0.98 —4 6 —4 -7
AC with Transverse Cracks | 1.20 1.22 -3 34 8 2
Old AC 1.85 2.63 -7 0 -17 -22
1-year-old PCC 0.84 1.41 1 13 —4 -21
3-year-old PCC 0.59 0.58 -5 14 15 7
6-year-old PCC 1.41 1.75 4 13 —4 -3
Severely Faulted PCC 3.67 3.83 -1 1 8 -2
1 m=328 ft

1 m/km = 5.28 ft/mi

After each regional contractor accepted delivery of the T-6600 profiler in 1996, they performed a
comparison of this profiler and the DNC 690 profiler. Four test sections were used in each region
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to perform this comparison. (See references 24, 25, 26, and 27.) The results obtained from this
test are described in appendix B. In the reports prepared by the regional contractors, the average
IRI value for a wheelpath from the multiple runs that were performed at a site was computed
using different procedures. In this research project, a consistent method was used on data
obtained from all four regions to compare the IRI values between the DNC 690 and T-6600
profilers. The IRI values obtained for sequence 2 testing were used in this analysis (except at site
1 in the Western region for the DNC 690 profiler, where sequence 1 values were used because
sequence 2 data had saturation spikes). The average IRI for each wheelpath at each test section
was computed using the IRI for the five runs that had the least standard deviations in IRI for the
mean IRI (i.e., the average IRI for the left and right wheelpaths). The computed average IRI
values for both profilers for all regions are shown in table 4. When all 4 regions were considered,
there were a total of 16 test sites (32 wheelpaths) where IRI comparisons between the 2 profilers
could be made.

Figure 26 shows the IRI relationship between the two profilers, where data obtained for 32
wheelpaths are shown. There is very good agreement in the IRI values obtained by the two
profilers, except for one case along the left wheelpath. This data point corresponds to the left
wheelpath of site 2 in the Western region. An evaluation of the data indicated that the data
collected by the DNC 690 profiler had a significant number of spikes that were caused by
sunlight being picked up by the sensor, which resulted in a high IRI value. The correlation
coefficient for the data shown in figure 26 is 0.98.
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Table 4. IRI values from the 1996 verification test.

Region Site | Description Average IRI (m/km)
Left Wheelpath | Right Wheelpath
DNC 690 | T-6600 | DNC 690 | T-6600
North Atlantic 1 Smooth AC 0.86 0.74 0.86 0.88
North Atlantic 2 |Rough AC 2.27 2.11 1.93 1.67
North Atlantic 3 |Smooth PCC 1.22 1.18 1.31 1.34
North Atlantic 4  |Rough PCC 1.87 1.90 2.15 2.24
North Central 1  |Smooth AC 1.01 1.05 1.06 1.05
North Central 2 |Rough AC 3.96 4.00 4.92 4.79
North Central 3 |Smooth PCC 1.10 1.10 1.07 1.08
North Central 4  [Rough PCC 2.69 2.67 2.99 2.95
Southern 1 |Smooth AC 0.74 0.71 0.74 0.67
Southern 2 |[Rough AC 1.63 1.88 1.91 1.80
Southern 3 |Smooth PCC 1.77 1.81 1.75 1.70
Southern 4  [Rough PCC 2.17 2.01 2.50 2.38
Western 1 Smooth AC 0.77 0.78 0.90 0.92
Western 2 |[Rough AC 3.74 2.62 2.61 2.57
Western 3 Smooth PCC 1.04 0.99 0.93 0.89
Western 4  |Rough PCC 231 2.35 240 2.39
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Figure 26. Relationship between IRI from the K.J. Law Engineers DNC 690
and T-6600 profilers.
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The difference in IRI between the DNC 690 and T-6600 profilers (DNC 690 IRI — T-6600 IRI)
was computed along each wheelpath for all of the test sections. These data are shown in figure
27 as a function of the IRI for the wheelpath, where the IRI for the wheelpath was computed by
averaging the IRI obtained for that wheelpath by the DNC 690 and T-6600 profilers. Of the 32
available cases, the difference in IRI was within £0.10 m/km (£6 inches/mi) for 23 cases. For six
cases, the difference was between 0.10 and 0.20 m/km (6 and 13 inches/mi). There was one case
where the difference was between —0.20 and —0.30 m/km (=13 and —19 inches/mi), one case
where the difference was between 0.20 and 0.30 m/km (13 and 19 inches/mi), and one case
where the difference was greater than 1.1 m/km (70 inches/mi) (this data point is not shown in
figure 27).
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Figure 27. Differences in IRI between the K.J. Law Engineers DNC 690 and T-6600 profilers:
All regions.

An investigation was performed separately for each region to identify the cause of the difference
in IRI between the two profilers for cases where the difference in IRI was outside +0.10 m/km
(6 inches/mi). In each region, the difference in IRI between the DNC 690 and T-6600 profilers
(DNC 690 IRI — T-6600 IRI) for each wheelpath was plotted as a function of the IRI for the
wheelpath, with the IRI for the wheelpath computed by averaging IRI obtained by the two
profilers for that wheelpath.

North Atlantic Region

Figure 28 shows the difference in IRI from the DNC 690 and T-6600 profilers at the test sections
tested by the North Atlantic profilers as a function of the IRI for the wheelpath.

A difference in IRI between the DNC 690 and T-6600 profilers (DNC 690 —IRI — T-6600 IRI)
that was outside +0.10 m/km (£6 inches/mi) was observed for the following three cases: (1) left
wheelpath of site 1 (a difference of 0.12 m/km (8 inches/mi)), (2) left wheelpath of site 2 (a
difference of 0.16 m/km (10 inches/mi)), and (3) right wheelpath of site 2 (a difference of

0.26 m/km (16 inches/mi)).
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Site 1: The left-wheelpath IRI from the DNC 690 profiler was 0.12 m/km (8 inches/mi) higher
than IRI obtained by the T-6600 profiler. The DNC 690 profiler conducted six runs on this
section. IRI along the left wheelpath for these six runs ranged from 0.83 to 0.87 m/km (53 to

55 inches/mi). The T-6600 profiler conducted nine runs at this site, and the left-wheelpath IRI
for eight runs ranged from 0.72 to 0.77 m/km (46 to 49 inches/mi); however, there was one run
that had an IRI of 0.85 m/km (54 inches/mi). The roughness profile of this run overlaid
extremely well with the roughness profiles obtained by the DNC 690 profiler. This indicates that
the probable cause of the difference in IRI between the two profilers was a difference in the
paths that were followed during profiling.
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Figure 28. Differences in IRI between the K.J. Law Engineers DNC 690 and T-6600 profilers:
North Atlantic region.

Site 2: IRI from the DNC 690 profiler was higher than IRI from the T-6600 profiler by

0.16 m/km (10 inches/mi) and 0.26 m/km (16 inches/mi) for the left and right wheelpaths,
respectively. This analysis used IRI values obtained during sequence 2 testing. The average IRI
from the T-6600 profiler from sequence 1 testing at this site, along the left and right wheelpaths,
were 2.21 m/km (140 inches/mi) and 1.89 m/km (120 inches/mi), respectively. These values
compare extremely well with the IRI values obtained for the left and right wheelpaths by the
DNC 690 profiler (2.27 m/km (144 inches/mi) and 1.93 m/km (122 inches/mi), respectively).
This section had significant transverse and longitudinal cracking along both wheelpaths
throughout the test section. Thus, the differences in IRI that were observed between the two
profilers for sequence 2 testing are attributed to variations in the wheelpaths followed by the two
profilers.

North Central Region

Figure 29 shows the differences in IRI from the DNC 690 and T-6600 profilers at the test
sections in the North Central region as a function of the IRI for the wheelpath.
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A difference in IRI between the DNC 690 and T-6600 profilers that was outside +0.10 m/km

(+6 inches/mi) was observed only along the right wheelpath at site 2, where the IRI from the
DNC 690 profiler was higher than that from the T-6000 profiler by 0.13 m/km (8 inches/mi). The
right wheelpath at this site is extremely rough. The right-wheelpath IRI for the five selected runs
from the DNC 690 profiler ranged from 4.77 to 4.96 m/km (302 to 314 inches/mi), while the IRI
for the five selected runs from the T-6600 profiler ranged from 4.74 to 4.81 m/km (301 to

305 inches/mi). These ranges for the two profilers have some overlap. The difference in IRI
between the two profilers at this site is attributed to variations in the wheelpaths.
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Figure 29. Differences in IRI between the K.J. Law Engineers DNC 690 and T-6600 profilers:
North Central region.

Southern Region

Figure 30 shows the difference in IRI from the DNC 690 and T-6600 profilers at the test sections
tested by the Southern profilers as a function of the IRI for the wheelpath.

Differences in IRI between the DNC 690 and T-6600 profilers (DNC 690 —IRI — T-6600 IRI)
that were outside +0.10 m/km (6 inches/mi) were observed for the following four cases: (1) left
wheelpath of site 2 (a difference of —0.25 m/km (=16 inches/mi)), (2) right wheelpath of site 2
(a difference of 0.11 m/km (10 inches/mi)), (3) left wheelpath of site 4 (a difference of

0.16 m/km (10 inches/mi)), and (4) right wheelpath of site 4 (a difference of 0.12 m/km

(7 inches/mi)).

42



Site 2: At this site, IRI from the DNC 690 profiler was lower than that from the T-6600 profiler
along the left wheelpath by 0.25 m/km (16 inches/mi), but higher than that obtained by the T-
6600 profiler by 0.11 m/km (7 inches/mi) along the right wheelpath. The T-6600 profiler
conducted nine runs at this site. Along the left wheelpath, the IRI for the nine runs ranged from
1.80 to 2.00 m/km (114 to 127 inches/mi), while along the right wheelpath, the IRI ranged from
1.70 to 1.86 m/km (108 to 118 inches/mi). This indicates there is some transverse variability at
this site. A comparison of the profile data from the T-6000 and DNC 690 profilers indicated that
there were localized differences between the profile data and that these caused the difference in
the IRI from the profilers. The difference in IRI between the two profilers has opposite signs for
the two wheelpaths. This is usually an indication that the difference in IRI between the two
profilers is probably related to variations in the profiled paths. No explanation other than
variability between the profiled paths can be offered to explain the difference in IRI between the
two profilers at this site.
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Figure 30. Differences in IRI between the K.J. Law Engineers DNC 690 and T-6600 profilers:
Southern region.

Site 4: IRI from the DNC 690 profiler at this site was higher than that obtained by the T-6600
profiler by 0.16 m/km (10 inches/mi) and 0.12 m/km (8 inches/mi) along the left and right
wheelpaths, respectively. An evaluation of the roughness profile for the left wheelpath indicated
that most of the difference in roughness between the two profilers was occurring between 140 m
(459 ft) and the end of the section. This was caused by differences in the way a feature, which
was located at approximately 145 m (476 ft), was being measured by the two profilers. An
evaluation of the roughness profiles for the right wheelpath also showed some localized
variations in roughness that occurred because of differences in the way features were measured
by the two profilers. Because this site is fairly rough, with left- and right-wheelpath IRI values of
approximately 2.10 and 2.14 m/km (133 and 152 inches/mi), respectively, variations in the
profiled paths are probably the cause of the difference in IRI between the two profilers.
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Western Region

Figure 31 shows the difference in IRI from the DNC 690 and T-6600 profilers at the sections
tested by the two Western profilers as a function of the IRI for the wheelpath. The difference in
IRI between the two profilers was within +0.10 m/km (+6 inches/mi) for all of the cases except
one. This case was along the left wheelpath at section 2, where the difference in IRI was 1.1
m/km (70 inches/mi). This occurred because data collected by the DNC 690 profiler was
contaminated by saturation spikes. This data point is not shown in figure 31.

Cross Correlation of IRI

The cross-correlation technique provides a method to compare the magnitude and the spatial
distribution of IRI between two devices. This technique was used to compare IRI obtained by the
DNC 690 and T-6600 profilers using data obtained during the 1996 verification testing in the
North Central and Western regions. When using the cross-correlation technique, the DNC 690
profiler was considered to be the “correct” device and, thus, the analysis will indicate how well
the T-6600 profiler reproduced the results from the DNC 690 profiler.
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Figure 31. Differences in IRI between the K.J. Law Engineers DNC 690 and T-6600 profilers:
Western region.

One representative run was selected for each profiler at each site to perform this analysis. In this
analysis, for the T-6600 profiler, the ProQual-processed averaged data that are at 150-mm
(5.9-inch) intervals was used, while for the DNC 690 profiler, the 152.4-mm (6-inch) data
obtained by the profiler was used. Because the data collected by the DNC 690 profiler is
considered to be the correct data, any deviations in the path followed by the T-6600 profiler from
the path followed by the DNC 690 profiler will affect the results. The results of the cross-
correlation analysis are presented in table 5.
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Table 5. Results of cross correlation between the K.J. Law Engineers DNC 690 and
T-6600 profilers.

Region Site IRI (m/km) Cross Correlation
Left Wheelpath [Right Wheelpath]  Left Right
DNC 690/T-6600 DNC 690 T-6600| Wheelpath | Wheelpath
North Central 1 1.00 1.04 1.06 1.02 0.79 0.91
North Central 2 3.87 4.10 4.96 4.81 0.81 0.94
North Central 3 1.06 1.07 1.03 1.07 0.85 0.95
North Central 4 2.65 2.64 2.90 2.92 0.92 0.96
Western 1 0.75 0.79 0.88 0.91 0.88 0.94
Western 2 3.37 2.51 2.62 2.62 0.13 0.85
Western 3 0.98 0.99 0.94 0.88 0.74 0.74
Western 4 2.24 2.32 240 245 0.88 0.93

1 m/km = 5.28 ft/mi

The sensor spacing for the two North Central profilers was different. During testing, the two
profilers aligned the right sensor along a similar path using a camera system. The two North
Central profilers had very high cross-correlation values along the right wheelpath where the
camera system was used to judge the wheelpath. This indicates excellent agreement in both the
IRI magnitude and IRI distribution along that path for the two profilers. The two North Central
profilers also showed good cross-correlation values along the left wheelpath, too, although the
values were slightly less than those obtained for the right wheelpath.

The two profilers in the Western region also had high cross-correlation values at the majority of
the sections. The data collected along the left wheelpath at site 2 by the DNC 690 profiler were
contaminated with saturation spikes, thus, a low cross-correlation value was obtained for this
case. The cross-correlation values at site 3 were somewhat lower than the values obtained for the
other sites. Site 3 is a concrete site, and evaluation of the profile data indicated that the amount of
slab curling that was present when the two profilers measured the site was different, and this was
the cause of the low cross correlation at this site.

Analysis of Variance and Regression Analysis of IRI

An analysis of variance (ANOVA) was performed using the IRI values obtained from the 1996
regional testing to determine whether IRI values obtained by the DNC 690 and T-6600 profilers
were similar. A two-factor ANOV A was performed using the IRI values obtained for the five
runs that were selected for computing the average IRI values shown in table 4. During the 1996
verification test, testing was performed at 16 sections (4 sections per region), and this provided
32 cases (32 wheelpaths) that could be used in the analysis. Because the data for the left
wheelpath at site 2 in the Western region for the DNC 690 profiler were erroneous, these data
were omitted from the analysis. The ANOVA indicated that the profilers were significant at a
significance level of 0.05.

Another ANOVA was performed by omitting the data for the left wheelpath in the North Central
region. This was done because the two profilers in the North Central region have different sensor
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spacing, and they were aligned along the right wheelpath during testing. This analysis also found
that the profilers were significant at a significance level of 0.05. Thereafter, separate ANOVAs
were performed for each region. The only case where the profilers were not significant was in
the Western region.

Thereafter, for each region, separate ANOV As were performed for each wheelpath. The only
cases where the profilers were not significant at a significance level of 0.05 were for the left and
right wheelpaths in the Western region, and for the left wheelpath in the North Central region.

A regression analysis was performed for the IRI from the DNC 690 and T-6600 profilers. The
IRI for the five runs that were selected at each section to compute the average IRI value in the
previous analysis were used in the regression. This provided 155 pairs of data for the regression
(i.e., four regions x four sections per region x two wheelpaths per section x five runs per section,
less the erroneous left-wheelpath runs at section 2 in the Western region). The following
relationship was obtained from the regression:

IRI (T-6600) = 0.982 IRI (DNC 690) + 0.004 0

where:

e [RI (T-6600) = IRI from T-6600 profiler for a wheelpath (m/km).
e [RI(DNC 690) = IRI from DNC 690 profiler for a wheelpath (m/km).
R?= 0.99, standard error = 0.09 m/km.

The regression analysis indicated that IRI from the two profilers were extremely similar;
however, IRI obtained from the DNC 690 profiler was predicted to be slightly higher than that
obtained from the T-6600 profiler.

COMPARISON OF K.J. LAW ENGINEERS T-6600 AND ICC PROFILERS
Comparison of Profile Data

The data obtained from the 2002 verification test were used for this analysis. Both profilers
applied a 100-m (328-ft) upper-wavelength cutoff filter onto the data. The data collected by both
profilers along each wheelpath at each site were overlaid to evaluate differences in the data. At
some sites, the profiles overlaid extremely well; however, at many sites, there were significant
differences among the profiles. Figure 32 shows an example of a case where close agreement
was obtained between the profile data from the two profilers. Figure 33 shows an example of a
case where there were significant differences between the profile plots. The data shown in
figures 32 and 33 are the 25-mm (1-inch) left-wheelpath data collected by the two Western
profilers during the 2002 verification test at LTPP sites 320209 and 069107, respectively.
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Figure 32. Comparison of ICC and K.J. Law Engineers profiles: Western site 320209.

An evaluation of all data collected for the 2002 verification test indicated that the profile plots
from the two profilers usually overlaid well at sites that did not have much long-wavelength
content. However, differences between the profile plots were noticeable at sites that had more
long-wavelength content. An evaluation of the profile data using filtering techniques indicated
that profile features that were present on the pavement were being measured similarly by both
profilers. These observations indicate that there are differences in the long-wavelength data
collected by the two profilers. The differences in the long wavelengths appear to be occurring for
wavelengths greater than approximately 40 m (131 ft).
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Figure 33. Comparison of ICC and K.J. Law Engineers profiles: Western site 069107.

The response of the quarter car filter that is used in the IRI computation procedure to different
wavelengths is shown in figure 34.> The amplitude of the output sinusoid is the amplitude of the
input multiplied by the gain shown in the figure, which is dimensionless. IRI is primarily
influenced by wavelengths ranging from 1.2 to 30.5 m (4 to 100 ft).”)? However, there is still
some response to wavelengths outside this range. The IRI filter has a maximum sensitivity to
sinusoids with wavelengths of 2.4 and 15.4 m (7.9 and 50.5 ft). The response is down to 0.5 for
wavelengths of 1.2 and 30.5 m (4 and 100 ft).?
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Figure 34. Response of the IRI filter.”
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IRI obtained by the T-6600 and ICC profilers during the 2002 verification test showed good
agreement.”® Although there are differences in the long wavelengths between the two profilers,
good agreement in IRI between the two profilers indicates that the profilers are collecting similar
data within the wavelength range that is influencing the IRI that was described previously.

The K.J. Law Engineers profiler uses a Butterworth filter for long-wavelength cutoff, while the
ICC profiler uses a cotangent filter. Although both profilers are using an upper-wavelength
cutoff filter of 100 m (328 ft), differences in the filtering techniques used by the two profilers are
causing some differences in the long-wavelength data between the two profilers. An evaluation
of the filtering techniques indicated that the Butterworth filter makes a much sharper transition
from wavelengths that are unmodified to wavelengths that are eliminated than the cotangent
filter, and this causes differences in the long wavelengths to occur between the two profilers.

Figure 35 shows a typical PSD plot that was obtained when the 25-mm (1-inch) data from the
ICC and K.J. Law Engineers profilers were compared. The data shown in figure 35 are those
obtained by the two North Central profilers at site 5 (which has a chip seal) during the 2002
verification test. The two PSD plots show good agreement between wave numbers of 0.025 and

1 cycle/m (0.008 and 0.305 cycle/ft), which correspond to wavelengths between 40 and 1 m

(131 and 3 ft). However, there are differences between the profilers for wave numbers less than
0.025 cycle/m (0.008 cycle/ft), which corresponds to wavelengths greater than 40 m (131 ft), and
wave numbers greater than 1 cycle/m (0.3 cycle/ft), which corresponds to (wavelengths less than
1 m (3 ft).

Right P=D (Log/Log)
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Figure 35. PSD plot of 25-mm (1-inch) data collected by the North Central ICC and
K.J. Law Engineers profilers at the chip-seal section during the 2002 verification test.

An examination of PSD plots of data collected by the ICC and K.J. Law Engineers profilers
during the 2002 regional comparison indicated the following:
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. The ICC and T-6600 profilers generally are collecting similar data between wavelengths
of 1 and 40 m (3 and 131 ft).

o There were some differences in the data collected by the two profilers for wavelengths
greater than 40 m (131 ft). The PSD plots indicated that, usually, the K.J. Law Engineers
profiler was collecting more spectral content than the ICC profiler for wavelengths
greater than 40 m (131 ft).

o For wavelengths below 1 m (3 ft), the ICC profilers usually have slightly more content
compared to the K.J. Law Engineers profiler. This may be occurring because of the small
footprint size of the height sensor on the ICC profiler. The laser height sensor on the ICC
profiler has a 1.5-mm- (0.06-inch-) diameter circular footprint, while the K.J. Law
Engineers profiler has an elliptical footprint that is 38 by 6 mm (1.5 by 0.24 inches). The
sensors in the K.J. Law Engineers profiler are reported to be averaging the elevation
values within its footprint when obtaining height measurements. This can cause elevation
values obtained by the K.J. Law Engineers profiler to be less than those obtained by the
ICC profiler in pavements that have coarse texture and in pavements that have narrow
upward or downward features.

A closeup view of the 25-mm (1-inch) profile data collected by the two profilers at the site
(whose PSD plot is shown figure 35) is shown in figure 36. Figure 36 indicates that the profile
recorded by the ICC profiler shows more profile details compared to those recorded by the K.J.
Law Engineers profiler. This is why the PSD plots shown in figure 35 indicate a difference
between the two profilers for wave numbers greater than 1 cycle/m (0.3 cycle/ft).
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Figure 36. Closeup view of 25-mm (1-inch) profile data collected by North Central ICC and
K.J. Law Engineers profilers on a chip-seal pavement.
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When ProQual processes the 25-mm (1-inch) data by applying a 300-mm (11.8-inch) moving
average, the short-wavelength features that have wavelengths less than 1 m (3 ft) will become
attenuated and the PSD plots for the two profilers will show better agreement for wave numbers
greater than 1 cycle/m (0.3 cycle/ft).

An analysis was performed to investigate the differences between the two profilers in measuring
short wavelengths. The data collected by the North Central profilers during the 2002 regional
verification test were used for this analysis. At each site, one run from each profiler was selected,
and the analysis was performed on the left-wheelpath data. The analysis was performed on the
first 76 m (249 ft) of the data from the site. The profile data were filtered to get rid of the long
wavelengths, so that only the short wavelengths would be present in the profile. Thereafter, the
standard deviations of the filtered elevation values were computed. The results from this analysis
are presented in table 6.

Table 6. Standard deviations of filtered elevation values.

Site Description |Standard Deviations of
Filtered Elevation (mm)
ICC K.J. Law
Smooth Asphalt 0.0066 0.0064
Rough Asphalt 0.0174 0.0079
Smooth Concrete | 0.0092 0.0082
Rough Concrete 0.0115 0.0084
5 Chip Seal 0.0113 0.0100

1 inch = 25.4 mm

AIWIN|—

The ICC profiler had higher standard deviations for all of the cases. The data shown in table 6
suggests that the small footprint size of the ICC profiler is measuring more texture-related effects

and possibly higher depth at narrow downward features, such as cracks, than that measured by
the T-6600 profiler.

Comparison of 25-mm (1-inch) data collected by the K.J. Law Engineers and ICC profilers
indicated that there were differences in the depth of downward features, such as cracks, that were
measured by the profilers at some sites. However, it is unclear if this difference was caused by
variations in the paths profiled by the two profilers, or if it was related to differences in the
footprint sizes of the two height sensors, or differences in the filtering techniques used by the
two profilers.

Figure 37 shows a closeup view of the profile data recorded by the two profilers over a joint in a
concrete pavement. The data shown in this figure were collected by the two North Central
profilers at the rough PCC section during the 2002 verification test. On this pavement, minor
variations in the profiled path are not likely to result in a difference in the magnitude of the
downward feature measured by the profilers when readings are taken on top of the sealant at a
joint. This is because the joint sealant is expected to be at a constant depth from the slab surface
over a short lateral distance. However, in cases where there are transverse cracks in the
pavement, minor variations in the wheelpaths can result in the crack depth being different. Thus,
comparing the magnitude of the downward feature recorded by the two profilers at a joint
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provides a better choice for comparing the two profilers. The two plots in figure 37 show that the

depths of the joint as recorded by the two profilers are very similar; however, the depth recorded
by the ICC profiler is slightly higher.
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Figure 37. Readings taken over a joint by the two profilers.

Figure 38 shows the 25-mm (1-inch) profile data collected by the two profilers at this site after
the data have been subjected to a 3-m (10-ft) high-pass filter. The slab length in this concrete
pavement is 13 m (43 ft). Figure 38 shows that both profile plots are showing all joint locations,
and the depths recorded over the joints by the two profilers are very similar.

3-m High Pass Filtered (Profiles Offset)
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Figure 38. Profile data obtained by the ICC and K.J. Law Engineers profilers at a concrete site.
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Although the profilers output data at 25-mm (1-inch) intervals, the height sensors in the profilers
are obtaining data at much closer intervals, and are then averaging the data and using the
averaged height-sensor value for computing the profile data at 25-mm (1-inch) intervals. If the
profilers were just getting height-sensor data at 25-mm (1-inch) intervals, there is always the
possibility that a reading may not be obtained on top of a joint. However, because the height
sensors are obtaining readings at much closer intervals than 25 mm (1 inch), a reading is always
obtained on top of the joint sealant. When the height-sensor data are averaged to obtain a reading
every 25 mm (1 inch), the reading obtained over the joint was of sufficient magnitude for the
joint to be clearly seen in the filtered profile.

Another interesting observation seen in figure 37 is that the profile data show the joint to be a
feature that is spread over a distance of 75 mm (3 inches), when the actual width of the joint is
on the order of 10 mm (0.4 inches). The joint appears like this in the profile data because of the
averaging procedure that is used on the height-sensor data and possibly because of the
application of an anti-aliasing filter onto the profile data. The averaging procedure and the anti-
aliasing filter will also cause some attenuation in the magnitude of the depth of narrow
downward features such as joints and cracks.

Comparison of IRI Values

An analysis of the IRI values obtained from the 2002 verification test was performed to compare
IRI values obtained by the two proﬁlers.(zg) In the North Central region, testing by both profilers
was performed on the same day. In the North Atlantic region, testing at six of the eight sites was
performed on the same day by the two profilers, while in the Western region, a similar procedure
was followed for three of the five sites. In the Southern region, testing at the sites by the ICC
profiler was performed approximately 1.5 months after testing by the K.J. Law Engineers
profiler. The IRI values obtained from the testing (average IRI from five runs) and the test dates
are presented in appendix B.

There were 23 test sites (46 wheelpaths) where IRI comparisons of the two profilers could be
made. Figure 39 shows the IRI relationship between the two profilers, where data for 46
wheelpaths are shown. There is very good agreement in IRI between the two profilers, with the
correlation coefficient for the two sets of IRI values being 0.99.
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Figure 39. Relationship between IRI from the K.J. Law Engineers and ICC profilers.

The difference in IRI between the K.J. Law Engineers and ICC profilers (K.J. Law IRI — ICC
IRI) was computed along each wheelpath for all test sections. The differences in IRI are shown
in figure 40 as a function of the IRI for the wheelpath, where the IRI for the wheelpath was
computed by averaging IRI obtained for that wheelpath by the ICC and K.J. Law Engineers
profilers.
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Figure 40. Differences in IRI between the K.J. Law Engineers and ICC profilers.
For the 46 cases, the difference in IRI was within #£0.10 m/km (6 inches/mi) for 33 cases,
between 0.10 and 0.20 m/km (6 and 13 inches/mi) for 6 cases, between —0.10 and —0.20 m/km

(-6 and -13 inches/mi) for 4 cases, between —0.20 and —0.30 m/km (—13 and —19 inches/mi) for 2
cases, and between 0.30 and 0.40 m/km (19 and 25 inches/mi) for 1 case. An investigation was
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performed separately for each region to identify the cause of the difference in IRI between the
two profilers for cases where the difference in IRI was outside +0.10 m/km (£6 inches/mi).

North Atlantic Region

Figure 41 shows the difference in IRI between the K.J. Law Engineers and ICC profilers at the
sections tested by the North Atlantic profilers as a function of the IRI for the wheelpath.
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Figure 41. Differences in IRI between the K.J. Law Engineers and ICC profilers:
North Atlantic region.

Differences in IRI between the K.J. Law Engineers and ICC profilers (K.J. Law IRI — ICC IRI)
that were outside +0.10 m/km (6 inches/mi) were observed for the following four cases: (1) left
wheelpath of site 251002 (a difference of —0.23 m/km (—15 inches/mi)), (2) right wheelpath of
site 251002 (a difference of 0.17 m/km (11 inches/mi)), (3) left wheelpath of site 364018 (a
difference of -0.23 m/km (—15 inches/mi)), and (4) left wheelpath of site 245807 (a difference of
0.15 m/km (10 inches/mi)).

Site 251002: At this site, the K.J. Law Engineers profiler obtained an IRI that was 0.23 m/km
(15 inches/mi) lower than the IRI from the ICC profiler for the left wheelpath, and an IRI that
was 0.17 m/km (11 inches/mi) higher than the IRI from the ICC profiler for the right wheelpath.
Each profiler conducted nine runs on this section. The IRI for the nine runs from the ICC profiler
ranged from 2.58 to 5.03 m/km (164 to 319 inches/mi) for the left wheelpath, and from 1.24 to
1.57 m/km (79 to 100 inches/mi) for the right wheelpath. For the K.J. Law Engineers profiler,
the IRI for the nine runs ranged from 2.56 to 4.81 m/km (162 to 305 inches/mi) for the left
wheelpath, and from 1.50 to 1.67 m/km (95 to 106 inches/mi) for the right wheelpath. The left
wheelpath of this section had significant distress. As indicated from the IRI range that was
obtained for the repeat runs, significant variability in IRI can occur at this site because of
variability in the profiled path. Investigation of the profile data indicated that the difference in
IRI between the two profilers at this site was probably caused by differences in the profiled
paths.
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Site 364018: The K.J. Law Engineers profiler obtained an IRI that was 0.23 m/km

(15 inches/mi) less than that obtained by the ICC profiler along the left wheelpath at this section.
Each profiler conducted nine runs on this test section. The IRI for the runs for the ICC profiler
ranged from 2.64 to 3.18 m/km (167 to 202 inches/mi) for the left wheelpath, and from 2.20 to
2.39 m/km (139 to 151 inches/mi) for the right wheelpath. For the K.J. Law Engineers profiler,
IRI ranged from 2.59 to 2.92 m/km (164 to 185 inches/mi) for the left wheelpath, and from

2.23 t0 2.36 m/km (141 to 149 inches/mi) for the right wheelpath. There was a major downward
feature at a distance of 50 m (164 ft) along the left wheelpath that made a significant contribution
to the roughness at this site. Variability in the profiled path that caused this feature to be
measured differently had a significant effect on IRI. Investigation of the profile data and
roughness profiles at this section indicated that the difference in IRI between the two profilers
was caused by variability in the paths followed by the two profilers.

Site 245807: Along the left wheelpath at this site, the IRI from the K.J. Law Engineers profiler
was 0.15 m/km (10 inches/mi) lower than that obtained by the ICC profiler. An investigation of
the profile data did not indicate a clear reason for the cause of this difference.

North Central Region

Figure 42 shows the difference in IRI between the K.J. Law Engineers and ICC profilers at the
test sections tested by the North Central profilers as a function of the IRI for the wheelpath.

Differences in the IRI between the K.J. Law Engineers and ICC profilers (K.J. Law IRI — ICC
IRI) that were outside +0.10 m/km (£6 inches/mi) were observed for the following three cases:
(1) right wheelpath of site 17A002 (a difference of 0.15 m/km (10 inches/mi)), (2) left wheelpath
of site 17A005 (a difference of 0.35 m/km (22 inches/mi)), and (3) right wheelpath of site
17A005 (a difference of —0.13 m/km (—8 inches/mi)).
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Figure 42. Differences in IRI between the K.J. Law Engineers and ICC profilers:
North Central region.
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Site 17A002: The IRI from the K.J. Law Engineers profiler was higher than that of the ICC
profiler by 0.15 m/km (10 inches/mi) along the right wheelpath at this site. However, along the
left wheelpath, the IRI from the K.J. Law Engineers profiler was 0.10 m/km (6 inches/mi) lower
than that obtained by the ICC profiler. An investigation of the profile data did not indicate a
definitive cause for the difference in IRI between the profilers. However, variability in the
wheelpath is a likely cause for the difference in IRI. In this case, the difference in IRI between
the K.J. Law Engineers and ICC profilers had opposite signs for the wheelpaths (negative for the
left wheelpath and positive for the right wheelpath). This is an indication that the two profilers
followed different wheelpaths.

Site 17A005: The IRI from the K.J. Law Engineers profiler was higher than that obtained by the
ICC profiler by 0.35 m/km (22 inches/mi) along the left wheelpath; along the right wheelpath,
the IRI from the K.J. Law Engineers profiler was lower than that obtained by the ICC profiler by
0.13 m/km (8 inches/mi). An investigation of the profile data did not indicate a definitive cause
for the difference in IRI between the profilers. Since there was a reversal in signs for the
difference in IRI for the two wheelpaths as in the previous case, the differences in IRI between
the two profilers at this site were probably cased by variability in the paths followed by the two
profilers.

Southern Region

Figure 43 shows the difference in IRI between the K.J. Law Engineers and ICC profilers at the
sections tested by the Southern profilers as a function of the IRI for the wheelpath.

Differences in the IRI between the K.J. Law Engineers and ICC profilers (K.J. Law IRI — ICC
IRI) that were outside +0.10 m/km (£6 inches/mi) were observed for the following three cases:
(1) left wheelpath of site 48B350 (a difference of 0.17 m/km (11 inches/mi)), (2) right wheelpath
of site 48B350 (a difference of —0.13 m/km (—8 inches/mi)), and (3) right wheelpath of site
485253 (a difference of 0.11 m/km (7 inches/mi)). The data recorded by the ICC profiler could
not be converted to obtain the 25-mm (1-inch) data, thus, a comparison of the profiles between
the ICC and K.J. Law Engineers profilers could not be performed.
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Figure 43. Differences in IRI between the K.J. Law Engineers and ICC profilers:
Southern region.

At site 48B350, the IRI from the K.J. Law Engineers profiler was higher than that obtained by
the ICC profiler by 0.17 m/km (11 inches/mi) along the left wheelpath; however, along the right
wheelpath, the IRI from the K.J. Law Engineers profiler was lower than that obtained by the ICC
profiler by 0.13 m/km (8 inches/mi). Since the difference in the IRI between the two profilers
had opposite signs for the left and right wheelpaths, variability in the paths followed by the two
profilers is a likely cause of the difference in the IRI between the two profilers.

Western Region

Figure 44 shows the difference in IRI between the K.J. Law Engineers and ICC profilers at the
sections tested by the Western profilers as a function of the IRI for the wheelpath.

Differences in IRI between the K.J. Law Engineers and ICC profilers (K.J. Law IRI — ICC IRI)
that were outside £0.10 m/km (+6 inches/mi) were observed for the following three cases:

(1) left wheelpath of site 320209 (a difference of -0.18 m/km (11 inches/mi)), (2) right wheelpath
of site 320209 (a difference of -0.15 m/km (—10 inches/mi)), and (3) right wheelpath of site
067454 (a difference of 0.13 m/km (8 inches/mi)).

Site 320209: The IRI from the K.J. Law Engineers profiler was lower than that obtained by the
ICC profiler by 0.18 m/km (11 inches/mi) and 0.15 m/km (10 inches/mi) along the left and right
wheelpaths, respectively. The two profilers measured this section on different dates. An
evaluation of the profile data indicated that the amount of slab curling present when the ICC
profiler profiled the section was slightly higher than the curling that was present when the site
was profiled by the K.J. Law Engineers profiler. The higher IRI obtained by the ICC profiler is
attributed to higher slab curling.
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Figure 44. Differences in IRI between the K.J. Law Engineers and ICC profilers: Western region.

Site 067454: The IRI from the K.J. Law Engineers profiler was higher than that obtained by the
ICC profiler by 0.13 m/km (8 inches/mi) along the right wheelpath. Each profiler conducted nine
runs on this section. The right-wheelpath IRI from the ICC profiler for these runs ranged from
2.17 t0 2.39 m/km (138 to 152 inches/mi), while the IRI from the K.J. Law Engineers profiler for
the same wheelpath ranged from 2.31 to 2.48 m/km (146 to 157 inches/mi). As seen from these
values, there is some overlap in the IRI values obtained by the two profilers. Analysis of the
profile data did not indicate a clear reason why the K.J. Law Engineers profiler IRI would be
higher. Variability in the profiled paths may be a reason why the IRI values were different
between the devices.

Cross Correlation of IRI

The 25-mm (1-inch) profile data collected by the two North Central profilers during the 2002
regional verification test were used in this analysis. The first profile run conducted by each
profiler at the test sites was selected for analysis. The T-6600 profiler was considered to be the
“correct” device and, thus, the analysis will indicate how well the ICC profiler reproduced the
results obtained by the T-6600 profiler. No markings were present at the test sections, and the
driver of each profiler visually judged the location of the wheelpaths when profiling the test
sections. Any variations in the profiled paths between the two profilers will result in lower cross-
correlation values. The results from the cross-correlation analysis are presented in table 7.

Good cross-correlation values were obtained for the T-6600 and ICC profilers, which indicate
good agreement in IRI magnitude and IRI distribution between the two profilers. It should be
noted that other combinations of runs used for cross-correlation analysis could give different
results.
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Table 7. Results of cross correlation between the K.J. Law Engineers T-6600 and ICC profilers.

Site IRI (m/km) Cross Correlation
Left Wheelpath | Right Wheelpath Left Right
K.J. Law ICC | K.J. Law | ICC | Wheelpath| Wheelpath
1: Asphalt 1.05 0.96 1.19 1.20 0.81 0.94
2: Asphalt 2.71 2.86 2.87 2.72 0.91 0.91
3: Concrete 1.11 1.10 1.18 1.19 0.82 0.80
4: Concrete 4.02 4.11 4.14 4.19 0.91 0.93
5: Chip Seal 3.39 3.01 3.85 4.00 0.78 0.85

1 m/km = 5.28 ft/mi

ANOVA and Regression Analysis of IRI

An ANOVA was performed using the IRI data obtained from the 2002 regional verification test.
There were 23 sites used for testing, and this provided data for 46 cases (23 sites x 2 wheelpaths
per site) where an IRI comparison could be performed for the K.J. Law Engineers and ICC
profilers. For each case, IRI values for five repeat runs were available for both the ICC and K.J.
Law Engineers profilers. The ANOVA indicated that the profilers were not significant at a
significance level of 0.05.

A regression analysis was performed for the IRI from the T-6600 and ICC profilers. The IRI for
the five runs that were selected at each section to compute the average IRI value for the IRI
comparison of the two profilers were used in the regression. This provided 230 pairs of data for
the regression (i.e., 23 sections x 2 wheelpaths x 5 repeat runs). The following relationship was
obtained from the regression:

IRI (ICC) = 1.006 IRI (K.J. Law) — 0.018 -

where:

e [RI(ICC)=IRI from ICC profiler for a wheelpath (m/km).
e [RI(K.J. Law) =IRI from K.J. Law Engineers T-6600 profiler for a wheelpath (m/km).
e R’= 0.96, standard error = 0.17.

The regression equation indicated very good agreement in IRI between the two profilers.
EFFECTS OF APPLYING A MOVING AVERAGE ONTO PROFILE DATA

The DNC 690 profilers collected profile data at 25.4-mm (1-inch) intervals and then applied a
304.8-mm (12-inch) moving average onto the data and recorded profile data at 152.4-mm (6-
inch) intervals. Profile data collected at 25-mm (1-inch) intervals at LTPP test sections are

available for both the T-6600 and ICC profilers. However, currently, in the LTPP program, these
25-mm (1-inch) profile data are processed using the ProQual software, which applies a 300-mm
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(11.8-inch) moving average onto the 25-mm (1-inch) profile data, and extracts profile data at
150-mm (5.9-inch) intervals. The IRI values for the LTPP sections are computed using this
averaged data, and the averaged data are uploaded to the LTPP database.

The application of the 300-mm (11.8-inch) moving average onto the 25-mm (1-inch) data
attenuates very short-wavelength features that are present in the profile, and can also distort
profile features that are actually present in the pavement. The averaged profile can show features
that do not actually appear in the pavement, while not showing features that are actually present
in the pavement. In this section, several examples that show the distortion caused in profile
features by the application of the moving average are presented.

Faulted Pavement

Figure 45 shows how the application of the moving average distorts the profile data collected
over a fault. This figure shows the 25-mm (1-inch) interval data collected by the North Central
T-6600 profiler over a faulted crack at the rough PCC section during the 1996 profiler
verification study. The averaged data also are shown in this figure. The 25-mm (1-inch) data
clearly define the fault, which is about 13 mm (0.5 inches). However, the application of the
moving average makes the fault appear as a ramp, where there is a gradual change in elevation of
about 7 mm (0.3 inches) that occurs over a distance of 0.3 m (1 ft). As seen in this example, the
application of the moving average distorts the profile and shows a feature that does not actually
exist on the pavement.
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Figure 45. Profile distortion caused by the application of a moving average onto data collected
over a fault.

Effects of Downward Features

The rough AC section that was used in the 2003 LTPP profiler comparison conducted in
Minnesota had cracks that had been patched full width across the lane. Figure 46 shows the
profile data obtained by the North Atlantic ICC profiler over such a patched crack. The figure
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shows the 25-mm (1-inch) data and the averaged data after the 25-mm (1-inch) data were
processed using ProQual. The 25-mm (1-inch) data indicate that the patched crack is about 9 mm
(0.4 inches) deeper than the adjacent pavement area. The application of the moving average onto
the 25-mm (1-inch) data causes the depth of the patched crack to be reduced.
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Figure 46. Profile distortion caused by the application of a moving average onto data collected
over a patched crack.

Figure 47 shows the 25-mm (1-inch) data and the averaged 150-mm (5.9-inch) interval data at
the chip-seal section that was used in the 2003 LTPP profiler comparison. These data were
collected by the North Atlantic ICC profiler. The 25-mm (1-inch) data show a crack that is at a
distance of about 0.9 m (3 ft) as a sharp and narrow downward feature. However, the averaged
data distorts the shape of the crack and makes the crack appear as a dip that is spread over a
much wider length. The small variations between the profile data points that are seen in the

25-mm (1-inch) data are not seen in the averaged data. These variations are smoothed out by the
application of the moving average.
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Figure 47. Profile distortion caused by the application of a moving average onto data collected
over a crack.

Figure 48 shows profile data collected by the Western ICC profiler at site 3, which is a concrete
section, during the 2003 profiler comparison in Minnesota. This figure shows both the 25-mm
(1-inch) data and the averaged data after the 25-mm (1-inch) data were processed using ProQual.
The 25-mm (1-inch) data clearly show the locations of the joints in the concrete pavement as
downward spikes that occur at regular intervals. However, these features are not seen in the

averaged profile because the averaging process attenuates the sharp downward features seen at
the joints.
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Figure 48. Application of a moving average onto data collected for a concrete pavement.

Effects of Sharp Upward Features

Figure 49 shows a portion of the profile data collected by the North Central T-6600 profiler at
section 3, which is a PCC section, during the 1996 regional verification test. The figure shows
the 25-mm (1-inch) data and the averaged data after ProQual had processed the 25-mm (1-inch)
data. The profile contains a sharp upward feature about 2.5 mm (0.1 inch) in height near 62 m
(203 ft). The application of the moving average eliminates this feature. The application of a
moving average onto a sharp upward feature that has a greater magnitude than the shown feature
will cause the feature to appear in the averaged data as a feature that has a much lesser
magnitude that is spread out over a much greater distance than the actual feature. The profile
shown in figure 49 also shows a narrow downward feature between 65 and 66 m (213 and

216 ft). This feature also does not appear in the averaged data.

Smooth Asphalt Pavement

Figure 50 shows a plot that contains profile data at 25-mm (1-inch) intervals, and the same data
after it had been processed using ProQual. The profile shown in figure 50 contains data collected
by the Western profiler along the left wheelpath at the smooth AC site during the 2003 LTPP
profiler comparison. This pavement section is a smooth pavement, and there is no distress within
the limits of the profile plot shown in figure 50. Both the 25-mm (1-inch) data and the averaged
150-mm (5.9-inch) data overlay well, except that the small spike seen at 16 m (52 ft) does not
appear in the averaged data.
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Figure 49. Application of a moving average onto a profile containing a sharp upward feature.
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Figure 50. The 25-mm (1-inch) data and 150-mm (5.9-inch) averaged data from a smooth

AC section.

Figure 51 shows the same data, but with the two profiles being offset. The averaged 150-mm
(5.9-inch) interval profile does not show the profile details that are seen in the 25-mm (1-inch)
data. The averaged profile shows a smoothened profile, with the profile details that are seen in
the 25-mm (1-inch) data being eliminated by the moving average.
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SUMMARY OF THE FINDINGS

Data recorded by inertial profilers do not accurately portray very narrow features such as cracks
or joints in PCC pavements because of the low-pass filtering that is performed on the data.
Evaluation of 25-mm (1-inch) data collected by both the T-6600 and ICC profilers over a joint in
a PCC pavement showed that the joint appeared in the profile as a feature that was spread over a
distance of 75 mm (3 inches), when the width of the joint was actually closer to 10 mm

(0.4 inches). Although 25-mm (1-inch) interval data are collected by both the T-6600 and ICC
profilers, the height sensors in the profilers collect data at much closer intervals and then average
the data when computing profile data at 25-mm (1-inch) intervals. This causes the magnitude of
a narrow feature that is recorded in the profile to be less than the actual magnitude, and also
causes it to be spread out over a much wider distance than the actual feature. The application of
an anti-aliasing filter onto the profile data can also have the same effect.
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Figure 51. Offset profile plot of 25-mm (1-inch) data and averaged 150-mm (5.9-inch) data
collected from a smooth AC pavement.

Since the DNC 690 profiler recorded profile data at 152.4-mm (6-inch) intervals, when
comparing data from the T-6600 profiler with the DNC 690 profiler, only the 150-mm (5.9-inch)
interval ProQual-processed data from the T-6600 profiler can be used to perform a meaningful
comparison. Comparison of the profile plots for the two profilers showed good agreement,
although there were some differences between the profiles for sections that had significant long-
wavelength content. This difference is attributed to the different long-wavelength cutoff filter
values used for the two profilers (91 m (300 ft) for the DNC 690 profiler and 100 m (328 ft) for
the T-6600 profiler). An evaluation of the profile data indicated that the long-wavelength cutoff
filtering technique used in both the DNC 690 and T-6600 profilers appears to be similar. There
was very good agreement in IRI values for the DNC 690 and T-6600 profilers.

Since 25-mm (1-inch) interval data were available for both the T-6600 and ICC profilers, a
comparison of 25-mm (1-inch) interval data for the two profilers could be performed. Evaluation
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of the profile data using PSD plots indicated that there was good agreement in the profile data for
the two profilers for wavelengths between 1 and 40 m (3 and 131 ft). For wavelengths less than

1 m (3 ft), the ICC profiler usually showed a higher wavelength content than the T-6600 profiler.
This is attributed to the smaller footprint of the ICC profiler, which probably caused more texture
effects and the higher magnitude of narrow features to be recorded. For wavelengths greater than
40 m (131 ft), the T-6600 profiler recorded more wavelength content than the ICC profiler. This
is attributed to differences in the long-wavelength filtering techniques that are used by the two
profilers. When ProQual-processed data for the two profilers were compared using a PSD plot,
only the differences at the higher wavelengths will be seen, with good agreement being obtained
between the two profilers for wavelengths less than 1 m (3 ft). This occurs because the
application of the moving average attenuates the short-wavelength features. Good agreement in
IRI, which is primarily influenced by wavelengths between 1 and 30 m (3 and 100 ft), was
obtained for data collected by the ICC and T-6600 profilers.

In the LTPP program, the 25-mm (1-inch) data obtained from the T-6600 and ICC profilers are
processed using ProQual. ProQual applies a 300-mm (11.8-inch) moving average onto the
25-mm (1-inch) data and extracts data at 150-mm (5.9-inch) intervals, and these data are
uploaded to the LTPP database. The application of the moving average onto the 25-mm (1-inch)
data attenuates features with wavelengths less than 1 m (3 ft). Detailed profile features cannot be
observed in the ProQual-processed data because of this effect. The moving average can also
distort the profile data, with the averaged data showing features that are not actually present in
the pavement, while eliminating features that are actually present.
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CHAPTER 6: DIFFERENCES BETWEEN DIPSTICK AND PROFILER IRI

INTRODUCTION

In this chapter, a description of the factors that cause IRI obtained from the Dipstick data to
differ from IRI obtained from the profiler data is presented. The range of the difference in IRI
that can occur between Dipstick and profiler IRI, obtained from an analysis of data from past
LTPP comparison studies, also is presented in this chapter.

FACTORS CONTRIBUTING TO DIFFERENCES BETWEEN DIPSTICK AND
PROFILER IRI

There are a variety of factors that can cause IRI obtained from the Dipstick data to differ from
IRI obtained at the same section by an inertial profiler. These factors are:

Sampling qualities of Dipstick.

Variability in the path followed by a profiler.

Features recorded by the profiler that are missed or underestimated by Dipstick.
Averaging effects of profiler data.

Dipstick data errors.

IRI computation procedures for Dipstick data.

A description of how each of these factors can contribute to differences in the IRI values
between Dipstick and the profilers is presented in the following sections.

Sampling Qualities of Dipstick

The footpad spacing (i.e., the distance between the center of the footpads) for Dipstick and the
footprint of Dipstick (the area covered by a footpad) affect the measurements obtained by
Dipstick.

The diameter of the footpads in the Dipsticks that are used in the LTPP program is
approximately 32 mm (1.25 inches). The footpad spacing in Dipstick can be adjusted, with the
maximum spacing usually being 304.8 mm (12 inches) or 300 mm (11.8 inches) for devices with
a base plate set to metric units or U.S. customary units, respectively. The footpad spacing of the
Dipsticks that are used in the LTPP program is 304.8 mm (12 inches). In the following
discussion, the footpad spacing of Dipstick is assumed to be set to this value.

Gain Characteristics of Dipstick
Dipstick will have a varying response to sinusoids of different wavelengths. Consider the

response of Dipstick to a sinusoidal road feature located on a road with zero slope that has a
wavelength equal to the footpad spacing of Dipstick as shown in figure 52. No matter where

69



Dipstick is placed on this sinusoid, Dipstick will give a reading of zero, because the two
supporting feet will have the same elevation. Dipstick measurements taken along a roadway that
has such a feature will not capture the feature, and will simply give a straight line for the
elevation profile. In the case of a road with a slope that has such a feature, the Dipstick
measurements will only show the slope of the road, and will not show the sinusoidal feature
present on the road.

Figure 52. Dipstick response to a sinusoid with a wavelength equal to the footpad spacing of
Dipstick.

The response of Dipstick to different wavelengths can be studied by using a gain plot. The
following procedure is used to generate the gain plot:

1. Select a sinusoid that has a specific wavelength and specific amplitude. Assume that the
amplitude of the sinusoid is A.

2. Simulate placing Dipstick at the start of the sinusoid and compute the reading that would
be obtained by Dipstick (i.e., the difference in elevation between the front and back
footpads).

3. Again place Dipstick on the sinusoid so that the current position of Dipstick is slightly

ahead (e.g., 25 mm (1 inch)) of the previous location. Compute the reading that would be
obtained by Dipstick. Repeat this procedure until Dipstick has been placed for all
positions in the sinusoid, covering an entire wavelength.

4. After completing this exercise, use the readings that Dipstick obtained for each Dipstick
position to generate the profile (sinusoid) that was recorded by Dipstick.

5. Divide the maximum amplitude of the generated profile by the amplitude of the sinusoid
that was used to generate this profile (i.e., A) to obtain the gain for that wavelength.
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6. Repeat steps 1 through 5 for different wavelengths.

Note: This is not the procedure that is used when Dipstick is used to obtain measurements. The
exercise was performed to obtain the gain characteristics of Dipstick.

The gain plot that was obtained by the previously described procedure is shown in figure 53. As
discussed previously, the gain is zero for a wavelength of 0.305 m (1 ft). For wavelengths above
0.305 m (1 ft), the gain gradually increases as the wavelength increases. For a wavelength of
0.61 m (2 ft), which is approximately twice the footpad spacing of Dipstick, the gain is 0.63. For
Dipstick to measure an amplitude that is more than 95 percent of the correct amplitude of a
sinusoid, the wavelength of the sinusoid should be more than 2 m (7 ft). As shown in figure 53,
the footpad spacing of Dipstick will also cause it to underestimate wavelengths that are shorter
than the footpad spacing.
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Figure 53. Gain plot of Dipstick.
Sampling Interval

Sampling data at discrete intervals limits the range of wavelengths that may be recognized. A
common rule that is used to characterize the sampling effect is the Nyquist Sampling Theorem.
This theorem states that the highest frequency that can be accurately represented from discretely
sampled data is less than one-half of the sampling rate. For this statement of the theorem, the
sampling rate is expressed in samples per second. When it is restated for road profiles, the
theorem indicates that the shortest wavelength that can be represented by discretely sampled data
is longer than twice the sampling interval. Applying this rule to a Dipstick with a footpad
spacing of 0.305 m (1 ft) indicates that wavelengths shorter than 0.61 m (2 ft) will not be
represented in the measurements obtained with Dipstick.
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The sampling interval of Dipstick also may cause features with wavelengths shorter than twice
the sampling interval to contaminate the measurement of longer wavelength features through a
process called aliasing. Aliasing occurs when short-wavelength features are inadvertently
interpreted to be longer wavelength features. For example, consider a sinusoid with a wavelength
that is 11 percent longer than the sampling interval of Dipstick, as shown in figure 54. The first
sample detects the highest point in the sinusoid; however, each successive point misses the peak
by a progressively greater distance. The consequence is a gradual transition from the peak level
to the valley over a long distance. Thus, a Dipstick having a sampling interval of 0.305 m (1 ft)
that is measuring a sinusoid with a wavelength of 0.339 m (1.1 ft) would obtain a sinusoid of
roughly equal amplitude, but having a wavelength of 3.05 m (10 ft).

Figure 54. An example of aliasing.

In cases where the wavelength of the sinusoid is shorter than the sampling interval of Dipstick, a
much longer wavelength than that actually present also will appear in the measurement. For
example, a sinusoid with a wavelength that is 10 percent shorter than the sampling interval
would also be misinterpreted as a feature with a wavelength of about 3.05 m (10 ft). On the other
hand, features with wavelengths that are just shorter than double the sampling interval will be
aliased into features with wavelengths that are just longer than twice the sampling interval.

The way to avoid aliasing errors is to sample much more often than the shortest wavelength of
interest, then apply a low-pass filter to remove the contents within the signal that are not of
interest. However, such a procedure cannot be used with the Dipstick. The overall consequence
of aliasing by Dipstick is that contents within the profile in a wavelength range shorter than 0.61
m (2 ft) are “folded” into the longer wavelength range. This causes an upward bias in the IRI
value by artificially increasing the contents within the profile that fall within the wavelength
range that affects IRI. The precise level of upward bias depends on the properties of the road
surface, and this effect is much greater on pavement with a high level of megatexture or coarse
macrotexture.

The probable effect of aliasing on IRI for a sampling interval of 0.3 m (1 ft) was estimated in a
recent study of profile sampling procedures.” This study showed that the upward bias in IRI
because of aliasing is probably on the order of 7 to 9 percent. The probable error level in this
study was estimated by decimating profiles collected with the FHWA PRORUT profiler at two
test sections. It should be noted that the treatment of very short road features by the feet of
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Dipstick might be different than the procedure used by the sensor footprint of the profiler. The
anti-aliasing that had been used for the profile that was used in the study may impact the
conclusions of that study. It should also be noted that data from only two sites were used in this
analysis. Therefore, the 7 to 9 percent error level is only a rough estimate.

Dipstick Footprint

Dipstick contacts the pavement at two locations (spaced 304.8 mm (12 inches) apart) with rigid
circular feet that are approximately 32 mm (1.25 inches) in diameter. The feet are attached to the
base of Dipstick with a ball joint so that the footpads are most likely to rest upon the three
highest points within the footprint of the footpad. An important property of this type of footprint
is the ability to bridge over narrow cracks and rest on small pieces of protruding aggregate. If the
macrotexture is not very deep, the footprint may serve as a mechanical filter that removes the
potential for aliasing error caused by wavelengths on the order of 32 mm (1.25 inches) and
shorter.

Variations in the Path Followed by the Profiler

During profiler comparison studies, Dipstick measurements at test sections are performed along
the two wheelpaths. In LTPP comparison experiments, the wheelpaths are laid out so that each
wheelpath is at a distance of 0.826 m (2.7 ft) from the center of the lane.) Where wheelpaths are
easily identified, the midway point between the two wheelpaths is defined to be the center of the
lane. If the wheelpaths cannot be clearly identified, but the two lane edges are well defined, the
center of the travel lane is considered to be midway between the lane edges. Chalk lines are laid
out along the wheelpaths when performing Dipstick measurements.

The wheelpaths were marked with paint dots at all sections during the 1991 and 2003 LTPP
profiler comparisons, while two sections used for the 2000 LTPP profiler comparison had the
wheelpaths marked. The paint dots provided a guide so that the driver could align the profiler
along the wheelpaths when profiling the test sections. During other LTPP profiler comparisons,
the drivers had to judge the location of the wheelpath when profiling the test sections.

If the profiler driver does not align the profiler along the wheelpaths, the longitudinal path that is
followed by the sensors in the profiler will be different from the path where Dipstick
measurements were obtained. Also, if the profiler driver does not consistently follow the
wheelpaths within the section, but has some lateral wander, this will result in differences in the
paths measured by the profiler and Dipstick. Both of these conditions can cause IRI obtained
from profiler measurements to differ from that obtained from Dipstick measurements. A
discussion of lateral wander and the effects on IRI were presented in chapter 5. As shown in
table 3, at some sections, lateral wander can have a significant effect on IRI.

Figure 55 shows the 10-m (33-ft) base-length roughness profiles for the left wheelpath obtained
for nine repeat runs performed by the Western profiler at test section 1, which is a smooth AC
section, during the 2003 LTPP profiler comparison in Minnesota. The roughness profiles overlay
very well, with the IRI for the entire section for the nine runs ranging from 1.29 to 1.33 m/km
(82 to 84 inches/mi). The roughness profiles imply that either the profiler driver followed the
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same path for all nine runs or that minor variations in the wheelpath during profiling did not
affect IRI.

10-m Roughness Profiles
3.0

25 Ay

2 - O Né \\V A I

F\ 4
1.0 ’%ﬁ M A

0.5

)
~

IRI (m/km

0.0 ‘ T

0 20 40 60 80 100 120 140
Distance (m)

I m=3.28ft
1 m/km = 5.28 ft/mi

Figure 55. Roughness profiles for nine runs that show good agreement.

Thus, if the driver was tracking the wheelpath correctly, close agreement between profiler IRI
and Dipstick IRI is expected at this site. However, the Dipstick IRI for the left wheelpath was
1.17 m/km (74 inches/mi), which is less than the IRI obtained from the profiler data. A
comparison of the roughness profiles obtained by the profiler and Dipstick showed that the
roughness profiles were different in a few localized areas. An evaluation of the profiles indicated
that the profiler data had a deep narrow feature that was not captured by the Dipstick
measurements, and omission of this feature in the Dipstick data was the primary reason why the
IRI from the Dipstick data was lower than the IRI from the profiler data for this section.

Figure 56 shows the 10-m (33-ft) base-length roughness profiles along the right wheelpath for
two runs of the Western profiler at test section 1, which is a smooth AC section, during the 2003
LTPP profiler comparison that was held in Minnesota. The two roughness profiles show good
agreement, except at three high roughness locations: (1) between 40 and 50 m (131 and 164 ft),
(2) between 60 and 75 m (197 and 245 ft), and (3) between 85 and 100 m (279 and 328 ft). IRI
for the two runs shown in this figure are 1.62 m/km (103 inches/mi) for run 4 and 1.79 m/km
(113 inches/mi) for run 2. The difference in the IRI between the two runs occurs because of
differences in the pavement features that are measured during the two runs within the three rough
areas that were described previously. Therefore, variations in the path profiled at this site can
have a significant influence on the IRI obtained for the right wheelpath. At sites having such
characteristics, variations in the path profiled by the profiler compared to the path where
Dipstick data were collected can cause significant differences between profiler IRI and Dipstick
IRI.

Figure 57 shows 10-m (33-ft) base-length roughness profiles for a single run by the North

Atlantic, North Central, and Western profilers along the left wheelpath of section 4, which is a
PCC section that was used for the 2003 LTPP profiler comparison.
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Figure

56. Roughness profiles for two profile runs that show variations.

35 10-m Roughness Profiles
30 | N. Atlantic
4/N. Central
__ 251 _
g 20 | N. Atlantic
IS —N. Central
~ 1.5 - a West
"4 —— Westemn
= 1.0 {2 ./
Vo
0.5 Western
0.0
0 25 50 75 100 125 150
Distance (m)
I m=3.28ft

1 m/km = 5.28 ft/mi

Figure 57. Roughness profiles along the left wheelpath for three profilers.

The roughness profiles from the three profilers agree well with each other throughout the section,
except between 25 and 40 m (82 and 131 ft). This indicates that variations in the path followed
by the three profilers within these limits are causing differences in the pavement features that are
measured. This will cause different IRI values to be obtained for this wheelpath by the three
obtained by the three profilers will differ from that obtained by Dipstick.

profilers. Thus, IRI

Features Recorded by the Profiler That Are Missed or Underestimated by Dipstick
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Dipstick obtains measurements at 304.8-mm (12-inch) intervals and is equipped with footpads
that are 32 mm (1.25 inches) in diameter. The profilers that have a recording interval of 25 mm
(1 inch) will record 12 measurements within the distance between the Dipstick footpads. Thus,
Dipstick can miss features that are measured by a profiler.

In addition, Dipstick will not measure narrow cracks or joints in a PCC pavement when a
Dipstick footpad is placed over such a feature, since the footpad will bridge over such features.
However, a profiler will measure such features. When computing IRI, the IRI algorithm will
treat a narrow downward feature the same as if that feature were upward. Features missed
because of the footpad spacing and bridging over of narrow downward features can cause IRI
obtained from Dipstick measurements to be less than that obtained from profiler measurements.

Figure 58 shows profile plots for (1) data collected along the left wheelpath at section 5 (chip-
seal section) during the 2003 LTPP profiler comparison by the North Atlantic ICC profiler at
25-mm (1-inch) intervals, (2) the same data after being processed using ProQual (i.e., moving
average applied), and (3) data collected by Dipstick after all data sets have been subjected to a
3-m (10-ft) high-pass filter. When the 25-mm (1-inch) profile data are processed using ProQual,
the depth of the cracks in the resulting averaged profile will be attenuated. Also, narrow cracks
that appear in the 25-mm (1-inch) data will be more spread out, and can appear as a slight dip
rather than a narrow crack.
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Figure 58. Measurement of cracks by a profiler and Dipstick.

At a distance of 120.5 m (395 ft), there is a crack in the pavement that is seen in the profile data;
however, this crack is not seen in the Dipstick data, either because the Dipstick footpad bridged
the crack or the crack was between the contact points of the Dipstick footpad. Sometimes the
pavement area adjacent to a crack has a slight dip because of settlement close to the crack. If the
footpad of Dipstick falls within this settled area, the Dipstick profile will show a slight dip at
such locations. The Dipstick profile shown in figure 58 does show a slight dip close to many
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crack locations. However, as seen at a distance of 135 m (443 ft), the depth of the dip that is seen
in the Dipstick profile is much less than that seen in the profile data.

Figure 59 shows 3-m (10-ft) high-pass filtered profile plots for data collected along the right
wheelpath at section 1 (smooth AC section) during the 2003 LTPP profiler comparison by
Dipstick, the Western ICC profiler at 25-mm (1-inch) intervals, and the 25-mm (1-inch) data
after being processed using ProQual (i.e., moving average applied to the data). The 25-mm
(1-inch) profile data show a narrow downward feature that has an approximate depth of 10 mm
(0.4 inches). The averaged 150-mm (5.9-inch) data show that applying the moving average onto
the 25-mm (1-inch) data reduces the depth of this feature, and causes the feature to spread out
over a much wider distance. The Dipstick data does capture this feature; however, the depth that
it records for the feature is less than the depth of the feature that is seen in both the 25-mm
(1-inch) and 150-mm (5.9-inch) data.
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Figure 59. Measurement of a downward feature by a profiler and Dipstick.

The missing of features by Dipstick as illustrated in figure 58, and the underestimation of the
depth of downward features by Dipstick as illustrated in figures 58 and 59, will cause IRI
obtained from Dipstick data to be lower than IRI obtained from the profiler data.

Averaging Effects of Profiler Data

In the LTPP profiler comparison studies, the IRI values for profile data obtained from the
profilers were computed using the ProQual software. Data from the DNC 690 profilers were
recorded at 152.4-mm (6-inch) intervals, and a moving average had been applied to this data by
the profiler software before the data were recorded. When computing IRI values for the

DNC 690 data, the data available at 152.4-mm (6-inch) intervals was used by ProQual. Data
obtained at 25-mm (1-inch) intervals are available for both the T-6600 profilers and the ICC
profilers. When ProQual computes IRI values for data obtained by these profilers, a 300-mm
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(11.8-inch) moving average is first applied to the data, then profile data points that are at
150-mm (5.9-inch) intervals are extracted and the IRI is computed using this averaged data.

The effects of application of the moving average onto the 25-mm (1-inch) data were discussed in
chapter 5. The averaged profile obtained from the profiler data that are used for computation of
IRI by ProQual is an artificial profile, and this profile may not actually exist on the road.
However, when measurements are performed with Dipstick, readings will be obtained on the
actual profile of the road. For example, consider the profiles shown in figure 60 that show the
25-mm (1-inch) profile data, and the profile obtained after ProQual has processed the 25-mm
(1-inch) data. When computing IRI for profile data, the 150-mm (5.9-inch) interval profile,
which is an artificial profile, is used. However, when Dipstick obtains readings, the footpads of
Dipstick will rest on the actual profile of the pavement, and not on the artificial profile that is
defined by the 150-mm (5.9-inch) interval profile. Thus, this difference in the profiles between
the profiler data and the Dipstick data can result in differences in the IRI values.
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Figure 60. Illustration of artificial profile used by ProQual for computing IRI.

For asphalt-surfaced pavements without distress, the difference between the averaged profile
computed using ProQual and the profile defined by the 25-mm (1-inch) data will be very minor,
and the two profiles may actually coincide. However, in new PCC pavements, there could be
differences between these two profiles at the joints. The 25-mm (1-inch) profile will show the
joint as a downward feature; however, this feature may not be seen in the averaged profile
computed using ProQual, since it is smoothed out when the moving average is applied. On
pavements that have distress, there could be significant differences between the 25-mm (1-inch)
interval profile and the 150-mm (5.9-inch) interval averaged profile.

Dipstick Data Errors

In the LTPP program, when longitudinal Dipstick measurements are performed, the Dipstick
readings are recorded on a form. Afterwards, these readings are entered into ProQual to compute
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the IRI. After Dipstick measurements are performed in the field, a closure error computation is
performed as a data quality check.” Although this procedure does provide a check on the data
quality, it is always possible for errors during measurement to occur, yet the closure error may be
within the acceptable value. Also, multiple errors may occur that compensate for each other and
cause the closure error to be within the acceptable value.

Figure 61 shows the 10-m (33-ft) base-length roughness profiles obtained along the left
wheelpath at site 5 (chip-seal section) during the 2003 LTPP profiler comparison for a run by the
Western profiler and Dipstick. There are differences between the two roughness profiles, with
Dipstick showing much higher roughness than the profiler between 20 and 30 m (66 and 100 ft).
This indicates that Dipstick is capturing a feature between these limits that is causing a high
roughness, and this feature is not appearing in the profile data collected by the profiler.
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Figure 61. Left-wheelpath 10-m (33-ft) base-length roughness profiles for profiler and
Dipstick at site 5.

Figure 62 shows the 10-m (33-ft) high-pass filtered profiles of the profiler and Dipstick at this
site from the start of the section to a distance of 50 m (164 ft). This figure shows that at an
approximate distance of 22 m (72 ft), a sharp upward feature is seen in the Dipstick profile;
however, this feature does not appear in the profile recorded by the profiler. This is the feature
that caused the Dipstick roughness profile to show a higher value than the profiler roughness
profile between the limits of 20 and 30 m (66 and 100 ft). This particular feature did not appear
in any of the profile data collected by all of the profilers at this site.

Since this feature did not appear in the profile data collected by any profiler, the sharp upward
nature of the feature indicates that it is most likely an erroneous data point. The possible reason
for this feature appearing in the Dipstick data is either: (1) an incorrect reading being recorded at
that location in the field, (2) an incorrect reading at that location being entered into ProQual, or
(3) a Dipstick malfunction occurring at that location.
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Figure 63 shows a portion of the right-wheelpath profile that was recorded by Dipstick and a
profiler at site 1 (smooth AC section) during the 2003 LTPP profiler comparison. Both profiles
have been subjected to a 10-m (33-ft) high-pass filter, and the profiles have been offset for
clarity. At a distance of about 145 m (476 ft), the Dipstick profile shows a sudden drop in
elevation; however, this feature is not seen in the profile recorded by the profiler. None of the
profile runs for any of the profilers showed this feature in the profile. It is most likely that this
feature in the Dipstick profile was caused by one of the factors that were described previously for

the previous example. The inclusion of this feature in the Dipstick profile will cause an increase
in the IRI for the Dipstick data.
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Figure 62. Left-wheelpath profiles for profiler and Dipstick at site 5.
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Figure 63. Right-wheelpath profiles for profiler and Dipstick at site 1.
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At the start of the LTPP program, the data collection procedures that were employed for Dipstick
data collection were different from the current procedures. In those procedures, measurements
along a wheelpath were performed from the start of the section to the end of the section and,
thereafter, measurements were made back along the same path to end at the start of the section.
These procedures provided two profiles for a wheelpath, and if an error was suspected, the
forward and return runs could be compared to determine whether there were differences. The
current Dipstick data collection procedures where measurements are performed along a loop
were adopted to save the time required to perform Dipstick measurements (and the time required
was cut in half). However, the disadvantage of these procedures is that since only one profile is
available for a wheelpath, there is no way to check whether a potentially incorrect data point is
indeed incorrect.

The two examples shown in this section illustrate errors that can occur during Dipstick data
collection. Such errors can occur because of a data recording error, an error during data entry, or
a malfunction of Dipstick. If such errors occur, they will cause an upward bias in the IRI
computed from the Dipstick data.

IRI Computation Procedure for Dipstick Data

In the LTPP program, the IRI values of a profile obtained from Dipstick measurements are
computed using the ProQual software.”¥ The procedure used by the ProQual software to
compute the IRI values from Dipstick elevation data was described in chapter 2. As described in
that chapter, the Dipstick elevation profile is rotated to obtain an additional distance of 152.4 m
(500 ft) before the section, the entire profile is filtered with the upper-wavelength cutoft filter
used in the profiler, and then the portion of the profile corresponding to the test section is
extracted from the filtered profile and the IRI is computed using this extracted profile.

The correct method to accurately compute the IRI from the Dipstick data is to apply the IRI
algorithm to the actual elevation profile that is obtained from the Dipstick data, and not to a
filtered Dipstick profile. The analysis of the data from the LTPP profiler comparison conducted
in 2003 indicated that there was a slight difference in IRI values obtained when the same
Dipstick elevation profile was processed using ProQual and RoadRuf. The RoadRuf software
uses the IRI computation procedure documented in American Society for Testing and Materials
(ASTM) Standard E1926-98 (2003).*” RoadRuf does not perform any prefiltering of the
Dipstick data before computing the IRI. Table 8 presents the IRI values obtained for four test
sections in the 2003 LTPP comparison using ProQual and RoadRuf. The IRI computed using
ProQual were slightly higher than that computed using RoadRuf for all of the cases by amounts
varying from 0.02 to 0.08 m/km (1.3 to 5.1 inches/mi). For all practical purposes, differences of
these magnitudes can be considered to be negligible. However, for LTPP comparison studies
where one criterion that is being evaluated is to determine whether the profiler IRI is within 0.16
m/km (10 inches/mi) of the IRI obtained from Dipstick, the magnitude of the IRI differences
shown in table 8 can make the difference between either satisfying or failing the criterion. There
was perfect agreement in the IRI values that were computed for the profiler data using ProQual
and RoadRuf. Therefore, a possible reason for the discrepancy in Dipstick IRI values between
RoadRuf and ProQual may be the filtering that is performed on the profile data before ProQual
calculates IRI.

81



Table 8. IRI values for Dipstick data computed using ProQual and RoadRuf.

Section (Wheelpath|  Dipstick IRI (m/km) | Difference in IRI'
ProQual RoadRuf (m/km)
2 Left 2.88 2.80 0.08
3 Left 0.90 0.88 0.02
4 Left 1.35 1.32 0.03
5 Left 2.29 2.24 0.06
2 Right 2.87 2.79 0.08
3 Right 1.00 0.99 0.00
4 Right 1.68 1.64 0.03
5 Right 2.70 2.63 0.07
! Difference in IRI = ProQual IRI — RoadRuf IRI

1 m/km = 5.28 ft/mi

DISCUSSION OF DIFFERENCES IN IRI BETWEEN DIPSTICK AND THE
PROFILERS

As described in the previous section, differences between profiler IRI and Dipstick IRI can occur
because of a variety of factors. In some cases, the different errors compensate for each other and
cause the profiler IRI and Dipstick IRI to agree well with each other.

Figure 64 shows the 10-m (33-ft) base-length roughness profiles along the right wheelpath at
section 2 (rough AC section) used in the 2003 LTPP profiler comparison for Dipstick and one
run from the Western profiler. IRI from the profiler run and the Dipstick measurements were
2.77 and 2.79 m/km (176 and 177 inches/mi), respectively. When the overall IRI value for the
section is considered, the profiler IRI and Dipstick IRI are virtually identical. As seen in

figure 64, the roughness profiles for the profiler and the Dipstick overlay very well, with only
some minor deviations noted at some localized area. The roughness profiles show that both the
profiler and Dipstick are sensing the same roughness in terms of IRI throughout the section.
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Figure 64. Roughness profiles for a profiler and Dipstick showing good agreement in
roughness distribution.

Figure 65 shows the 10-m (33-ft) base-length roughness profiles for the same wheelpath of the
same section for Dipstick and one run for the Southern profiler. The IRI for the profiler run and
the Dipstick measurements were 2.70 and 2.79 m/km (171 and 177 inches/mi), respectively.
When the overall IRI value for the section is considered, the profiler IRI and Dipstick IRI agree
very well with each other. However, the agreement in the roughness profiles for the profiler and
Dipstick is not as good as the agreement that was seen for the previous example. There are
several locations where noticeable differences in the roughness profiles are seen. At some
locations, the profiler sees higher roughness than Dipstick, while at other locations, Dipstick sees
higher roughness than the profiler. However, when the overall roughness for the section is
evaluated, these differences compensate for each other, and the overall roughness as measured
by the profiler and Dipstick agree very well with each other.
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The cross-correlation technique is a method that can be used to judge the agreement in IRI and
the agreement in spatial distribution of IRI between two devices. The data collected for the 2003
LTPP profiler comparison by the North Atlantic and Western profilers were used with the
Dipstick data to calculate cross correlation for IRI between the profilers and Dipstick. In this
analysis, Dipstick was considered to be the correct device, and the analysis will indicate how
well each of these profilers was able to reproduce the IRI obtained from the Dipstick
measurements. The five ProQual-processed profile runs submitted by the North Atlantic and
Western regions were used to calculate the cross correlation with Dipstick. The results of this
analysis are presented in tables 9 and 10 for the left and right wheelpaths, respectively.
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Figure 65. Roughness profiles for a profiler and Dipstick showing moderate agreement in
roughness distribution.

Table 9. Results of cross-correlation analysis: Left wheelpath.

Site Profiler Cross Correlation With Dipstick
Run Number Minimum | Maximum | Average
1 2 3 4 5
1: Smooth AC |North Atlantic | 0.84]0.84 | 0.86 | 0.86 | 0.88 0.84 0.88 0.86
Western 0.8210.83]10.83/0.84|0.84 0.82 0.84 0.84
2: Rough AC  |North Atlantic | 0.82]0.82]0.82]0.83|0.87 0.82 0.87 0.83
Western 0.85/0.89]10.89]0.89]0.90 0.85 0.90 0.89
3: Smooth PCC [North Atlantic | 0.78 |0.78 |0.79|0.80 | 0.82 0.78 0.82 0.79
Western 0.8210.82]0.83/0.84|0.84 0.82 0.84 0.83
4: Medium PCC|North Atlantic |0.790.80]0.86 | 0.87 | 0.89 0.79 0.89 0.84
Western 0.8210.8310.84[0.84|0.84 0.82 0.84 0.83
5: Chip Seal ~ [North Atlantic | 0.680.70|0.71|0.72|0.72 0.68 0.72 0.71
Western 0.6910.7010.7210.73]0.73 0.69 0.73 0.71
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Table 10. Results of cross-correlation analysis: Right wheelpath.

Site Profiler Cross Correlation With Dipstick
Run Number Minimum | Maximum | Average
1 2 3 4 5
1: Smooth AC |North Atlantic |0.68|0.680.69|0.74|0.74 0.68 0.74 0.70
Western 0.62]0.65]0.70(0.72|0.77 0.62 0.77 0.69
2: Rough AC  |North Atlantic |0.76 0.82]0.82|0.86|0.87 0.76 0.87 0.83
Western 0.6710.70]0.70 [ 0.74 | 0.75 0.67 0.75 0.71
3: Smooth PCC [North Atlantic |0.80|0.81]0.81[0.82|0.82 0.80 0.82 0.81
Western 0.80]0.81]0.81(0.81]0.83 0.80 0.83 0.81
4: Medium PCC|North Atlantic |0.85]0.85[0.85|0.87|0.87 0.85 0.87 0.86
Western 0.8710.88]0.8810.89|0.90 0.87 0.90 0.88
5: Chip Seal  |North Atlantic |0.75|0.77]0.79]10.79|0.79 0.75 0.79 0.78
Western 0.7710.77]10.78 10.78 | 0.79 0.77 0.79 0.78

Along the left wheelpath, the average cross-correlation values for the five sites ranged from 0.71
(site 1) to 0.89 (site 2). For a specific profiler and a specific wheelpath, the difference between
the maximum and minimum cross-correlation values for the different runs was within 0.05 for all
of the cases, except for the North Atlantic profiler at site 4, which had a difference of 0.10. This
indicates that the profilers are tracking a consistent path during the repeat runs or that minor
variations in the wheelpaths for repeat runs are not significantly influencing the spatial
distribution of roughness. However, this does not necessarily mean that the runs of the profiler
followed the path that was measured by Dipstick.

Along the right wheelpath, the average cross-correlation values for the five sites ranged from

0.69 (site 1) to 0.88 (site 3). For a specific profiler and a specific wheelpath, the difference

between the maximum and minimum cross-correlation values for the different runs was within
0.05 for six cases, between 0.05 and 0.10 for two cases, and exceeded 0.10 for two cases. The
two cases where the value exceeded 0.10 were for the Western profiler at site 1 (a difference of
0.15) and the North Atlantic profiler at site 2 (a difference of 0.11). The cross-correlation values
along the right wheelpath also generally indicate that the profilers are tracking a consistent path
during the repeat runs or that minor variations in the wheelpaths for repeat runs are not

significantly influencing the spatial distribution of roughness.

Figure 66 shows the roughness profiles along the right wheelpath at section 1 for Dipstick and
run 1 from the Western profiler. The IRI cross correlation for these two profiles was 0.62, which
was the lowest cross correlation for all of the cases considered in this study. The IRI values for

the profiler and Dipstick for this case were 1.57 and 1.81 m/km (100 and 115 inches/mi),
respectively. Most of the roughness at this site occurs at four localized areas, as shown in

figure 66. However, the profiler and Dipstick are measuring the features within these limits
differently, and this results in a low cross-correlation value for the two devices.

Figure 67 shows the roughness profiles along the left wheelpath at section 2 for Dipstick and
run 5 for the Western profiler. The IRI cross correlation for this case was 0.90, which was the
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highest cross correlation for all of the cases considered in this study. The IRI from the profiler
and Dipstick for this case were 2.76 and 2.80 m/km (175 and 178 inches/mi), respectively.
Roughness profiles for the two devices overlay well within the section, except for some localized
areas. At these locations, the profiler and Dipstick recorded different features.
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Figure 66. Roughness profiles for the case with the lowest cross correlation.

10-m Roughness Profiles

6.0

5.0

Dlpst|ck

4.0
3.0 -

IRI (m/km)

2.0
1.0 -

- AMW\ m/V
v \/

Profler

0 20

0.0 b

40 60 80 100 120 140
Distance (m)

1 m/km = 5.28 ft/mi
1m=3.28ft

Figure 67. Roughness profiles for the case with the highest cross correlation.

As shown in the cross-correlation study, perfect agreement in the magnitude of the roughness
and spatial distribution of the roughness did not occur between the profiler and Dipstick.
However, a fairly good correlation (i.e., a correlation of greater than 0.80) was observed for
many of the cases. The factors described previously in this chapter can contribute to a lowering
of the cross-correlation values for the profiler and Dipstick. The IRI cross-correlation values for
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a profiler and Dipstick are not necessarily a function of the roughness, but rather will depend on
the type of features within the section that contribute to the roughness.

A cross-correlation analysis was performed for the North Atlantic and Western profilers to
determine how well they reproduced their IRI results. The data collected during the 2003 LTPP
profiler comparison were used in this analysis. One representative run for each profiler was
obtained at each section to perform this analysis. Results of this analysis are shown in table 11.

Table 11. Cross correlation of IRI for North Atlantic and Western profilers.

Wheelpath Site
1 2 3 4 5
Left 0.98 0.94 0.91 0.92 0.94
Right 0.95 0.84 0.91 0.97 0.96

The cross-correlation values shown in table 11 indicate that there is excellent reproducibility
between the two profilers in their ability to obtain IRI values. All cross-correlation values were
greater than 0.90, except along the right wheelpath at site 2. There were significant distresses
along this wheelpath, and the lower cross correlation is attributed to lateral variations in the path
followed by the two profilers. The results shown in table 11 indicate that the two profilers are
picking up similar features within the test sections. The cross-correlation values obtained for the
two profilers are much higher than those obtained for each of these profilers and Dipstick.

The IRI obtained from Dipstick measurements usually is considered as the reference to evaluate
the accuracy of the profilers. However, because of the deficiencies in the device that were
described previously in this chapter, Dipstick cannot be considered as a device for measuring the
reference profile of a pavement. There is currently no other device available that can overcome
the limitations of Dipstick. Some agencies use the ARRB walking profiler as a reference device
for measuring reference profiles; however, this device is subject to the same limitations as
Dipstick. The rod and level has similar limitations. It has been shown that measurement errors
are possible with the rod and level that can cause errors in the computed roughness indices for
smooth pavements."'? Obtaining rod-and-level measurements at a closer sampling interval or
obtaining measurements with Dipstick with the footpads set to a smaller sampling interval can
overcome some of the errors that are introduced because of the 304.8-mm (1-ft) sampling
interval of Dipstick. However, obtaining measurements at shorter sampling intervals can be very
time consuming.

Current procedures for LTPP profiler comparisons use the average profiler IRI obtained from
five error-free runs for comparison with the Dipstick IRI. This procedure helps to smooth out
some of the variability in the profiler runs. In spite of all of these limitations with Dipstick, data
from past LTPP comparisons have shown that good agreement between profiler IRI and Dipstick
IRI, typically within +0.16 m/km (£10 inches/mi), can be obtained at many sections (see

chapter 3). Usually, agreement between profiler IRI and Dipstick IRI that is within £0.16 m/km
(+10 inches/mi) is possible on AC and PCC pavements that do not have distress. However,
significant differences in IRI between Dipstick and the profiler can occur on rough pavements
that have distress. The magnitude of the difference in IRI is not necessarily a function of the IRI
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from the section, but rather it depends on the type of roughness features that are present in the
section.

In spite of all of the limitations with Dipstick, it still can be used as a device for checking the IRI
obtained from the profilers. However, it cannot be considered as a device for checking the
accuracy of the profilers on pavements that have rough features or distress. The current LTPP
comparison procedure uses an IRI difference of +0.16 m/km (£10 inches/mi) between the
profiler IRI and the Dipstick IRI to judge the accuracy of LTPP’s profilers. If differences outside
of this limit are obtained, it does not necessarily mean that there is a problem with the profiler.
Such difference can occur because of one or more of the causes that were described previously in
this chapter. If such situations are encountered, a more detailed analysis of the data should be
performed to identify the cause of the difference in IRI.

EXPECTED DIFFERENCES BETWEEN DIPSTICK AND PROFILER IRI

An analysis was performed to identify the range of differences in IRI that can be expected
between the Dipstick IRI and the profiler IRI. This analysis was performed for the DNC 690
(using data from the 1992 LTPP profiler comparison), T-6600 (using data from the 1998 LTPP
comparison), and ICC profilers (using data from the 2003 LTPP comparison).

The following procedures were used to perform the analysis for each case:

1. For each wheelpath at each site, use the IRI values for the repeat runs of each profiler to
compute the differences between the IRI from each profiler run and the IRI from the
Dipstick measurements (i.e., profiler IRI — Dipstick IRI).

2. Use the computed differences for that wheelpath from all of the runs for all of the
profilers to compute the 15™ percentile, 85" percentile, and median of the differences in
IRI between the profiler IRI and the Dipstick IRI.

The computed values are presented for the DNC 690, T-6600, and ICC profilers in tables 12, 13,
and 14, respectively. In each table, the results are grouped according to the surface type, and then
under each surface type, the results are sorted according to the Dipstick IRI.

The data presented in these tables were not used to compute expected IRI differences for
different roughness ranges. This is because the differences in IRI between the profiler and
Dipstick are not necessarily a function of the roughness, but rather will depend to a great extent
on the profile features within the section that contribute to the roughness.

88



Table 12. Differences between the K.J. Law Engineers DNC 690 profiler IRI and Dipstick IRI.

Surface | Wheelpath | Test IRI from Profiler IRI — Dipstick IRI (m/km)
Type Section| Dipstick 15th 85th Median
(m/km) Percentile | Percentile

Asphalt | Left 6 0.66 —0.07 —0.01 —0.05
Asphalt | Right 6 0.76 —0.02 0.03 —0.01
Asphalt | Right 5 0.93 —0.08 0.01 -0.04
Asphalt | Left 5 1.31 —0.14 —0.07 —0.09
Asphalt | Right 3 1.37 —0.04 0.08 0.00
Asphalt | Left 3 1.47 —0.09 —0.05 —0.07
Asphalt | Left 7 1.85 —0.37 —0.09 —0.31
Asphalt | Right 7 3.52 —0.45 0.17 0.00
Concrete | Right 8 1.10 —0.03 0.02 0.00
Concrete | Left 8 1.39 —0.11 0.09 0.05
Concrete | Right 2 1.69 —0.11 —0.04 —0.08
Concrete | Left 1 1.81 —0.20 —0.06 —0.13
Concrete | Right 1 2.13 —0.18 —0.10 —0.14
Concrete | Left 2 2.32 —0.19 0.02 —0.05
Concrete | Left 4 4.12 0.16 0.44 0.26
Concrete | Right 4 5.63 —0.06 0.11 0.06

1 m/km = 5.28 ft/mi

Table 13. Differences between the K.J. Law Engineers T-6600 profiler IRI and Dipstick IRI.

Surface | Wheelpath | Test IRI from Profiler IRI — Dipstick IRI (m/km)
Type Section| Dipstick 15th 85th Median
(m/km) Percentile | Percentile

Asphalt | Left 1 0.95 0.06 0.09 0.07
Asphalt | Right 1 0.96 0.07 0.11 0.09
Asphalt | Right 2 2.46 —0.09 0.15 —0.01
Asphalt | Left 2 2.52 —0.01 0.06 0.03
Concrete | Right 3 1.13 0.10 0.13 0.11
Concrete | Left 3 1.17 0.09 0.13 0.12
Concrete | Left 4 2.87 —0.09 0.03 —0.01
Concrete | Right 4 3.17 —0.13 0.02 —0.05

1 m/km = 5.28 ft/mi
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Table 14. Differences between the ICC profiler IRI and Dipstick IRI.

Surface | Wheelpath | Test IRI From | Profiler IRI — Dipstick IRI (m/km)
Type Section| Dipstick 15th 85th Median
(m/km) Percentile | Percentile

Asphalt Left 1 1.17 0.08 0.12 0.11
Asphalt Right 1 1.81 —0.18 —0.06 —0.09
Asphalt Right 2 2.79 —0.25 0.23 —0.04
Asphalt Left 2 2.80 —0.07 —0.01 —0.04
Concrete | Left 3 0.88 0.02 0.00 0.04
Concrete | Right 3 0.99 —0.03 —0.05 0.00
Concrete | Left 4 1.32 0.11 0.22 0.12
Concrete | Right 4 1.64 0.04 0.08 0.06
Chip Seal| Left 5 2.24 —0.11 0.02 —0.05
Chip Seal| Right 5 2.63 —0.13 —0.06 —0.09

1 m/km = 5.28 ft/mi

SUMMARY OF THE FINDINGS

Several factors that can cause IRI obtained from the Dipstick data to differ from IRI obtained
from the profiler data. These factors are:

Sampling qualities of Dipstick: A theoretical analysis indicated that Dipstick does not
measure wavelengths less than 2 m (7 ft) accurately. The sampling interval of Dipstick
also may cause features with wavelengths shorter than twice the sampling interval of
Dipstick to contaminate the measurement of longer wavelengths because of aliasing.

Variations in the path followed by the profiler: Variations in the path followed by the
profiler from the path where Dipstick measurements were obtained can cause differences
in IRI between the two devices. Significant differences in IRI can occur because of this
factor in pavements with distress.

Features recorded by the profiler that are missed by Dipstick: The spacing between
the two footpads of Dipstick is 0.305 m (1 ft). A profiler with a 25-mm (1-inch) recording
interval obtains 12 readings within this distance. Thus, Dipstick can miss features
measured by the profiler. Dipstick has footpads that are approximately 32 mm

(1.25 inches) in diameter. The footpads can bridge over narrow downward features such
as cracks and can cause the IRI from Dipstick to be lower than that obtained from the
profiler.

Features recorded by the profiler that are underestimated by Dipstick: Sometimes

there is some settlement close to the cracks in the pavement. Although Dipstick can
record a dip at such features, the magnitude of the depth of the dip measured can be less
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than that recorded by the profilers because the profilers have a much smaller sampling
interval and, thus, can capture the deepest part of the dip.

J Averaging effects of profiler data: In the LTPP program, profile data obtained at
25-mm (1-inch) intervals are processed using ProQual, which applies a 300-mm
(11.8-inch) moving average onto the 25-mm (1-inch) data and then extracts data at
150-mm (5.9-inch) intervals. The IRI is computed using this averaged profile, which is an
artificial profile. When Dipstick measurements are performed, readings will be obtained
on the actual pavement and not on this artificial profile.

o Dipstick data errors: Errors in Dipstick measurements can occur because of incorrect
readings being recorded, a malfunction of Dipstick, or data entry errors during data input
to compute IRI. These errors can cause a bias in the IRI computed from the Dipstick data.

o IRI computation procedures for Dipstick data: In the LTPP program, IRI values are
computed using the ProQual software. When ProQual computes the IRI values from the
Dipstick data, the data are manipulated and filtered before computing the IRI.
Comparison of IRI values obtained from ProQual and RoadRuf showed that the IRI
computed using ProQual had a slight upward bias. This is attributed to the filtering that is
performed on the Dipstick data before ProQual computes the IRI.

It is possible to have good agreement between profiler IRI and Dipstick IRI because the various
errors compensate for each other. The cross-correlation technique can be used to determine
whether there is agreement between the Dipstick IRI and the profiler IRI in both magnitude and
spatial distribution.

Despite all of these limitations with Dipstick, data from past LTPP comparisons have shown that
good agreement between profiler IRI and Dipstick IRI, typically within +0.16 m/km

(+10 inches/mi), can be obtained at many sections. Current procedures for LTPP profiler
comparisons use the average profiler IRI obtained from five error-free runs for comparison with
the Dipstick IRI. This procedure helps to smooth out some of the variability in the profiler runs.
Although Dipstick can be used to check the IRI obtained from the profilers, it cannot be
considered for checking the accuracy of profilers on pavements that have rough features or
distress. The current LTPP comparisons use an IRI difference of 0.16 m/km (£10 inches/mi)
between the profiler IRI and the Dipstick IRI to judge the accuracy of LTPP’s profilers. If
differences outside of this limit are obtained on pavements having distress, it does not
necessarily mean that there is a problem with the profiler.
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CHAPTER 7: OTHER FINDINGS FROM ANALYSIS OF THE DATA

INTRODUCTION

This chapter describes other findings that were observed during the analyses that were performed
for this research project. The specific findings that are described in this chapter are:

o IRI values computed using ProQual.

o Accelerometer effects on the T-6600 profiler data.

o Observations on short-wavelength data collected by the T-6600 profiler.
o IRI differences for the Southern profiler during the 1991 comparison.

IRI VALUES COMPUTED USING PROQUAL

The IRI values in the LTPP database have been computed using ProQual. The data collected by
the DNC 690 profiler were at 152.4-mm (6-inch) intervals, and the IRI was computed using the
collected data. Data at 25-mm (1-inch) intervals were available for the T-6600 and ICC profilers.
ProQual applies a 300-mm (11.8-inch) moving average onto this data, extracts the data at 150-
mm (5.9-inch) intervals, then computes the IRI using this data.

The IRI computation algorithm contained in ProQual is the algorithm that is described in World
Bank Technical Report 46.) This report indicates that the IRI algorithm will apply a 250-mm
(9.8-inch) moving average onto the profile data before computing the IRI when the data
recording interval is less than 250 mm (9.8 inches). Subsequent literature on IRI have indicated
that the moving average applied by the IRI algorithm should be omitted if a moving average has
already been applied to the profile data.**” The World Bank report did not specifically describe
such a criterion.

A study was conducted to compare the IRI values computed using ProQual with those computed
using RoadRuf. In this study, RoadRuf was used for computing the IRI with and without the
moving average being enabled in the IRI algorithm. The five profile runs collected by the North
Atlantic ICC profiler at the test site used in the 2003 LTPP profiler comparison were used for
this study. The profile data used for this study were the ProQual-processed data, which were at
150-mm (5.9-inch) intervals. The average IRI values computed from the five runs for each
wheelpath at all five sites are presented in table 15.

There was excellent agreement among IRI values computed using ProQual and RoadRuf when
the moving average was applied by the IRI algorithm in RoadRuf. (Note: The IRI algorithm
automatically applies the moving average.) However, the IRI values computed using RoadRuf
with the moving average omitted were slightly higher than those computed using ProQual. The
IRI for the individual wheelpaths considered in this study ranged from 0.92 to 2.81 m/km (58 to
178 inches/mi), and the percent difference between IRI from ProQual and IRI from RoadRuf
with the moving average omitted in the IRI algorithm ranged from 0.7 to 2.3 percent. A
researcher who obtains 150-mm (5.9-inch) interval profile data from the LTPP database and
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computes IRI values will obtain slightly higher values if the moving average is omitted in the IRI
algorithm.

Table 15. IRI values computed using ProQual and RoadRuf.

Percent Difference in
Site |Wheelpath Average IRI (m/km) IRI Between
ProQual RoadRuf |RoadRuf: No ProQual
Averaged1 Averaging2 and RoadRuf’

1 Left 1.269 1.268 1.290 1.7

2 Left 2.762 2.762 2.820 2.1

3 Left 0.925 0.926 0.938 1.4

4 Left 1.451 1.450 1.466 1.0

5 Left 2.249 2.250 2.284 1.6

1 Right 1.682 1.684 1.706 1.4

2 Right 2.814 2.814 2.880 23

3 Right 0.982 0.978 0.994 1.3

4 Right 1.699 1.698 1.710 0.7

5 Right 2.540 2.540 2.586 1.8
' Moving average is applied in the IRI algorithm.
’ Moving average is not applied in the IRI algorithm.
> Percent Difference = 100 x (IRI from RoadRuf Without Moving Average — IRI from
ProQual) / IRI from ProQual

1 m/km = 5.28 ft/mi

There is a slight difference in the IRI computed using the 25-mm (1-inch) data and that
computed using ProQual. Table 16 shows the average IRI values (from five runs) computed
using 25-mm (1-inch) data and ProQual along each wheelpath for the data collected by the North
Atlantic ICC profiler at the test sites used in the 2003 LTPP profiler comparison. These are the
same profile runs used for the previously described analysis. IRI for 25-mm (1-inch) data were
computed using RoadRuf. The IRI for the 25-mm (1-inch) data were higher than the IRI
computed using ProQual for all of the cases. The IRI for the individual wheelpaths considered in
this study ranged from 0.92 to 2.81 m/km (58 to 178 inches/mi), and the percent difference in the
IRI between RoadRuf and ProQual ranged from 2.1 to 5.0 percent. Thus, a researcher who
obtains 25-mm (1-inch) interval profile data on LTPP sections and computes IRI values will
obtain higher IRI values than those stored in the LTPP database for the corresponding data set.

ACCELEROMETER EFFECTS ON THE K.J. LAW ENGINEERS T-6600
PROFILER DATA

During the 1996 regional verification test, each region performed a comparison of the DNC 690
and T-6600 profilers. The report on this comparison, prepared by the North Atlantic region,
indicated that the profile data collected by the T-6600 profiler at rough sites were less repeatable
than the data collected by the DNC 690 profiler.*
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Table 16. Comparison of the IRI from the 25-mm (1-inch) data with the IRI from ProQual.

Percent
Site Wheelpath Average IRI (m/km) Difference

ProQual | 25-mm Data in IRI"

1 Left 1.27 1.32 3.9
2 Left 2.76 2.89 4.7
3 Left 0.92 0.95 33
4 Left 1.45 1.48 2.1
5 Left 2.25 2.33 3.6
1 Right 1.68 1.74 3.6
2 Right 2.81 2.95 5.0
3 Right 0.98 1.01 3.1
4 Right 1.70 1.73 1.8
5 Right 2.54 2.64 3.9

! Percent Difference = 100 x (25-mm IRI — ProQual IRI)/ProQual IRI

1 m/km = 5.28 ft/mi

Figure 68 shows the overlaid repeat profile plots of the right-sensor profile data collected by the
North Atlantic DNC 690 profiler at the rough concrete site (section 4) during the regional
verification test. Profile data collected for five runs are shown in this figure. The data show

excellent repeatability.

LR

Elevation (mm)

vl

25

50

100

Distance (m)

125 150,

25.4 mm = 1 inch

1 m=3.28ft

Figure 68. Overlaid right-sensor profiles of the K.J. Law Engineers DNC 690 profiler.

Figure 69 shows the overlaid repeat profile plots of the right-sensor profile data collected by the
T-6000 profiler at the same site. This figure also contains data collected for five profile runs. The
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profiles show good repeatability up to a distance of 50 m (164 ft); however, thereafter, the
profiles show poor repeatability.
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Figure 69. Overlaid right-sensor profiles of the K.J. Law Engineers T-6600 profiler.

Figure 70 shows the right-sensor profile of one profile from the DNC 690 and T-6600 profilers.
The two profiles agree very well with each other to a distance of about 50 m (164 ft); however,
thereafter, they diverge from each other and converge again near the end of the section. An
extremely rough feature is present on the pavement at 50 m (164 ft), and the poor repeatability of

the data collected by the T-6600 profiler and the differences in the profiles for the DNC 690 and
the T-6600 profilers occur immediately after this feature.
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Figure 70. Overlaid right-sensor profiles from the K.J. Law Engineers DNC 690
and T-6600 profilers.

The cause of the poor repeatability in the profiles after this feature is that the accelerometer on

the T-6600 profiler reached its upper limit when the rough feature was encountered. This fact
was not known when the data from the 1996 verification test were analyzed. However,
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subsequent discussions with K.J. Law Engineers indicated that this indeed was the cause of the
poor profile repeatability. Since the sensors on the DNC 690 profiler are housed on the vehicle
body between the two axles, the accelerometers on the DNC 690 profiler are subjected to much
less acceleration than that felt by the accelerometers on the T-6600 profiler, which are housed in
the sensor bar located on the front of the vehicle.

The IRI values for the five profiles shown in figure 68 for the DNC 690 profiler ranged from
1.82 to 1.90 m/km (115 to 120 inches/mi). The IRI values for the five profiles shown in figure 69
for the T-6600 profiler ranged from 1.87 to 1.91 m/km (119 to 121 inches/mi). The IRI for the
two profiles shown in figure 70 were 1.85 m/km (117 inches/mi) for the DNC 690 profiler and
1.87 m/km (119 inches/mi) for the T-6600 profiler. Although there was poor repeatability of the
profile data collected by the T-6600 profiler at this site, the IRI values for the five runs were
similar. Also, the IRI values for the DNC 690 and T-6600 profilers were similar. Since IRI is
primarily influenced by wavelengths between 1 and 30 m (3 and 100 ft), the previously described
observations indicate that the poor repeatability of the profiles for the T-6600 profiler is caused
by wavelengths greater than 30 m (100 ft).

The North Atlantic profiler encountered a similar situation at another rough site that was used in
the 1996 regional verification test. However, this situation was not encountered at any of the test
sites that were used in the other three regions. It appears that when the T-6600 profiler
encounters an extremely rough pavement feature, the accelerometer can go out of range, and this
causes some contamination of the long-wavelength data that are collected after that event.
However, this contamination appears to disappear after the profiler has traveled some distance
after encountering the very rough spot.

In 2000, all four of LTPP’s profilers visited the K.J. Law Engineers facility in Michigan for
computer maintenance and upgrades. The range of the accelerometers was increased during this
maintenance by modifying the data collection software and by making modifications to the
accelerometer cards in the computer. After this upgrade, the range of the accelerometers
increased from +2 gigabyte (GB) to +8 GB, and the regional contractors indicated that they were
able to obtain profiles that had better repeatability at rough sites.

OBSERVATIONS ON SHORT-WAVELENGTH DATA COLLECTED BY THE
K.J. LAW ENGINEERS T-6600 PROFILERS

Data from the 2000 Profiler Comparison

The report prepared for the 2000 LTPP profiler comparison indicated that the profile data
collected by the Western profiler at test sections 1 and 2, which were both AC pavements, were
“noisy” when compared to the data collected by the other three LTPP profilers."'¥

Figure 71 shows an example of the data collected along the right wheelpath at section 2 by the
Western and North Central profilers. The figure shows that a cyclic repetitive pattern is present
in the Western profiler data, while this pattern does not occur in the data collected by the North
Central profiler.
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Figure 72 shows PSD plots of profile data collected along the right wheelpath at section 2 by the
North Central and Western profilers. Two dominant peaks occur in the PSD plot for the Western
profiler data at wave numbers of approximately 9 and 15 cycles/m (2.7 and 4.6 cycles/ft), which
correspond to a wavelength of 0.11 and 0.07 m (0.36 and 0.23 ft), respectively. These peaks were
not observed in the data collected by the North Central profiler.
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Figure 71. Right-sensor profile data collected by the Western and North Central profilers.
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Figure 72. PSD plots of the right-sensor data collected by the North Central and Western
profilers at site 2.

The cause of the cyclic pattern seen in the profile data collected by the Western profiler is
contamination occurring in the profile data at these two wave numbers. Examination of the right-
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wheelpath data collected at this site by the Western profiler using a PSD plot indicated that this
phenomenon also was occurring along the right wheelpath. Evaluation of the data collected by
the Western profiler at site 1 indicated that this phenomenon also was occurring along both
wheelpaths. At sites 1 and 2, the two spikes in the left-sensor PSD plot occurred approximately
at wave numbers of 5 and 14 cycles/m (1.5 and 4.3 cycles/ft), while for the right-sensor data, the
spikes occurred approximately at wave numbers of 9 and 15 cycles/m (2.7 and 4.6 cycles/ft). For
all repeat runs along a specific path, the spikes in the PSD plots occurred at the same wave
numbers.

An evaluation of the PSD plots of the profile data collected by the other three profilers at sites 1
and 2 showed similar spikes in the PSD plots for the following cases:

o Data collected by the North Atlantic profiler along both wheelpaths at sites 1 and 2.

o Data collected by the North Central profiler along both wheelpaths at site 1, and along the
left wheelpath at site 2.

o Data collected by the Southern profiler along both wheelpaths at site 1.

For the North Atlantic profiler, two spikes in the PSD plot were similar to those seen for the
Western profiler. For the other two profilers, only a single spike was observed. For each profiler,
the wave numbers at which these spikes appeared were the same for both sites, and the spikes
also appeared at the same wave numbers for the repeat runs. However, there were slight
differences in the wave numbers at which the spikes appeared between the profilers. The
magnitude of the spikes observed in the PSD plots was highest for the Western profiler. This
phenomenon of spikes in the PSD plots for wave numbers greater than 1 cycle/m (0.3 cycle/ft)
was not detected in the data collected by all of the profilers at the other three sites used in the
2000 comparison.

The effects of the contamination were apparent in the Western profiler at sites 1 and 2, since the
profiles appeared to be noisy when compared to those obtained by the other three profilers.
Although evidence of contamination was not apparent in the data collected by the other profilers,
the PSD plots indicated that the data were affected for several cases as described previously.

The cause of this contamination is not known. As this contamination was seen only at sites 1 and
2, it appears that an environmental condition during data collection, or some equipment factor, or
a combination of both, caused the contamination of the profile data.

When the 25-mm (1-inch) profile data are processed using ProQual, the short wavelengths will
become attenuated. Thus, the PSD plots of the 150-mm (5.9-inch) averaged data will not show
spikes. The contamination of the profile data occurs at very low wavelengths that are outside the
wavelength range influencing the IRI. The IRI values computed for the Western profiler at sites
1 and 2 showed excellent agreement with the IRI values obtained for the other three profilers.
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Evaluation of Data from the 1998 LTPP Profiler Comparison
Spikes in PSD Plots for High Wave Numbers

An evaluation of the 25-mm (1-inch) data collected by the T-6600 profilers during the 1998
LTPP profiler comparison indicated that there was some contamination in the left-sensor profile
data collected by the North Atlantic, North Central, and Western profilers. Figure 73 shows the
PSD plot of the left-sensor profile data collected by the North Atlantic profiler during this
comparison at site 1.
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Figure 73. PSD plot of the left-sensor profile data from the North Atlantic profiler.

The PSD plot shows two distinct peaks for wave numbers of 5 and 7.1 cycles/m (1.52 and

2.16 cycles/ft), which correspond to wavelengths of 0.2 and 0.14 m (0.7 and 0.46 ft),
respectively. These two spikes appear in the left-sensor profile data collected by the North
Atlantic profiler at all four sites. The North Central profiler also exhibited similar spikes in the
PSD plot for left-sensor data at wave numbers of 5 and 10 cycles/m (1.52 and 3.05 cycles/ft),
which correspond to wavelengths of 0.2 and 0.1 m (0.7 and 0.3 ft), respectively. The PSD plots
of the left-sensor data from the Western profiler at all of the sites had a single spike close to the
wave number of 9 cycles/m (2.74 cycles/ft), which corresponds to a wavelength of 0.11 m

(0.4 ft). The left-sensor data from the Southern profiler did not show such spikes in the PSD
plots at any site. None of the profilers showed this phenomenon for data collected by the right
Sensor.

The appearance of spikes in the PSD plot indicates that there is high spectral content at that
specific wavelength in the profile data. Since these peaks were noted at all of the test sites, they
obviously were not caused by a pavement feature. With the exception of the Southern profiler,
some interference was being captured in the left-sensor data collected by the profilers at all of the
test sections. The cause of this interference is unknown.
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These spikes appear at wavelengths that are outside the wavelength range influencing the IRI
and, thus, no noticeable bias in IRI values computed using the 25-mm (1-inch) data was seen
with the Southern profiler and the other three profilers. The RN is another index that is
influenced by wavelengths between 0.5 and 11 m (1.6 and 36 ft). This index gives much more
weighting to short wavelengths than the IRI. A comparison of left-wheelpath RN values for the
Southern profiler and the other three profilers did not show a noticeable bias in RN values. Thus,
it appears that the short-wavelength interferences observed in the left-sensor data collected by
the North Atlantic, North Central, and Western profilers are also not influencing the RN.

When profile data that have been processed using ProQual were examined using PSD plots, the
spikes observed in the 25-mm (1-inch) data for the high wave numbers were not observed. This
is because the application of the 300-mm (11.8-inch) moving average by ProQual attenuates
short wavelengths.

Contamination of Right-Sensor Signals in the Western Profiler

An evaluation of the 25-mm (1-inch) interval profile data collected by the right sensor of the
profilers indicated that the data collected by the Western profiler had some contamination at
wavelengths of less than 1 m (3 ft). This phenomenon was seen in the right-sensor data collected
by the Western profiler at all of the sites. The other three profilers showed good agreement for
wavelengths in this range.

Figure 74 shows PSD plots of the 25-mm (1-inch) right-sensor data from a test section for both
the North Central and Western profilers. The PSD plots show that there is very good agreement
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Figure 74. PSD plots of 25-mm (1-inch) right-sensor data from the North Central and
Western profilers.
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between the two profilers, except for the spectral content that has wave numbers greater than
1 cycle/m (0.3 cycle/ft), which corresponds to wavelengths of less than 1 m (3 ft). This
phenomenon was observed for data collected by the Western profiler at all of the sites.

Figure 75 shows the PSD plots for the ProQual-processed profile data for the two profile runs
shown in figure 74. The application of the 300-mm (11.8-inch) moving average by ProQual
attenuates profile features that have wave numbers greater than 1 cycle/m (0.3 cycle/ft), which
correspond to wavelengths of less than 1 m (3 ft). Thus, the difference between the two profilers
for wave numbers greater than 1 cycle/m (0.3 cycle/ft) that was seen in figure 74 is not
noticeable in figure 75. The PSD plots for the two profilers shown in figure 75 agree fairly well
for wave numbers greater than 1 cycle/m (0.3 cycle/ft). The plots show excellent agreement for
wave numbers between 1 and 0.03 cycle/m (0.3 and 0.009 cycle/ft), which correspond to
wavelengths between 1 and 30 m (3 and 100 ft). This is the wavelength range that is primarily
influencing the IRI. Thus, there was good agreement in IRI between the two profiles.
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Figure 75. PSD plots of ProQual-processed right-sensor data from the North Central and
Western profilers.

The contamination of the right-sensor signal in the Western profiler occurs for short wavelengths
that do not influence the IRI. Therefore, when an analysis of the IRI values from this comparison
was performed, no bias in the IRI values for the Western profiler was seen. An evaluation of the
RN values for the right-sensor data that were computed using the 25-mm (1-inch) interval profile
data indicated that the RN values computed for the Western profiler were lower than the values
obtained for the other three profilers at all four of the test sites. This indicates that the short-
wavelength contamination that is present in the Western profiler data is affecting the RN.
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When overlaid left- and right-sensor data PSD plots of data collected by the Western profiler at
the test sections were evaluated, the difference between the two sensors for wave numbers
greater than 1 cycle/m (0.3 cycle/ft) was seen at all four of the test sites. An evaluation of the
data collected by the Western profiler during the 1996 regional verification test and the data
collected during the 2000 LTPP profiler comparison did not show such a trend. Therefore, it
appears that this problem in the right sensor occurred at some point between 1996 and 1998, and
was fixed at some point between 1998 and 2000. This also could have been an intermittent
problem with the sensor that occurred when testing was performed for the 1998 profiler
comparison.

IRI DIFFERENCES FOR THE SOUTHERN PROFILER DURING THE
1991 PROFILER COMPARISON

The report prepared for the LTPP profiler comparison that was conducted in 1991 indicated that
the data collected by the left sensor in the Southern profiler was giving IRI values that were
much higher that those computed from data collected by the other three profilers."" The IRI
values obtained for all four of the profilers for this comparison are presented in appendix A. The
profile data collected by the Southern profiler at the eight test sections used in this comparison
were compared to the data collected by the Western profiler to identify the cause of the high IRI
values. An evaluation of the PSD plots of the Southern profiler data did not indicate any
evidence of contamination at a specific wavelength. However, the PSD plots indicated that over
a wavelength range of between 1 and 10 m (3 and 33 ft), the left-sensor data collected by the
Southern profiler had slightly more spectral content than the data collected by the Western
profiler. The cause of this phenomenon is unknown. This phenomenon resulted in higher IRI
values being computed for the data collected by the left sensor in the Southern profiler. A
comparison of the profile data collected by the two profilers using filtering techniques did not
show the cause of the high IRI values of the left-sensor data from the Southern profiler. The data
collected by the Southern profiler during the 1992 comparison did not show this phenomenon.

SUMMARY OF THE FINDINGS

ProQual applies a 300-mm (11.8-inch) moving average onto the 25-mm (1-inch) profile data
collected by the T-6600 and ICC profilers and extracts the data points at 150-mm (5.9-inch)
intervals. The IRI values are computed using this averaged data. ProQual does not apply a
moving average before computing the IRI for the data collected by the DNC 690 profiler, which
are at 152.4-mm (6-inch) intervals, with a moving average having already been applied to this
data by the profiler. ProQual uses the IRI algorithm documented in the World Bank report.” The
IRI algorithm applies a 250-mm (9.8-inch) moving average onto the profile data before
computing IRI if the data recording interval is less than 250 mm (9.8 inches). Literature
published after this report have indicated that the moving average applied by the IRI algorithm
should be omitted if the profile data have already been subjected to a moving average.*"
However, the IRI values that are currently in the LTPP database have been computed by
subjecting the profile data to two moving averages, one applied by ProQual and the other applied
by the IRI algorithm. If a researcher obtains profile data from the LTPP database and specifically
omits the moving average that is applied by the IRI algorithm, the computed IRI values will be
slightly higher than the IRI values for the corresponding section in the LTPP database.
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If a researcher obtains 25-mm (1-inch) interval LTPP profile data and computes the IRI, the
resulting IRI values will be slightly higher than the corresponding IRI values that are in the
LTPP database. This is because the IRI in the LTPP database have been computed after the
25-mm (1-inch) profile data have been processed using ProQual, which applies a 300-mm
(11.8-inch) moving average onto the 25-mm (1-inch) data, extracts data at 150-mm (5.9-inch)
intervals, and then uses that data to compute IRI.

The profile data for the repeat runs conducted by the T-6600 profiler before June 2000 may show
poor repeatability at sections where an extremely rough localized feature is present on the
pavement. This is because an extremely rough localized feature can cause the accelerometer(s) in
the profiler to exceed the accelerometer range and contaminate the long wavelengths after that
event. This occurrence will not affect the IRI computed from the profiles, since the contaminated
wavelengths are outside of the wavelength range influencing the IRI. The range of the
accelerometers in LTPP’s T-6600 profilers was increased during May—June 2000, and the data
collected after that were not expected to show such behavior.

In some instances, PSD plots of data collected by T-6600 profilers showed either one or two
spikes for wave numbers greater than 5 cycles/m (1.52 cycles/ft), which corresponds to
wavelengths of less than 0.2 m (0.7 ft). This is an indication that there is some contamination in
the profile data in the short wavelengths. This phenomenon will not be seen in the profile data
that is in the LTPP database, since wavelengths of less than 1 m (3 ft) have been attenuated in
these profiles by the application of the moving average by ProQual. The cause of this
contamination is not known. This contamination affects neither the IRI or the RN, since it occurs
at wavelengths outside of the wavelength range influencing these two smoothness indices.
Currently in the LTPP program, quality control of the profile data is performed using the
ProQual-processed data. To detect contamination such as this, quality control procedures must be
performed on the 25-mm (1-inch) data.

An analysis of the data collected for the 1998 LTPP profiler comparison indicated that some
contamination was present in the data collected by the right sensor of the Western profiler at
wave numbers greater than 1 cycle/m (0.3 cycle/ft), which corresponded to wavelengths less than
I m (3 ft). This phenomenon will not be seen in the ProQual-processed data, since short
wavelengths are attenuated by the application of the moving average. The contamination does
not affect the IRI because it occurs at wavelengths that are outside of the range of the
wavelengths influencing the IRI. However, it is affecting the RN computed from the 25-mm (1-
inch) data. This phenomenon was not noted in the data collected by the Western profiler during
the 1996 verification study nor in the data collected during the 2000 profiler comparison.
Therefore, it appears that this phenomenon occurred sometime between 1996 and 1998, and was
fixed sometime between 1998 and 2000, or perhaps this is an intermittent problem. Currently, in
the LTPP program, quality control of the profile data is performed using the ProQual-processed
data. To detect contamination such as this, quality control procedures must be performed on the
25-mm (1-inch) data.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

High-quality longitudinal profile data have been collected with all three inertial profilers that
have been used in the LTPP program—the DNC 690, T-6600, and ICC profilers. The data
collected by these profilers provide a valuable resource for researchers. Good agreement in IRI
values between the DNC 690 and T-6600 profilers was observed. Also, good agreement in IRI
values between the T-6600 and ICC profilers was observed. This indicates that the IRI values in
the LTPP database can be used for analysis of roughness progression at test sections without any
adjustments being made to the IRI values obtained by the different profilers. The research also
indicated that using IRI to evaluate profiler repeatability, accuracy, and reproducibility is not
sufficient. The following are conclusions and recommendations based on the analyses that were
conducted for this project.

DATA COLLECTED BY INERTIAL PROFILERS

Conclusions: Data collected by inertial profilers do not accurately portray very narrow features
such as cracks in either AC or PCC pavements, or joints in PCC pavements. This is not an error,
but rather an effect of the low-pass filtering that is performed on the profile data. Evaluation of
25-mm (1-inch) data collected by both the T-6600 and ICC profilers over a joint in a PCC
pavement showed that the joint appeared in the profile as a feature that was spread over a
distance of 75 mm (3 inches), when the width of the joint was actually closer to 10 mm (0.4
inches). This happens because of the low-pass filter that is applied to the profile data. The low-
pass filter applied to the profile data will distort narrow downward features by attenuating the
depth of the feature, and will also spread the feature over a distance that is more than the actual
width of the feature.

EFFECT OF APPLYING A MOVING AVERAGE ONTO PROFILE DATA

Conclusions: In the LTPP program, the 25-mm (1-inch) data obtained from the T-6600 and ICC
profilers are processed using the ProQual software. ProQual applies a 300-mm (11.8-inch)
moving average onto the 25-mm (1-inch) data and extracts data at 150-mm (5.9-inch) intervals.
These data are used to compute IRI values, and this averaged data are uploaded to the LTPP
database. The application of the moving average onto the 25-mm (1-inch) data attenuates
features with wavelengths less than 1 m (3 ft). Detailed profile features cannot be observed in the
ProQual-processed data because of this effect. The moving average also can cause distortion of
the profile data, and the averaged data can show features that are not actually present in the
pavement while eliminating features that are present.

Recommendations: Although the profile data that are currently in the LTPP database can be
used for many research purposes, these data are not useful for researchers who are interested in
short-wavelength data or for those who are interested in examining minute details in the profile
(e.g., pavement distresses and joints in PCC pavements). Therefore, it is recommended that a
procedure be put in place where the 25-mm (1-inch) interval data are easily available to
researchers.
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COMPARISON OF THE K.J. LAW ENGINEERS DNC 690 AND T-6600 PROFILERS

Conclusions: Since the DNC 690 profiler recorded profile data at 152.4-mm (6-inch) intervals,
when comparing data from the T-6600 profiler with the DNC 690 profiler, only the 150-mm
(5.9-inch) interval ProQual-processed data from the T-6600 profiler can be compared.
Comparison of profile data for the two profilers showed good agreement, although there were
some differences in the profiles for sections that had significant long-wavelength content. These
differences are attributed to the different long-wavelength cutoff filter values used with the two
profilers (91 m (300 ft) for the DNC 690 profiler, and 100 m (328 ft) for the T-6600 profiler). An
evaluation of the profile data indicated that the long-wavelength cutoff filtering technique used
in both of these profilers appeared to be similar. Good agreement in IRI values for the DNC 690
and T-6600 profilers was observed.

COMPARISON OF THE K.J. LAW ENGINEERS T-6600 AND ICC PROFILERS

Conclusions: Since the 25-mm (1-inch) interval data were available for both the T-6600 and
ICC profilers, a comparison of the 25-mm (1-inch) interval data for the two profilers could be
performed. Comparison of profile data for the two profilers using PSD plots indicated that there
were differences in both the short and long wavelengths. There was good agreement in the
profile data for the two profilers for wavelengths between 1 and 40 m (3 and 131 ft). For
wavelengths less than 1 m (3 ft), the ICC profiler usually showed a higher wavelength content
than the T-6600 profiler. This is attributed to the smaller footprint of the ICC profiler, which
most likely caused texture effects and the higher magnitude of narrow features to be recorded.
For wavelengths greater than 40 m (131 ft), the T-6600 profiler recorded more wavelength
content than the ICC profiler. This is attributed to differences in the long-wavelength filtering
techniques that are used by the two profilers, although both profilers apply an upper-wavelength
cutoff filter of 100 m (328 ft). When the ProQual-processed data for the two profilers are
compared using PSD plots, only the differences at the higher wavelengths will be seen, and good
agreement between the two profilers will be seen for wavelengths less than 1 m (3 ft) since the
application of the moving average attenuates the short-wavelength features. Good agreement in
IRI, which is primarily influenced by wavelengths between 1 and 30 m (3 and 100 ft), was
obtained for data collected by these two profilers.

IRI VALUES

Conclusions: In the LTPP program, IRI values are computed using ProQual, which uses the IRI
algorithm documented in World Bank Technical Report 46.) The IRI algorithm applies a
250-mm (9.8-inch) moving average onto the profile data before computing IRI if the data
recording interval is less than 250 mm (9.8 inches). Literature published after the World Bank
report have indicated that the moving average applied by the IRI algorithm should be omitted if
the profile data have already been subjected to a moving average.**” Before computing IRI,
ProQual applies a 300-mm (11.8-inch) moving average onto the 25-mm (1-inch) profile data
collected by the T-6600 and ICC profilers; however, this moving average is not applied to the
152.4-mm (6-inch) interval profile data collected by the DNC 690 profiler, which already has
been subjected to a 304.8-mm (12-inch) moving average. When ProQual computes IRI from
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such data, the moving average in the IRI algorithm is applied to the data. Thus, during
computation of IRI, the profile data are subjected to two moving averages, one applied by
ProQual and the other applied by the IRI algorithm. This will cause a slight downward bias in the
IRI values. A limited analysis using a set of sections with IRI ranging from 0.9 to 2.8 m/km

(57 to 178 inches/mi) showed that the current LTPP procedures for computing IRI result in a
downward bias in IRI ranging from 0.7 to 2.3 percent.

The IRI is influenced by the sampling interval. Thus, if a researcher obtains 25-mm (1-inch)
interval LTPP profile data and computes IRI, the resulting IRI values will be slightly higher than
the corresponding IRI values that are stored in the LTPP database. This is because IRI in the
LTPP database have been computed after the 25-mm (1-inch) profile data have been processed
using ProQual, which applies a 300-mm (11.8-inch) moving average onto the data, then extracts
data points at 150-mm (5.9-inch) intervals and uses these data to compute IRI.

Recommendations: The current procedure used by ProQual to compute IRI slightly
underestimates the IRI value. The procedure described in the World Bank report on which the
IRI computation procedure used in ProQual is based does not specifically indicate that the
moving average applied by the IRI algorithm should be omitted if the profile data have already
been subjected to a moving average.”” Since all time-sequence IRI values for a test section have
this bias, the bias in the IRI values will not affect roughness progression studies performed using
these data. Reprocessing profile data to compute IRI values by omitting the moving average
applied by the IRI algorithm will be a major undertaking that will require a vast amount of
resources. The very slight bias in IRI is not a major error that justifies reprocessing the IRI
values. Thus, it is recommended that no changes be made to the current procedure for computing
IRI values.

DIFFERENCES IN IRI BETWEEN PROFILERS AND DIPSTICK
Conclusions: A variety of factors can cause the IRI obtained from the Dipstick data to differ

from the IRI obtained from the profiler data. The factors that contribute to the differences
between the Dipstick IRI and the profiler IRI are:

o Sampling qualities of Dipstick.

. Variations in the path followed by the profiler from the path where Dipstick
measurements are performed.

J Features recorded by the profiler that are missed by Dipstick.

o The footpads of Dipstick bridging over narrow downward features that are measured by
the profiler.

J Features recorded by the profiler that are underestimated by Dipstick because the footpad
of Dipstick may not rest in the deepest part of a feature.

o Differences between the profiles used for computing the difference in IRI between
profilers and Dipstick because of the application of the moving average onto profiler
data.

o Errors in Dipstick measurements.

o IRI computational procedure for Dipstick data used in the ProQual software.
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Despite these limitations, data from past LTPP comparisons have shown that good agreement
between profiler IRI and Dipstick IRI, typically within £0.16 m/km (£10 inches/mi), can usually
be obtained at sections that do not have significant distress. Current procedures for LTPP profiler
comparisons use the average profiler IRI obtained from five error-free runs for comparison with
the Dipstick IRI. This procedure helps smooth out some of the variability in the profiler runs.

Recommendations: One of the tasks in this project was to provide recommendations on
recalculating IRI because of differences between profiler IRI and Dipstick IRI. The current IRI
values in the LTPP database that were computed from profiler data are considered to be accurate,
and no recalculation of IRI is necessary.

REPEATABILITY OF THE K.J. LAW ENGINEERS T-6600 PROFILER

Conclusions: The profile data for repeat runs that were collected by the T-6600 profiler before
June 2000 may show poor repeatability at a few sections where an extremely rough localized
feature is present on the pavement. This is because such a feature can cause the accelerometer(s)
in the profiler to exceed the range and contaminate the long wavelengths in the profile data
collected after such an event. However, IRI computed from such profiles still will be accurate,
since the contaminated wavelengths are outside of the wavelength range influencing the IRI. The
range of the accelerometers in LTPP’s T-6600 profilers was increased during May—June 2000,
and data collected after that were not expected to show such behavior.

SHORT-WAVELENGTH ERRORS IN DATA COLLECTED BY THE K.J. LAW
ENGINEERS T-6600 PROFILER

Spikes in PSD Plots

Conclusions: In some instances, PSD plots of data collected by T-6600 profilers showed either
one or two spikes for wave numbers greater than 5 cycles/m (1.52 cycles/ft), which corresponds
to wavelengths less than 0.2 m (0.7 ft). This indicates that there is some contamination in the
profile data. This phenomenon will not be seen in the profile data that are in the LTPP database,
since wavelengths of less than 1 m (3 ft) have been attenuated in these profiles by applying the
moving average. The cause of this contamination is not known. This contamination does not
affect the IRI or RN because it occurs at wavelengths outside of the wavelength range
influencing both of these indices. The presence of this contamination will not affect many of the
analyses that can be performed using the 25-mm (1-inch) profile data.

Recommendations: Researchers who are using the 25-mm (1-inch) data and performing
research that make use of the extremely short wavelengths should be aware of this issue. They
should evaluate the data and determine whether any contamination is present in the short
wavelengths and, if it is present, determine whether it will impact the research that they plan to
do with that data.
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Western K.J. Law Engineers T-6600 Profiler Data

Conclusions: Data obtained from the 1998 LTPP profiler comparison indicated that some
contamination was present in the data collected by the right sensor of the Western profiler for
wave numbers greater than 1 cycle/m (0.3 cycle/ft), which corresponds to wavelengths less than
1 m (3 ft). This phenomenon will not be seen for ProQual-processed data that are uploaded to the
LTPP database, since short wavelengths are attenuated by the application of the moving average.
The contamination does not affect IRI because it occurs at wavelengths that are outside of the
range of wavelengths influencing the IRI. However, the contamination is affecting the RN
computed from 25-mm (1-inch) data. The presence of this contamination does not mean that the
25-mm (1-inch) data obtained from this sensor are not usable. However, 25-mm (1-inch) data
with this contamination cannot be used for any analyses that make use of wavelengths of less
than 1 m (3 ft). This phenomenon was not noted in the data collected by the Western profiler
during the 1996 verification study nor in the data collected during the 2000 profiler comparison.
Therefore, it appears that this phenomenon occurred sometime between 1996 and 1998, and was
fixed sometime between 1998 and 2000, or perhaps this is an intermittent problem.

Recommendations: It is recommended that a set of 25-mm (1-inch) interval data collected by
the Western profiler at regular time periods (e.g., 6-month intervals) be obtained and reviewed to
pinpoint when the problem with the sensor began, when the problem was fixed, and to identify
the cause of the problem. Overlaid PSD plots of left- and right-sensor data for the set of profiles
can be used to investigate this issue. Researchers who use 25-mm (1-inch) data and conduct
research involving short wavelengths should be aware of this issue, since this contamination can
be interpreted as a pavement effect.

RECOMMENDATIONS FOR IMPROVING CURRENT LTPP DATA COLLECTION
AND DATA PROCESSING PROCEDURES

J The current field procedures for collecting profile data using inertial profilers are
considered to be adequate, and no changes to current procedures are required.

J Errors during Dipstick data collection can occur because of data recording errors and
equipment problems. A closure error check is performed at the end of Dipstick data
collection as a quality control procedure. However, it still is possible to pass the closure
error criterion even with erroneous data, as compensation effects can cancel out errors. In
the field during data collection, particular attention should be paid before recording high
data values to ensure that such readings are indeed correct.

o Currently, in the LTPP program, there are several procedures in place to ensure the
quality of the profile data.’ These procedures include: (1) overlay of the profile data
obtained from repeat runs to evaluate the repeatability of the data, (2) overlay of the data
collected during the current data collection with the data collected during the previous
visit to the site to determine whether or not they agree, (3) verification that spikes noted
in the profile are caused by pavement features and not by any other factor, (4) evaluation
of the repeatability of the IRI values, and (5) comparison of IRI obtained during the
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current data collection for each wheelpath with IRI obtained during the previous visit to
the site. However, all these quality control checks are performed on the ProQual-
processed averaged data and will not detect problems that may occur in wavelengths less
than 1 m (3 ft). These short wavelengths are attenuated when ProQual applies the moving
average onto the profile data. Thus, short-wavelength data can be evaluated only by
analyzing 25-mm (1-inch) data. It is possible to satisfy all the quality control checks that
are currently performed on the LTPP data and yet have data errors in the short
wavelengths. It is recommended that a quality control procedure be adopted to check the
25-mm (1-inch) data collected by the profilers. The recommended procedure is to obtain
a set of data collected by each of LTPP’s profilers at regular intervals (e.g., 6-month
intervals) and compare the data with the data collected at the same sites during the
previous visit to the site by using PSD plots. A consistent difference in the short
wavelengths for the two data sets or any sharp spikes in the PSD plots for wave numbers
greater than 1 cycle/m (0.3 cycle/ft) will indicate potential problems in the short-
wavelength data collected by a profiler.

RECOMMENDATIONS ON LTPP PROFILER COMPARISONS

o It is recommended that LTPP profiler comparisons be conducted at regular intervals to
compare the outputs obtained from the four profilers. The data obtained from such
comparisons will verify whether all four of the profilers are collecting similar data.

o In the current profiler comparison procedures, emphasis is placed on comparing IRI.
However, there can be differences in the short-wavelength data collected by the profilers
(i.e., for wavelengths less than 1 m (3 ft)), but yet the IRI values can show very good
agreement because these short wavelengths do not influence the IRI. Thus, it is
recommended that in addition to the current data analysis procedures, the 25-mm (1-inch)
data collected by the profilers be evaluated using PSD plots during future comparisons so
that the short-wavelength data collection capabilities of the profilers also can be
compared.

J Although Dipstick can be used to check IRI obtained from the profilers, it cannot be used
to check the accuracy of the profilers on pavements that have rough features or distress.
The current LTPP comparisons use an IRI difference of 0.16 m/km (£10 inches/mi)
between the profiler IRI and Dipstick IRI to judge the accuracy of LTPP’s profilers. If
differences outside of this limit are obtained on pavements with distress or on rough
pavements, it does not necessarily mean that there is a problem with the profiler. If such
occurrences are encountered, an investigation should be performed to identify the cause
of the difference in IRI.

J Research performed for this project showed that agreement in IRI values at a section
between the profilers can occur because the errors compensate for each other. Roughness
profiles or cross correlations are techniques that can be used to compare spatial
distribution of IRI within a section between the profilers. It is recommended that such
procedures be used in addition to current procedures when analyzing data from LTPP
comparison studies.
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APPENDIX A: LTPP PROFILER COMPARISON STUDIES

1990 COMPARISON: AUSTIN, TX

This comparison was conducted in February 1990. The information presented in this section was
obtained from a paper written about this comparison."'”

The four LTPP DNC 690 profilers were used in this comparison. Six test sections, each 322 m
(1056 ft) long were established for testing. Reference profile measurements along both
wheelpaths at the test sections were obtained using Dipstick. The profilers performed five repeat
runs at each test section at speeds of 56 and 80 km/h (35 and 80 mi/h). The left wheelpath was
marked at the test sections and the profiler drivers were asked to align the profiler along this
path. Each test section was divided into two sections for analysis, resulting in the availability of
12 sections for comparing the profiler and Dipstick IRI. The following are the main findings
from this study:

o In most cases, better agreement between profiler IRI and Dipstick IRI was obtained for
the left wheelpath than for the right wheelpath. It was noted that the IRI for the right
wheelpath usually was higher than that for the left wheelpath. Poor agreement between
profiler IRI and Dipstick IRI usually occurred at the rough sections.

o Significant differences between profiler IRI and Dipstick IRI were noted for several
cases, with the profiler IRI being much higher than the Dipstick IRI. Most of the cases
where these significant differences occurred were along the right wheelpath at extremely
rough sections that had Dipstick IRI values in excess of 4 m/km (254 inches/mi). An
evaluation of the profiler data for such cases indicated saturation spikes in the data, which
was the cause of the high IRI value. It was concluded that the side-to-side rocking motion
induced on the profiler when traversing these rough sections caused sunlight to seep
under the shroud covering the sensors and contaminate the profile data.

o Evaluation of the profiles also indicated instances where lost lock occurred. This was
another factor contributing to differences between Dipstick and profiler IRI values.

o An evaluation of the Dipstick IRI values obtained for the 12 sections indicated the
following IRI distribution:

o Left Wheelpath: Seven sections had IRI values between 1.2 and 2.4 m/km
(76 and 152 inches/mi), three sections had IRI values between 2.4 and 4.7 m/km
(152 and 298 inches/mi), and two sections had IRI values exceeding 4.7 m/km
(298 inches/mi).

@ Right Wheelpath: Five sections had IRI values between 1.2 and 2.4 m/km
(76 and 152 inches/mi), five sections had IRI values between 2.4 and 4.7 m/km
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(152 and 297 inches/mi), and two sections had IRI values exceeding 4.7 m/km
(298 inches/mi).

As seen from these IRI values, many sections had extremely high IRI values. The side-to-side
rocking motion of the profiler on some of these extremely rough sections caused sunlight to seep
under the shroud covering the sensors and contaminate the profile data. The majority of the
LTPP test sections will not have such high roughness values. Thus, contamination of profile data
by ambient light probably is not a major issue at the majority of the sections if the shroud
covering the sensors is in good condition. However, at extremely rough sections, sunlight
seeping under the shroud could contaminate the data by causing saturation spikes to appear in the
data.

1991 COMPARISON: ANN ARBOR, MI

The four LTPP DNC 690 profilers participated in this comparison. Details about this comparison
were obtained from reference 11.

Eight test sections were used in this study—four AC sections and four jointed PCC sections.
When selecting the test sections, two levels of roughness were considered—IRI less than

2.0 m/km (127 inches/mi) and IRI between 2.0 and 4.7 m/km (127 and 298 inches/mi). The goal
was to establish two sections for each pavement type that fell into each of these roughness levels.
Dipstick measurements were obtained along both wheelpaths on all of the test sections. Profile
testing was performed at speeds of 64 and 80 km/h (40 and 50 mi/h). The left wheelpath was
marked on all of the test sections, and the profiler drivers were asked to align the profiler along
this path when collecting data. Each profiler operator was instructed to obtain six error-free
profile runs on each test section at each test speed.

The left- and right-wheelpath IRI values computed from the profiler data collected at the
80-km/h (50-mi/h) test speed and from the Dipstick data are presented in tables 17 and 18,
respectively. The IRI values presented in these tables are the average IRI values computed from
the six repeat runs. The Dipstick IRI values presented in these tables are the average IRI obtained
for the two sets of measurements that were available for each wheelpath.

Table 17. IRI values along the left wheelpath (1991).

Device Left-Wheelpath IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4 5 6 7 8
North Atlantic Profiler] 1.42 | 3.45 | 2.40 | 0.91 | 2.41 | 2.65 | 1.94 | 0.84
North Central Profiler | 1.14 | 3.33 | 2.35 | 0.99 | 2.67 | 2.62 | 1.91 | 0.91
Southern Profiler 1.29 | 3.63 | 2.48 1 0.93 | 3.14 | 2.84 | 2.05 | 0.98
Western Profiler 1.18 | 3.312.27 1 0.87 | 2.74 | 2.62 | 1.86 | 0.84
Dipstick 1.20 |3.4412.10 | 0.84 | 2.65 | 2.43 | 1.81 | 0.98

1 m/km = 5.28 ft/mi
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Table 18. IRI values along the right wheelpath (1991).

Device Right-Wheelpath IRI (m/km)

Surface Type and Section Number

Asphalt Concrete

1 2 3 4 5 6 7 8
North Atlantic Profiler] 1.29 | 4.64 | 2.63 | 1.03 | 3.09 | 2.62 | 1.77 | 0.96
North Central Profiler | 1.34 | 4.29 | 2.54 [ 1.01 | 2.89 | 2.65 | 1.74 | 0.96
Southern Profiler 1.26 | 437 (2.5910.99 1297259172091
Western Profiler 1.26 14432541098 |2.89|257|1.75]0.95
Dipstick 1.26 13912481093 |12.65[2.41|1.75]1.10

1 m/km = 5.28 ft/mi

The differences between the average profiler IRI and the Dipstick IRI at the test sections for the
left and right wheelpaths are presented in tables 19 and 20, respectively.

Table 19. Differences between profiler IRI and Dipstick IRI: Left wheelpath (1991).

Device Profiler IRI — Dipstick IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4 5 6 7 8

North Atlantic
Profiler 022 | 0.02 | 030 | 0.08 |-0.24]0.22 | 0.13 | -0.14
INorth Central
Profiler -0.06 | -0.11 | 0.25 | 0.16 | 0.02| 0.19 | 0.09 | -0.06
Southern Profiler 009 | 0.19 | 038 | 0.09 | 049|041 | 0.24 | 0.00
Western Profiler -0.02 | -0.13 | 0.17 | 0.03 | 0.09| 0.19 | 0.05 | -0.14

1 m/km = 5.28 ft/mi

Table 20. Differences between profiler IRI and Dipstick IRI: Right wheelpath (1991).

Device Profiler IRI — Dipstick IRI (m/km)
Surface Type and Section Number
Asphalt Concrete

1 2 3 4 5 6 7 8

North Atlantic Profiler] 0.03 | 0.73 | 0.16 | 0.09 [0.44 [ 0.21 | 0.02 | -0.14

North Central Profiler | 0.08 | 0.38 | 0.06 | 0.08 [ 0.24 |0.24 | -0.02 | -0.14

Southern Profiler 0.00 {0.46 |0.11 |0.06 |0.32 |0.17 |-0.03 | -0.19

Western Profiler 0.00 10.52 [0.06 {0.05 |0.24 |0.16 | 0.00 | -0.16

1 m/km = 5.28 ft/mi
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The standard deviations of the IRI values for the 80-km/h (50-mi/h) testing for the left and right
wheelpaths are presented in tables 21 and 22, respectively.

Table 21. Standard deviations of IRI for 80-km/h (50-mi/h) runs: Left wheelpath (1991).

Device Standard Deviations of IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4 5 6 7 8
North Atlantic Profiler] 0.08 | 0.07 | 0.08 | 0.02 | 0.05 | 0.03 | 0.01 | 0.03
North Central Profiler | 0.03 | 0.03 | 0.03 | 0.02 | 0.04 | 0.07 | 0.04 | 0.01
Southern Profiler 0.00 | 0.02 | 0.02 | 0.01 | 0.01 | 0.05 | 0.03 | 0.01
Western Profiler 0.01 1 0.02 | 0.00 | 0.02 ] 0.02 | 0.05 | 0.04 | 0.03

1 m/km = 5.28 ft/mi

Table 22. Standard deviations of IRI for 80-km/h (50-mi/h) runs: Right wheelpath (1991).

Device Standard Deviations of IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4 5 6 7 8
North Atlantic Profiler] 0.03 | 0.11 | 0.04 | 0.01 | 0.04 | 0.04 | 0.04 | 0.02
North Central Profiler | 0.06 | 0.06 | 0.04 | 0.01 | 0.05 ] 0.02 | 0.02 | 0.02
Southern Profiler 0.03 10.08 1 0.03]0.01 | 0.02|0.03 ]0.0210.03

Western Profiler 0.04 | 0.15 | 0.06 | 0.01 | 0.05 | 0.03 | 0.02 | 0.01
1 m/km = 5.28 ft/mi

The main findings from this study are:

An ANOVA performed on the IRI values indicated that the left-wheelpath IRI from the
Southern profiler was different from the IRI values from the other three profilers. An
ANOVA also showed that the left-wheelpath IRI computed from the data collected by the
North Central, Western, and North Atlantic profilers were similar. The overall mean IRI
values for the profilers along the left wheelpath computed by considering all of the
profile runs at all of the test sections at the 80-km/h (50-mi/h) test speed were 1.98, 1.97,
2.00, and 2.10 m/km (126, 125, 127, and 140 inches/mi) for the North Central, Western,
North Atlantic, and Southern profilers, respectively. These values clearly show that the
left sensor of the Southern profiler is collecting data that have higher IRI values than the
data collected by the other three profilers.

In the right wheelpath, the ANOVA indicated that the IRI values obtained from profile
data collected by the profiler combinations of North Central, Western, and North
Atlantic; North Central, Western, and Southern; and North Central, North Atlantic, and
Southern, were similar. Although the right sensor of the North Central profiler did not
follow the same path as the other three profilers (because of the difference in sensor
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spacing), all three cases in which the profilers were not significant in the ANOVA
involved this profiler. Although the North Atlantic, Western, and Southern profilers have
similar sensor spacing, the ANOVA indicated that at least one of the profilers was
different from the rest. The overall mean IRI values for the profilers along the right
wheelpath computed by considering all of the profile runs at all of the test sections at the
80-km/h (50-mi/h) test speed were 2.18, 2.16, 2.26, and 2.15 m/km (138, 137, 143, and
138 inches/mi) for the North Central, Western, North Atlantic, and Southern profilers,
respectively. Although the ANOVA indicated that the IRI values for the four profilers
were not similar, an examination of the IRI values obtained by the profilers at the test
sections did not indicate clear evidence that a particular profiler had a bias when
compared to the other profilers.

. The results of the ANOVA for the left-wheelpath IRI showed that the speed of testing
was not significant. For the right wheelpath, the speed of testing was a significant factor
for two of the profiler combinations out of a total of five combinations that were
analyzed.

o All profilers showed excellent repeatability in IRI values along both wheelpaths, except
at a few sections that had spikes in the profile data. It was observed that the repeatability
of the profilers was not affected by the surface type (asphalt vs. concrete), the level of
roughness, or the two speeds selected for testing. Although the Southern profiler was
producing higher IRI values when compared to the other three profilers along the left
wheelpath, the repeatability of IRI values obtained by this profiler was comparable to
those obtained for the other three profilers.

1992 COMPARISON: AMES, IA

The four LTPP DNC 690 profilers participated in this comparison. The information presented in
this section was obtained from a document written about this comparison."'?

Eight test sections were used in this study—four AC sections and four PCC sections. When
selecting the test sections, two levels of roughness were considered (IRI less than 2.0 m/km

(127 inches/mi) and IRI between 2.0 and 4.7 m/km (127 and 298 inches/mi)). The goal was to
establish two sections from each pavement type that fell into each of these roughness levels.
Dipstick measurements were obtained along both wheelpaths at all of the sections, with replicate
measurements obtained at seven sections. At six sections, two sets of Dipstick measurements
were obtained, with three sets of Dipstick measurements being obtained at one section. Rod-and-
level measurements were also obtained at these test sections; however, at some sections, only
one wheelpath was surveyed. Two types of levels were used to perform the rod-and-level
measurements. The profilers collected data at speeds of 64 and 80 km/h (40 and 50 mi/h). It was
requested that each profiler operator obtain six good profile runs at a section for each test speed.

During data analysis, it was discovered that one of the levels that was used to obtain
measurements did not meet the resolution requirements for rod-and-level measurements for
determining IRI that are outlined in ASTM Standard E1364-95 (2000).(3 Y Measurements
obtained from this level produced high IRI values.
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The left- and right-wheelpath IRI values computed from the profiler data collected at 80 km/h
(50 mi/h), Dipstick data, and rod-and-level data are presented in tables 23 and 24, respectively.
The IRI values presented in these tables for the profilers are the average IRI values computed
from the six repeat runs. The Dipstick IRI values presented in these tables are the average IRI
obtained from the replicate measurements for cases where more than one set of data were
available. For the rod and level, only the IRI values obtained from the data collected with the
level that met the resolution requirements outlined in ASTM Standard E1364 are shown.

Table 23. IRI values along the left wheelpath (1992).

Device IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
3 5 6 7 1 2 4 8

North Atlantic Profiler | 1.42 1.18 | 0.66 1.53 1.59 | 2.21 4.23 1.42
North Central Profiler | 1.39 1.25 0.65 1.75 1.62 | 2.13 | 4.59 1.28

Southern Profiler 139 | 1.23 | 0.60 | 1.55 | 1.74 | 237 | 437 | 147
Western Profiler 1.39 | 1.23 | 0.60 | 1.53 | 1.69 | 233 | 434 | 144
Dipstick 147 | 1.31 | 0.66 | 1.85 | 1.81 | 232 | 4.12 | 1.39
Rod and Level N/A | 145 | NJ/A | NJA | N/A | 235 | 415 | N/A

IN/A = Measurements not obtained.
1 m/km = 5.28 ft/mi

Table 24. IRI values along the right wheelpath (1992).

Device IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
3 5 6 7 1 2 4 8

North Atlantic Profiler | 1.39 | 093 | 0.79 | 3.50 | 2.02 1.67 | 5.68 1.09
North Central Profiler | 1.36 | 0.85 074 | 3.64 1.97 1.59 | 5.74 1.09

Southern Profiler 1.32 | 088 | 0.74 | 3.08 | 1.97 | 1.59 | 555 | 1.09
Western Profiler 145 | 093 | 0.76 | 3.61 | 2.02 | 1.61 | 5.68 | 1.12
Dipstick 1.37 | 093 | 0.76 | 3.52 | 2.13 | 1.69 | 5.63 | 1.10
Rod and Level N/A | NJA | 095 | N/A | N/A | 1.66 | 557 | 1.20

IN/A = Measurements not obtained.

1 m/km = 5.28 ft/mi

The differences between the average profiler IRI and the Dipstick IRI at the test sections for the
left and right wheelpaths are presented in tables 25 and 26, respectively.
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Table 25. Differences between profiler IRI and Dipstick IRI: Left wheelpath (1992).

Device Profiler IRI — Dipstick IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
3 5 6 7 1 2 4 8

North Atlantic Profiler | -0.05 | -0.13 | 0.00 | -0.32 | -0.22 | -0.11 | 0.11 | 0.03
North Central Profiler -0.08 | -0.06 | -0.02 | -0.09 | -0.19 | -0.19 | 047 | -0.11
Southern Profiler -0.08 | -0.08 | -0.06 | -0.30 | -0.08 | 0.05 | 0.25 | 0.08
Western Profiler -0.08 | -0.08 | -0.06 | -0.32 | -0.13 | 0.02 | 0.22 | 0.05

1 m/km = 5.28 ft/mi

Table 26. Differences between profiler IRI and Dipstick IRI: Right wheelpath (1992).

Device Profiler IRI — Dipstick IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
3 5 6 7 1 2 4 8

North Atlantic Profiler 0.02 | 0.00 | 0.03 | -0.02 | -0.11 | -0.02 | 0.05 | -0.02
North Central Profiler | -0.02 | -0.08 | -0.02 | 0.13 | -0.16 | -0.09 | 0.11 | -0.02
Southern Profiler -0.05 | -0.05 | -0.02 | -0.44 | -0.16 | -0.09 | -0.08 | -0.02
Western Profiler 0.08 | 0.00 | 0.00 | 0.09 | -0.11 | -0.08 | 0.05 | 0.02

1 m/km = 5.28 ft/mi

The standard deviations of the IRI values obtained from testing performed at 80 km/h (50 mi/h)
for the left and right wheelpaths are presented in tables 27 and 28, respectively.

Table 27. Standard deviations of IRI for 80-km/h (50-mi/h) runs: Left wheelpath (1992).

Device

Standard Deviations of IRI (m/km)

Surface Type and Section Number

Asphalt Concrete
3 5 6 7 1 2 4 8
North Atlantic Profiler | 0.05 | 0.02 | 0.02 | 0.05 | 0.05 | 0.03 | 0.03 | 0.02
North Central Profiler | 0.02 | 0.02 | 0.02 | 0.04 | 0.04 | 0.02 | 0.11 | 0.03
Southern Profiler 0.01 | 0.01 | 0.01 | 0.04 | 0.02 | 0.02 | 0.02 | 0.01
Western Profiler 0.02 | 0.01 | 0.01 | 0.04 | 0.04 | 0.02 | 0.03 | 0.03

1 m/km = 5.28 ft/mi
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Table 28. Standard deviations of IRI for 80-km/h (50-mi/h) runs: Right wheelpath (1992).

Device Standard Deviations of IRI (m/km)
Asphalt ‘ Concrete
Section Number

3 5 6 7 1 2 4 8
North Atlantic Profiler | 0.04 | 0.02 | 0.02 | 0.07 | 0.03 | 0.03 | 0.04 | 0.02
North Central Profiler | 0.02 | 0.01 | 0.01 | 0.22 | 0.02 | 0.02 | 0.05 | 0.02
Southern Profiler 0.02 | 0.01 | 0.01 | 0.06 | 0.02 | 0.02 | 0.04 | 0.02
Western Profiler 0.02 | 0.02 | 0.01 | 0.09 | 0.02 | 0.02 | 0.06 | 0.02

1 m/km = 5.28 ft/mi

The following are the main findings of this study:

o All profilers showed excellent repeatability in IRI for both the left and right wheelpaths,
except for the right wheelpath of section 7, which is an AC pavement with high-severity
longitudinal cracking along the right wheelpath. Very high standard deviations in IRI
were observed at this section. It was observed that the repeatability of the profilers was
not affected by the two speeds of testing or the surface type (AC and PCC).

o Generally, good agreement was found between the IRI computed from the Dipstick data
and the profiler data for all four of the profilers along both wheelpaths at the majority of
the sections.

o An ANOVA performed separately on the left- and right-wheelpath IRI values obtained
from Dipstick and the four profilers showed that the device type was not significant.

J An ANOVA performed separately on the left- and right-wheelpath IRI values obtained
from the profilers indicated that the speed of testing was not significant.

o One of the levels that was used to obtain elevation measurements did not meet the
resolution required for profile measurements that are specified in ASTM Standard
E1364-95 (2000).%" IRI computed from profiles measured by this level showed poor
agreement with both profiler IRI and Dipstick IRI, with the rod-and-level IRI being
higher.

o IRI obtained from the measurements recorded by the level that met the ASTM resolution
requirements showed good agreement with the IRI computed from the Dipstick and
profiler data for cases where the IRI was greater than 1.6 m/km (101 inches/mi).
However, there was poor agreement in the IRI for cases where the IRI was less than
1.6 m/km (101 inches/mi). Errors in leveling because of instrument errors (repeatability
errors) and the deviation of the rod from the vertical will introduce random variations
(noise) into the profiles. An analysis indicated that random variations in a profile have a
much greater effect on the IRI for smooth pavement than for rough pavement. It was
concluded that the effects of random variations in profiles caused by the previously
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described factors caused the rod-and-level IRI to have poor agreement with both the
Dipstick IRI and profiler IRI for wheelpaths that had an IRI of less than 1.6 m/km
(101 inches/mi).

o Results from a study at one section indicated that the IRI for a concrete pavement could
be affected considerably by slab curling. At that section, the morning and afternoon IRI
values obtained by the same profiler for the left wheelpath were 2.40 and 2.11 m/km
(152 and 134 inches/mi), respectively, while the corresponding values for the right
wheelpath were 1.85 and 1.59 m/km (117 and 101 inches/mi), respectively.

1998 COMPARISON: URBANA, IL

The four LTPP T-6600 profilers participated in this comparison. This profiler comparison was
the first-ever comparison of the four T-6600 profilers since profile data for the LTPP program
was first collected in late 1996. The information presented in this section was obtained from a
document written about this comparison."

Four test sections were used in this study. Two of the sections were asphalt-surfaced, while the
other two were PCC sections. When selecting the test sections, the goal was to select for each
surface type one section with an IRI of less than 1.6 m/km (101 inches/mi) and one section with
an IRI greater than 2.2 m/km (139 inches/mi). Dipstick measurements were obtained along both
wheelpaths at all of the sections. Profile testing was conducted at a speed of 80 km/h (50 mi/h).
Each profiler conducted five error-free profile runs on a test section.

The left- and right-wheelpath IRI values computed from the profiler data and the Dipstick data
are presented in tables 29 and 30, respectively. The IRI values presented in these tables for the
profilers are the average IRI values computed from the IRI for the five repeat runs.

The differences between the average profiler IRI and the Dipstick IRI at the test sections for the
left and right wheelpaths are presented in tables 31 and 32, respectively.

The standard deviations of the IRI values for the profilers for the left and right wheelpaths are
presented in tables 33 and 34, respectively.

The following are the main findings of this study:

o The precision of a profiler along each wheelpath was evaluated by computing the
standard deviation of the IRI for that wheelpath using the IRI values obtained from the
five repeat runs. A profiler was considered to have failed the precision criterion if the
standard deviation of the IRI for a wheelpath exceeded 0.04 m/km (2.5 inches/mi). All of
the profilers met the precision criterion along both wheelpaths at all of the sites.

J The IRI bias of a profiler along each wheelpath at a section was evaluated by computing
the difference between the profiler IRI (average IRI from five runs) along that wheelpath
and the IRI obtained by Dipstick. A profiler was considered to have satisfied the bias
criterion if this difference in IRI was within £0.16 m/km (+10 inches/mi). The North
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Atlantic, Southern, and Western profilers passed the bias criterion for both wheelpaths at
all of the test sections. The North Central profiler passed the bias criterion for all of the
cases, except for the right wheelpath of the rough AC section (section 2). The variability
in the IRI values obtained by the North Central profiler for the repeat runs is considered
to be the cause of the profiler failing the bias criterion at this section.

Table 29. IRI values along the left wheelpath (1998).

Device IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4
INorth Atlantic Profiler 1.02 2.49 1.30 2.77
INorth Central Profiler 1.04 2.55 1.28 2.90

Southern Profiler 1.02 2.56 1.27 2.83
'Western Profiler 1.02 2.59 1.28 2.90
Dipstick 0.95 2.52 1.17 2.87

1 m/km = 5.28 ft/mi

Table 30. IRI values along the right wheelpath (1998).

Device IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4
INorth Atlantic Profiler 1.08 2.38 1.26 3.09
INorth Central Profiler 1.05 2.62 1.24 3.17

Southern Profiler 1.04 2.39 1.24 3.05
'Western Profiler 1.04 2.50 1.22 3.20
Dipstick 0.96 2.46 1.13 3.17

1 m/km = 5.28 ft/mi

Table 31. Differences between the profiler IRI and Dipstick IRI: Left wheelpath (1998).

Device Profiler IRI — Dipstick IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4
INorth Atlantic Profiler 0.07 -0.03 | 0.13 -0.10
INorth Central Profiler 0.09 0.03 | 0.11 0.03

Southern Profiler 0.07 0.04 0.10 -0.04
Western Profiler 0.07 0.07 | 0.11 0.03
1 m/km = 5.28 ft/mi
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Table 32. Differences between the profiler IRI and Dipstick IRI: Right wheelpath (1998).

Device Profiler IRI — Dipstick IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4
INorth Atlantic Profiler 0.12 -0.08 0.13 -0.08
INorth Central Profiler 0.09 0.16 0.11 0.00
Southern Profiler 0.08 -0.07 0.11 -0.12
Western Profiler 0.08 0.04 0.09 0.03

1 m/km = 5.28 ft/mi

Table 33. Standard deviations of IRI: Left wheelpath (1998).

Device Standard Deviations of IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4
INorth Central Profiler 0.02 0.02 0.02 0.02
INorth Atlantic Profiler 0.01 0.03 0.01 0.01
Southern Profiler 0.01 0.03 0.01 0.01

Western Profiler 0.01 0.02 0.03 0.01
1 m/km = 5.28 ft/mi

Table 34. Standard deviations of IRI: Right wheelpath (1998).

Device Standard Deviations of IRI (m/km)
Surface Type and Section Number
Asphalt Concrete
1 2 3 4
INorth Central Profiler 0.01 0.02 0.02 0.02
INorth Atlantic Profiler 0.01 0.04 0.02 0.00
Southern Profiler 0.01 0.02 0.01 0.01
Western Profiler 0.01 0.02 0.01 0.03

1 m/km = 5.28 ft/mi

The evaluation of the bias and precision values showed no distinct trend for a profiler that
would indicate that it was different from the other profilers.

An ANOVA that was carried out separately for the left- and right-wheelpath IRI values

for the four profilers indicated that there were no differences in IRI values obtained for
the four profilers in both the left and right wheelpaths.
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o A visual review of the profile data plots indicated excellent repeatability of the profiles
for the North Atlantic, North Central, and Western profilers for the following wavebands:
(1) I to 30 m (3 to 100 ft), (2) less than 10 m (33 ft), (3) 10 to 20 m (33 to 66 ft), and
(4) 20 to 30 m (66 to 100 ft). The Southern profiler also exhibited similar results, except
for the rough PCC site. At this site, the Southern profiler showed poor repeatability for
wavebands between 10 and 20 m (33 and 66 ft), and 20 and 30 m (66 and 100 ft), with
the repeatability being poorer for the latter waveband. This may be caused by the
condition of the connection between the profiler bar and the vehicle. After completion of
the comparison test, the connections between the profiler bar and the profiler vehicle in
the Southern profiler were inspected and tightened. Subsequent testing indicated that this
profiler was able to collect repeatable profile data on rough sections.

2000 COMPARISON: COLLEGE STATION, TX

The four LTPP T-6600 profilers participated in this comparison. The information presented in
this section was obtained from a document written about this comparison."”’

Five pavement sections were used for profile testing: (1) a smooth AC site, (2) a medium-rough
AC site, (3) a chip-seal section, (4) a smooth PCC site, and (5) a rough PCC site. The smooth AC
and the medium-rough AC sections were located within the Riverside Campus of Texas A&M
University and are used as calibration sections to certify the Texas Department of Transportation
(TxDOT) profilers. The IRI values computed from measurements made with an ARRB walking
profiler were available for these two sections. However, the walking profiler data for these two
sections were not made available by TxDOT because these sites are used for certifying profilers.
Measurements made with a reference device (e.g., Dipstick or a walking profiler) were not
performed at the other three test sections. Profile testing was conducted at a speed of 80 km/h (50
mi/h). Each profiler was required to obtain five error-free profile runs on a test section.

The IRI values computed from the profiler data and the walking profiler data for the left and
right wheelpaths on the tests sections are presented in tables 35 and 36, respectively. The IRI
values presented in these tables for the profilers are the average IRI values computed from the
IRI for the five repeat runs.

The differences between the average profiler IRI and the Walking Profiler IRI at the test sections
are presented in table 37.

The standard deviations for the IRI values for the profilers for the left and right wheelpaths are
presented in tables 38 and 39, respectively.
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Table 35. IRI values along the left wheelpath (2000).

Device IRI (m/km)
Test Section
Smooth | Medium | Chip | Smooth | Rough

AC AC Seal | PCC PCC
North Atlantic Profiler 1.13 1.93 3.00 1.54 2.94
North Central Profiler 0.98 1.81 2.72 1.52 2.68
Southern Profiler 1.01 1.85 3.31 1.48 2.78
Western Profiler 1.04 1.94 3.33 1.56 2.90
Walking Profiler 1.01 1.85 N/A N/A N/A

IN/A = Measurements not performed.

1 m/km = 5.28 ft/mi

Table 36. IRI values along the right wheelpath (2000).

Device IRI (m/km)
Test Section
Smooth | Medium | Chip | Smooth | Rough

AC AC Seal | PCC PCC
North Atlantic Profiler 0.72 1.77 2.02 1.70 2.95
North Central Profiler 0.79 1.75 2.77 1.68 2.92
Southern Profiler 0.73 1.81 1.98 1.63 2.96
Western Profiler 0.66 1.72 2.11 1.63 2.88
Walking Profiler 0.67 1.75 N/A N/A N/A

IN/A = Measurements not performed.

1 m/km = 5.28 ft/mi

Table 37. Differences between the profiler IRI and the walking profiler IRI (2000).
Section Wheelpath| Average Profiler IRI — Reference IRI

(m/km)
Profiler
North North |Southern| Western
Atlantic | Central

Smooth Asphalt | Left 0.12 -0.03 0 0.03
Smooth Asphalt |Left 0.08 -0.04 0 0.09
Medium Asphalt |Right 0.05 0.12 0.06 -0.01
Medium Asphalt | Right 0.02 0 0.06 -0.03

1 m/km = 5.28 ft/mi
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Table 38. Standard deviations of IRI: Left wheelpath (2000).

Profiler Standard Deviations of IRI (m/km)
Test Section

Smooth | Medium | Chip | Smooth | Rough
AC AC Seal | PCC PCC
North Atlantic 0.03 0.02 0.10 0.01 0.01
North Central 0.05 0.03 0.06 0.01 0.03
Southern 0.01 0.02 0.07 0.02 0.03
Western 0.01 0.02 0.08 0.01 0.01

1 m/km = 5.28 ft/mi

Table 39. Standard deviations of IRI: Right wheelpath (2000).

Profiler Standard Deviations of IRI (m/km)
Test Section

Smooth | Medium | Chip | Smooth | Rough
AC AC Seal | PCC PCC
North Atlantic 0.01 0.02 0.02 0.01 0.03
North Central 0.06 0.02 0.06 | 0.01 0.03
Southern 0.02 0.02 0.09 | 0.02 0.03
Western 0.00 0.01 0.01 0.01 0.01

1 m/km = 5.28 ft/mi

The following are the main findings of this study:

At both the smooth AC and medium AC sections, the difference between the profiler IRI
and the walking profiler IRI was within the LTPP-specified bias criterion of £0.16 m/km
(10 inches/mi) for all of the profilers for both wheelpaths. With the exception of the left
wheelpath on the smooth AC section for the North Atlantic profiler and the right
wheelpath on the smooth AC section for the North Central profiler, the difference
between the profiler IRI and the walking profiler IRI was less than 0.1 m/km

(6 inches/mi).

At the chip-seal section, the North Central profiler had an IRI value that was 0.74 m/km
(47 inches/mi) higher than the average IRI for the other three profilers in the right
wheelpath, while for the left wheelpath, it had an IRI value that was 0.49 m/km

(31 inches/mi) lower than the average IRI for the other three profilers. After testing was
completed, the North Central profiler operator indicated that the sensor covers might not
have been taken off when this section was profiled. Under such conditions, only the
accelerometer data are used for computing the profile. This can explain why the IRI from
the North Central profiler was different from the IRI values obtained by the other three
profilers at this site.
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All profilers showed excellent repeatability of IRI values at the smooth AC, medium AC,
smooth PCC, and medium PCC sites. At these four sites, the precision criterion for IRI
that is used in the LTPP comparison studies (a precision of less than 0.04 m/km

(2.5 inches/mi)) was satisfied by all four profilers along both wheelpaths, except by the
North Central profiler at the smooth AC site. At this site, the North Central profiler had
IRI precision values of 0.05 and 0.06 m/km (3.2 and 3.8 inches/mi) along the left and
right wheelpaths, respectively. The IRI precision at the chip-seal section that had
significant cracking was variable, with precision values for a wheelpath for the four
profilers ranging from 0.01 to 0.10 m/km (0.6 to 6 inches/mi).

An evaluation of the point-to-point profile repeatability values for the left, right, and
center paths for the profilers did not show any trends that would suggest that a specific
profiler was different when compared to the other profilers.

It was noted that at the smooth AC and medium AC sites, the left sensor of the Western
profiler was noisy when compared to the other three profilers. This noise was not
influencing the IRI values computed from these profiles; however, it may influence the
ride indices that weigh shorter wavelengths more heavily.

The wheelpaths on the smooth AC and medium AC sections were marked with white
paint dots. These marked wheelpaths had a spacing that was slightly greater than the
LTPP profiler sensor spacing. Therefore, when profiling the sites, LTPP’s profilers
profiled a path that was slightly inside the marked path. Small spikes were noted on some
of the profiles collected at this site, and these appear to have been caused when the sensor
traversed over the wheelpath markings. However, these spikes did not influence the
computed IRI values.

A visual examination of the profile data plots showed good agreement in profiles
collected by all of the profilers along the left, center, and right wheelpaths, except for two
cases: The two cases involved data collected by the North Central profiler along the left
and right wheelpaths at the chip-seal section. At this section, the data collected by the
North Central profiler along both wheelpaths were different from the data collected by
the other profilers. (Note: It is believed that the profiler had the sensor covers on when
the profile data were collected at this site.) At the two PCC sites, the North Central
profiler had some inconsistencies in the data collected with the center sensor. The North
Central region indicated that they were aware of this problem with this sensor and were
in the process of correcting it with the help of K.J. Law Engineers.

2003 COMPARISON: MN/ROAD, ALBERTVILLE, MN

The four LTPP ICC profilers were used in this comparison, which was conducted at the
Mn/ROAD facility in Albertville, MN. This was the first comparison of four of LTPP’s ICC
profilers after they began collecting data for the LTPP program in August 2002. One of LTPP’s
T-6600 profilers that was used to collect profile data for the LTPP program was still operational,
and this profiler was also used in the comparison. The information presented in this section was

obtained from a document written about this comparison.

15)
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Five test sections were used for profile testing: (1) a smooth AC section, (2) a rough AC section,
(3) a smooth PCC section, (4) a medium-rough PCC section, and (5) a chip-seal section. Dipstick
measurements were obtained along both wheelpaths at all of the test sections. Profile testing was

conducted at a speed of 80 km/h (50 mi/h). Each profiler was required to obtain five error-free
profile runs on a test section.

The left- and right-wheelpath IRI values computed from the profiler data and the Dipstick data
are presented in tables 40 and 41, respectively. The IRI values presented in these tables for the

profilers are the average IRI values computed from the IRI for the five repeat runs.

Table 40. IRI values along the left wheelpath (2003).

Device IRI (m/km)
Section 1 | Section 2 Section 3 Section 4 Section 5
Smooth AC | Rough AC | Smooth PCC | Medium PCC | Chip Seal
North Atlantic: ICC 1.27 2.76 0.92 1.45 2.25
North Central: ICC 1.26 2.75 0.93 1.57 2.15
Southern: ICC 1.29 2.78 0.93 1.45 2.15
Western: ICC 1.28 2.75 0.91 1.43 2.20
K.J. Law Engineers 1.31 2.75 0.94 1.47 2.25
Dipstick 1.17 2.80 0.88 1.32 2.24
I m/km = 5.28 ft/mi
Table 41. IRI values along the right wheelpath (2003).
Device IRI (m/km)
Section 1 | Section 2 Section 3 Section 4 Section 5
Smooth AC | Rough AC | Smooth PCC | Medium PCC | Chip Seal
North Atlantic: ICC 1.68 2.81 0.98 1.70 2.54
North Central: ICC 1.73 3.01 1.02 1.72 2.54
Southern: ICC 1.69 2.62 0.96 1.67 2.54
Western: I[CC 1.66 2.54 0.97 1.71 2.50
K.J. Law Engineers 1.64 2.46 0.96 1.70 2.44
Dipstick 1.81 2.79 0.99 1.64 2.63

1 m/km = 5.28 ft/mi

The differences between the average profiler IRI and the Dipstick IRI on the test sections for the
left and right wheelpaths are presented in tables 42 and 43, respectively.
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Table 42. Differences between the profiler IRI and Dipstick IRI: Left wheelpath (2003).

Profiler Average Profiler IRI - Dipstick IRI (m/km)
Section 1 | Section 2 Section 3 Section 4 | Section 5
Smooth AC | Rough AC | Smooth PCC | Medium PCC | Chip Seal
North Atlantic: ICC 0.10 -0.03 0.04 0.13 0.01
North Central: ICC 0.09 -0.04 0.05 0.25 -0.09
Southern: ICC 0.12 -0.02 0.05 0.13 -0.09
Western: ICC 0.11 -0.05 0.03 0.11 -0.03
K.J. Law Engineers 0.14 -0.05 0.06 0.15 0.01

1 m/km = 5.28 ft/mi

Table 43. Differences between the profiler IRI and Dipstick IRI: Right wheelpath (2003).

Profiler Average Profiler IRI - Dipstick IRI (m/km)
Section 1 | Section 2 Section 3 Section 4 | Section 5
Smooth AC | Rough AC | Smooth PCC | Medium PCC | Chip Seal
North Atlantic: ICC -0.13 0.02 -0.01 0.05 -0.09
North Central: ICC -0.08 0.22 0.03 0.08 -0.09
Southern: ICC -0.12 -0.18 -0.03 0.03 -0.08
Western: ICC -0.15 -0.25 -0.02 0.07 -0.13
K.J. Law Engineers -0.18 -0.33 -0.03 0.05 -0.19

1 m/km = 5.28 ft/mi

The standard deviations of the IRI from the profilers for the left and right wheelpaths are
presented in tables 44 and 45, respectively.

Table 44. Standard deviations of IRI: Left wheelpath (2003).

Profiler Standard Deviations of IRI (m/km)
Section 1 Section 2 Section 3 Section 4 Section 5
Smooth AC | Rough AC | Smooth PCC | Medium PCC | Chip Seal
North Atlantic: ICC 0.02 0.03 0.01 0.03 0.02
North Central: ICC 0.01 0.04 0.01 0.04 0.02
Southern: ICC 0.02 0.02 0.01 0.03 0.03
Western: ICC 0.01 0.04 0.01 0.01 0.04
K.J. Law Engineers 0.02 0.03 0.01 0.01 0.06

1 m/km = 5.28 ft/mi
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Table 45. Standard deviations of IRI: Right wheelpath (2003).

Profiler Standard Deviations of IRI (m/km)
Section 1 | Section 2 Section 3 Section 4 Section 5
Smooth AC | Rough AC | Smooth PCC | Medium PCC | Chip Seal
North Atlantic: ICC 0.07 0.11 0.02 0.02 0.02
North Central: ICC 0.01 0.13 0.01 0.01 0.03
Southern: ICC 0.07 0.08 0.02 0.03 0.04
Western: ICC 0.08 0.09 0.01 0.01 0.03
K.J. Law Engineers 0.04 0.08 0.02 0.02 0.03

1 m/km = 5.28 ft/mi

The main findings of this study are:

Overall, all of the profilers appear to be obtaining repeatable IRI values. These data did
not indicate that a particular profiler was behaving differently than the other profilers as
far as IRI repeatability is concerned. The precision criterion for IRI that is used in the
LTPP comparison studies is that the IRI standard deviations from multiple runs on a
section should be less than 0.04 m/km (2.5 inches/mi). However, sometimes this criterion
cannot be met if distresses are present along the wheelpath, because even a slight shift in
the path profiled can have a significant impact on IRI. The IRI precision criterion was
met for all of the cases, except for the following: (1) all profilers, except for the North
Central profiler along the right wheelpath of the smooth AC section (section 1); (2) all of
the profilers along the right wheelpath of the rough AC section (section 2); (3) left
wheelpath of the rough AC section (section 2) and medium-rough PCC section

(section 4) for the North Central profiler; and (4) left wheelpath of the chip-seal section
(section 5) for the K.J. Law Engineers profiler. Distresses were present along the right
wheelpath on the smooth AC section (section 1) and along both wheelpaths on the rough
AC section (section 2), and variability on the paths profiled by the profilers was the most
likely cause of the failure of the profilers to meet the specified criterion at these two sites.

Good agreement between profiler IRI and Dipstick IRI was obtained for the majority of
the cases. The LTPP criterion used for the comparison studies is that the difference
between the Dipstick IRI and the profiler IRI should be within £0.16 m/km

(10 inches/mi). This criterion was met for all of the cases, except for the following: (1)
right wheelpath of the smooth AC section (section 1) and the chip-seal section (section 5)
by the K.J. Law Engineers profiler, (2) left wheelpath of the medium-rough PCC section
(section 4) by the North Central profiler, and (3) right wheelpath of the rough AC section
(section 2) by all profilers, except for the North Atlantic profiler. Extensive distresses
were present on the rough AC section (section 2), and the failure of the profilers to meet
the specified criterion at this site may be caused by the differences in the way downward
features in the pavement are measured by Dipstick and the profilers.

An evaluation of the profile data collected by the North Central, North Atlantic, and
Western ICC profilers indicated that the profile data collected by these profilers generally
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have similar repeatability. The K.J. Law Engineers and Southern ICC profilers showed
much higher variability in the profile data for repeat runs along both wheelpaths when
compared to the other three ICC profilers. A comparison of the profiles obtained by the
four ICC profilers on the five test sections indicated that all four of the profilers are
capturing similar profile features. A profile feature that appeared in any ICC profiler was
also present on the profiles collected by the other ICC profilers. After the profiler
comparison, another evaluation was performed to investigate the repeatability of the
profile data collected by the Southern profiler. This investigation indicated that the
Southern profiler was obtaining repeatable profile data that was comparable to the data
obtained by the other three ICC profilers on the Mn/ROAD test sections. The poor profile
repeatability obtained by the Southern profiler on the Mn/ROAD test sections may have
been caused by problems with the operational procedures that were followed by the
profiler operator (e.g., insufficient lead-in, not maintaining a constant speed, etc.).

Collection of profile data at speeds of 35, 50, 65, 80, 95, and 110 km/h (22, 38, 41, 50,
59, and 69 mi/h) was performed by the K.J. Law Engineers and Southern ICC profilers
on one section. The analysis of the data indicated that the IRI value did not appear to be
influenced by the speed of testing.

There were differences in IRI values computed for the Dipstick data using ProQual and
RoadRuf. RoadRuf is a software program developed by UMTRI. However, a comparison
of IRI values obtained by ProQual and RoadRuf for profiler data showed that the IRI
values were similar. For the Dipstick data collected along 10 wheelpaths (from 5
sections), the differences in the IRI values from ProQual and RoadRuf ranged from
0.004 to 0.079 m/km (0.25 to 5 inches/mi), with the IRI values from ProQual being
higher than those obtained by RoadRuf for all of the cases. When ProQual computes the
IRI from the Dipstick data, it first applies a filter that has an upper-wavelength cutoff of
100 m (328 ft), then it uses the filtered data to compute the IRI value. When RoadRuf
computes the IRI from the Dipstick data, the software uses the Dipstick elevation profile
to compute the IRI without any prefiltering of the data. The filtering of the Dipstick data
performed by ProQual may be the cause of the differences in the Dipstick IRI values
between RoadRuf and ProQual.
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APPENDIX B: PROFILER VERIFICATION STUDIES

1996 VERIFICATION TEST

In 1996, FHWA purchased four K.J. Law Engineers T-6600 profilers to replace the K.J. Law
Engineers DNC 690 profilers that were used in the LTPP program. Each region compared the
DNC 690 and T-6600 profilers before using the T-6600 profiler to collect profile data for the
LTPP program.

Each region used four test sections for the verification test; each test section was 152.4 m (500 ft)
long. Two sections were surfaced with AC, while the other two were jointed PCC pavements.
When selecting the test sections, the aim was to select two sections for each pavement type so
that one section will have an IRI value of less than 1.6 m/km (101 inches/mi), and the other
section will have an IRI value of greater than 2.2 m/km (139 inches/mi). Dipstick measurements
were performed on both wheelpaths at all four test sections. Each profiler performed three
measurement sequences at each test section, with one measurement sequence being performed
on 1 day. A measurement sequence consisted of obtaining a set of profile runs (a minimum of
five good profile runs) on a test section at test speeds of 64 and 80 km/h (40 and 50 mi/h).
Therefore, at each section, each profiler collected six data sets (two speeds x three sequences).
During testing, each profiler collected 24 data sets (4 test sections x 2 test speeds x 3
measurement sequences). The wheelpaths at the test sections were not marked, and the profiler
drivers judged the location of the wheelpath when profiling the sections.

The guidelines for testing recommended that concurrent measurements be made at the test
sections with the two profilers with a minimum time lag between measurements. The guidelines
also recommended that an effort should be made to obtain the three profiler measurement
sequences for a test section on 3 consecutive days. Each RSC was asked to compute the IRI
value of the profiler data and Dipstick data using ProQual. The bias in the IRI value of a profiler
for a wheelpath on a test section was determined by computing the difference between the
average profiler IRI at a specific speed for a data set (computed by averaging the IRI values
obtained from replicate runs) and the Dipstick IRI. The profiler was deemed to have satisfied the
IRI bias criterion if this difference in IRI was within #£0.16 m/km (£10 inches/mi). For each data
set, the standard deviation of the IRI for each wheelpath was computed by using the IRI values
obtained for the replicate profile runs. The precision of the profiler was evaluated by using this
standard deviation of the IRI. The profiler was deemed to have satisfied the precision criterion if
the standard deviation of the IRI was less than 0.04 m/km (2.5 inches/mi).

Each RSC prepared a report documenting the results of this comparison test. (See references 24,
25,26, and 27.) A summary of the findings contained in these reports is presented separately for
the four regions.

North Atlantic Region

For all profiler testing, the same driver operated each profiler. A review of the report indicated
that, in many cases, more than five repeat runs were conducted for each data set. Thereafter, five
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runs were selected for computing the average IRI and the standard deviation of the IRI. It
appears that the five runs were selected after the IRI values from all available runs were
reviewed to select values that were similar to each other. The average profiler IRI values
obtained for the 80-km/h (50-mi/h) profiler runs and IRI obtained from the Dipstick
measurements at the four sites that were extracted from the report are presented in table 46. The
differences between the average profiler IRI and the Dipstick IRI for the profile runs obtained at
80 km/h (50 mi/h) are presented in table 47. It should be noted that testing resulted in six data
sets at each section, and these tables only show the results obtained for 80-km/h (50-mi/h)
testing, which comprise three data sets from a test section.

Table 46. Profiler IRI for 80-km/h (50-mi/h) runs and Dipstick IRI: North Atlantic region.

Site Sequence| Test Average IRI (m/km)
Date Left Wheelpath Right Wheelpath
T-6600 | DNC 690 | Dipstick | T-6600 | DNC 690 Dipstick

Smooth AC 1 10/07/96 | 0.78 0.86 0.83 0.89 0.87 0.92
2 10/09/96 | 0.74 0.86 0.88 0.86
3 10/10/96 | 0.75 0.87 0.87 0.86

Rough AC 1 10/07/96 | 2.44 2.26 2.30 1.92 1.89 1.91
2 10/09/96 | 2.11 2.27 1.67 1.92
3 10/10/96 | 2.28 2.28 1.72 1.87

Smooth PCC 1 10/03/96 | 1.19 1.25 1.27 1.37 1.30 1.39
2 10/04/96 | 1.18 1.22 1.34 1.31
3 10/04/96 | 1.20 1.21 1.40 1.33

Rough PCC 1 10/07/96 | 1.92 1.81 1.93 2.11 2.12 2.22
2 10/09/96 | 1.88 1.89 2.23 2.15
3 10/10/96 | 1.88 1.88 2.18 2.18

Note: Only one data set was obtained for Dipstick at each site.

1 m/km = 5.28 ft/mi

Table 47. Differences between the profiler IRI and the Dipstick IRI: North Atlantic region.

Site Sequence, Test | Profiler IRI — Dipstick IRI (m/km)

Date | Left Wheelpath | Right Wheelpath

T-6600 | DNC 690 | T-6600 | DNC 690
Smooth AC 1 10/07/96| -0.05 0.03 -0.03 -0.05
2 10/09/96| -0.09 0.03 -0.05 -0.06
3 10/10/96| -0.08 0.04 -0.05 -0.06
Rough AC 1 10/07/96| 0.14 -0.04 0.01 -0.02
2 10/09/96| -0.20 -0.04 -0.24 0.00
3 10/10/96| -0.02 -0.02 -0.20 -0.05
Smooth PCC 1 10/03/96| -0.08 -0.02 -0.03 -0.09
2 10/04/96| -0.09 -0.05 -0.05 -0.08
3 10/04/96| -0.07 -0.06 0.01 -0.06
Rough PCC 1 10/07/96| -0.01 -0.13 -0.11 -0.10
2 10/09/96| -0.05 -0.05 0.01 -0.08
3 10/10/96| -0.05 -0.05 -0.04 -0.04

1 m/km = 5.28 ft/mi
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The main findings from the study are:

o Both profilers passed the IRI bias criterion for all data sets, except for the following
cases: (1) at the rough AC site, the T-6600 profiler failed the criterion for two data sets in
both the left and right wheelpaths, and (2) the DNC 690 profiler failed the criterion at the
rough PCC site along the right wheelpath for one data set.

o Both profilers passed the precision criterion for all data sets, except for the following
cases: (1) at the rough AC site, the DNC 690 profiler failed the criterion for two data sets
in the right wheelpath; the T-6600 profiler failed the criterion along the left wheelpath for
four data sets and along the right wheelpath for three data sets, and (2) at the rough PCC
site, the DNC 690 profiler failed the criterion for two data sets in the right wheelpath; the
T-6600 profiler failed the criterion along the right wheelpath for three data sets.

o For both profilers, it was found that the IRI values for both the left and right wheelpaths
were insensitive to the two testing speeds. This held true for both smooth and rough
pavements, as well as for AC and PCC surfaces.

o For most cases, the IRI values obtained by the profilers were less than those obtained by
Dipstick.
o The IRI values varied much more for the rough sections when compared to the smooth

sections. The majority of these occurrences involved the T-6600 profiler. Overall, the IRI
values obtained from the DNC 690 profiler appeared to be more repeatable than those
obtained from the T-6600 profiler. This might have been the result of the T-6600 profiler
being operated by an inexperienced driver who was not as skilled at consistently tracking
the wheelpath as the driver of the DNC 690 profiler.

North Central Region

For all profiler testing, the same drivers operated each profiler. The drivers of both profilers used
a camera system to help them align the vehicle along the right wheelpath. The DNC 690 and the
T-6600 profilers had different sensor spacings (1,676 and 1,422 mm (66 and 56 inches),
respectively).

The report indicated that the first five acceptable runs obtained at a section for each data set were
used to compute the average IRI and standard deviation of the IRI for each wheelpath. The
average profiler IRI values obtained for the 80-km/h (50-mi/h) profiler runs and IRI obtained
from the Dipstick measurements at the four sites that were extracted from the report are
presented in table 48. The differences between the average profiler IRI and the Dipstick IRI for
the profiler runs obtained at 80 km/h (50 mi/h) are presented in table 49. It should be noted that
testing resulted in six data sets at each section, and these tables only show the results obtained for
the 80-km/h (50-mi/h) testing, which comprise three data sets from a test section.
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Table 48. Profiler IRI for 80-km/h (50-mi/h) runs and Dipstick IRI: North Central region.

Site Sequence| Test Average IRI (m/km)
Date Left Wheelpath Right Wheelpath
T-6600 | DNC 690 | Dipstick | T-6600 | DNC 690 | Dipstick

Smooth AC 1 10/07/96| 1.07 1.00 0.98 1.12 1.05 1.08
2 10/09/96 | 1.05 1.01 1.05 1.07
3 10/10/96| 1.02 1.00 1.08 1.05

Rough AC 1 10/07/96| 3.94 3.95 3.82 4.73 4.98 4.86
2 10/09/96| 3.96 3.97 4.78 4.92
3 10/10/96| 3.94 3.95 4.79 4.90

Smooth PCC 1 10/03/96| 1.11 1.11 1.05 1.07 1.09 1.15
2 10/04/96| 1.11 1.10 1.08 1.07
3 10/04/96| 1.11 1.11 1.08 1.09

Rough PCC 1 10/07/96| 2.64 2.75 2.55 3.00 3.06 3.01
2 10/09/96 | 2.67 2.70 2.95 2.99
3 10/10/96| 2.63 2.74 3.02 3.02

Note: Only one data set was obtained for Dipstick at each site.

I mkm=5.2

8 ft/mi

Table 49. Differences between the profiler IRI and the Dipstick IRI: North Central region.

Site Sequence| Test | Profiler IRI — Dipstick IRI (m/km)

Date | Left Wheelpath | Right Wheelpath

T-6600 | DNC 690 | T-6600 | DNC 690
Smooth AC 1 10/07/96| 0.09 0.03 0.04 -0.03
2 10/09/96| 0.07 0.04 -0.04 -0.01
3 10/10/96| 0.05 0.02 0.00 -0.03
Rough AC 1 10/07/96| 0.12 0.13 -0.12 0.12
2 10/09/96| 0.15 0.15 -0.07 0.07
3 10/10/96| 0.12 0.14 -0.07 0.04
Smooth PCC 1 10/03/96| 0.06 0.05 -0.08 -0.06
2 10/04/96| 0.06 0.04 -0.07 -0.08
3 10/04/96| 0.06 0.06 -0.08 -0.06
Rough PCC 1 10/07/96| 0.08 0.20 -0.01 0.05
2 10/09/96| 0.11 0.15 -0.06 -0.02
3 10/10/96| 0.08 0.19 0.01 0.01

1 m/km = 5.28 ft/mi

The findings from the study are:

Both profilers satisfied the IRI bias criterion along both wheelpaths on the smooth AC

and smooth PCC sections. On the rough AC section, the DNC 690 profiler passed the
bias criterion for both wheelpaths for all of the cases, while the T-6600 profiler failed the
bias criterion along the left wheelpath for all data sets. On the rough PCC section, the
DNC 690 profiler failed the bias criterion for four data sets along the left wheelpath,
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while the T-6600 profiler passed the bias criterion for all of the cases along both
wheelpaths.

J Both profilers satisfied the IRI precision criterion along both wheelpaths on the smooth
AC and smooth PCC sections. On the rough AC section, the T-6600 profiler failed the
precision criterion along the left wheelpath for three data sets, and along the right
wheelpath for one data set, while the DNC 690 profiler failed the criterion along the right
wheelpath for two data sets. On the rough PCC section, the DNC 690 and the T-6600
profilers failed the precision criterion for one data set along the left wheelpath and one
data set along the right wheelpath.

Southern Region

A review of the report showed that the average IRI and standard deviation of the IRI along each
wheelpath for each data set were computed using all available runs for that data set. The average
profiler IRI values obtained for the 80-km/h (50-mi/h) profiler runs and IRI obtained from the
Dipstick measurements at the four sites that were extracted from the report are presented in table
50. The differences between the average profiler IRI and the Dipstick IRI for the profile runs
obtained at 80 km/h (50 mi/h) are presented in table 51. Testing resulted in six data sets at each
section; these tables only show the results obtained for 80-km/h (50-mi/h) testing, which
comprise three data sets from a test section.

Table 50. Profiler IRI for 80-km/h (50-mi/h) runs and Dipstick IRI: Southern region.

Note: Only one data set was obtained for Dipstick at cach site.

Site Sequence| Test Average IRI (m/km)
Date Left Wheelpath Right Wheelpath
T-6600 | DNC 690 | Dipstick | T-6600 | DNC 690 | Dipstick
Smooth AC 1 11/06/96| 0.72 0.73 0.70 0.74 0.73 0.75
2 11/08/96| 0.71 0.74 0.74 0.73
3 11/08/96| 0.70 0.73 0.73 0.73
Rough AC 1 11/04/96| 1.88 1.66 1.87 2.12
2 11/04/96| 1.91 1.63 1.90 2.12
3 11/04/96| 1.96 1.61 1.92 2.12
Smooth PCC 1 10/30/96| 1.76 1.79 1.78 1.69
2 10/31/96| 1.74 1.77 1.76 1.69
3 11/01/96| 1.83 1.81 1.75 1.69
Rough PCC 1 10/30/96| 2.05 2.15 2.48 2.09
2 10/31/96| 2.02 2.16 2.50 2.09
3 11/01/96| 2.12 2.18 2.52 2.09

1 m/km = 5.28 ft/mi
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Table 51. Differences between the profiler IRI and the Dipstick IRI: Southern region.

Site Sequence, Test | Profiler IRI — Dipstick IRI (m/km)
Date | Left Wheelpath | Right Wheelpath
T-6600 | DNC 690 | T-6600 | DNC 690
Smooth AC 1 11/06/96| -0.01 0.00 -0.05 -0.01
2 11/08/96| -0.02 0.01 -0.08 -0.01
3 11/08/96| -0.03 0.00 -0.08 -0.02
Rough AC 1 11/04/96| -0.24 -0.45 -0.33 -0.31
2 11/04/96| -0.21 -0.49 -0.38 -0.28
3 11/04/96| -0.15 -0.51 -0.37 -0.26
Smooth PCC 1 10/30/96| 0.07 0.10 -0.10 0.01
2 10/31/96| 0.05 0.08 -0.07 -0.01
3 11/01/96| 0.14 0.11 -0.08 -0.02
Rough PCC 1 10/30/96| -0.04 0.06 -0.08 0.13
2 10/31/96| -0.07 0.07 0.02 0.15
3 11/01/96| 0.03 0.10 0.04 0.17

1 m/km = 5.28 ft/mi

The findings from the main study are:

Both profilers passed the IRI bias criterion at the smooth AC site. At the rough AC site,
both profilers failed the IRI bias criterion for all of the cases, except where the T-6600
profiler met the criterion along the left wheelpath for one data set. At the smooth PCC
site, the DNC 690 profiler passed the bias criterion for all data sets, while the T-6600
profiler passed the bias criterion for all data sets along the right wheelpath, but failed the
bias criterion along the left wheelpath for three data sets. At the rough PCC site, the DNC
690 profiler passed the bias criterion for all data sets, except for three data sets along the
right wheelpath; the T-6600 profiler passed the bias criterion for all data sets, except for
two data sets along the right wheelpath.

Both profilers passed the precision criterion at the smooth AC site. At the rough AC site,
the DNC 690 profiler met the precision criterion for all data sets, while the T-6600
profiler failed the precision criterion along the left wheelpath for all data sets and along
the right wheelpath for two data sets. At the smooth PCC site, the DNC 690 profiler met
the precision criterion for all data sets; the T-6600 profiler passed the criterion for all data
sets, except for three data sets along the left wheelpath. At the rough PCC site, both
profilers met the precision criterion for all data sets, except along the left wheelpath
where the T-6600 profiler failed the criterion for four data sets.

In most cases where the bias or the precision criteria were not met, testing was performed

at 56 km/h (35 mi/h). The drivers appeared to have difficulty running the same wheelpath
consistently at the slower test speed of 56 km/h (35 mi/h).
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Western Region

For all profiler testing, each profiler was operated by the same driver. A review of the report
indicated that nine profile runs usually were conducted for each data set. When computing the
IRI bias for a particular wheelpath for a test speed, the average profiler IRI was computed by
averaging the IRI values that were obtained for all profile runs for the three data sets and then
subtracting the Dipstick IRI from this value. When computing the standard deviation of the IRI
at a site for a particular wheelpath and a specific test speed, all profile runs obtained for the three
test sequences were considered.

The average profiler IRI values obtained for the 80-km/h (50-mi/h) profiler runs and IRI
obtained from the Dipstick measurements for the four sites that were extracted from the report
are presented in table 52. The differences between the average profiler IRI obtained for the
80-km/h (50-mi/h) runs and the Dipstick IRI for each test sequence are presented in table 53. The
values presented in table 53 were computed from the values shown in table 52. The report on this
comparison did not give the values shown in table 53, since the differences between profiler IRI
and Dipstick IRI were computed differently, as described previously.

Table 52. Profiler IRI for 80-km/h (50-mi/h) runs and Dipstick IRI: Western region.

Site Sequence| Test Average IRI (m/km)
Date Left Wheelpath Right Wheelpath
T-6600 | DNC 690 | Dipstick | T-6600 | DNC 690 | Dipstick

Smooth AC 1 10/10/1996/ 0.78 0.79 0.86 0.94 0.92 0.97
2 10/10/1996/ 0.78 1.15 0.93 0.91
3 10/10/1996/ 0.75 0.80 0.91 0.93

Rough AC 1 10/15/1996| 2.63 3.42 1.96 2.58 2.55 2.10
2 10/16/1996/ 2.53 3.50 2.52 2.63
3 10/17/1996| 2.60 3.13 2.67 2.56

Smooth PCC' 1 10/11/1996] 1.10 1.18 1.16 1.04 1.08 1.04
2 10/11/1996/ 0.98 1.03 0.88 0.94
3 10/16/1996| 0.97 0.95 0.87 0.90

Rough PCC 1 10/10/1996| 2.24 2.33 1.99 2.46 2.41 2.12
2 10/11/1996] 2.30 2.32 2.37 2.40
3 10/16/1996/ 2.58 2.55 2.60 2.70

" On smooth PCC data collected with T-6600 on 10/10/96.

INote: Only one data set was obtained for Dipstick at each site.

1 m/km = 5.28 ft/mi

The main findings from this study are:

. Very high IRI bias values that were outside of the acceptable range were observed for
both profilers at the rough AC and rough PCC sites. The report indicated that the high
bias values were probably caused by the way Dipstick measurements were performed.
The report also indicated that the documentation for the Dipstick measurement
procedures being used at that time included the following paragraph: “The footpads
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should be placed to avoid minor localized cracks, holes, open joints, the edge of open
joints or wide cracks, and loose stones or debris.” The report indicated that this procedure
was followed during Dipstick measurements. However, when profilers collect data, they
do not avoid these features, so there were high bias values for the profilers at the rough
AC and rough PCC sites.

High IRI precision values that did not meet the specified criterion were obtained in many
cases.

After reviewing the report from this research project, the precision criterion failure at
many of the sections is attributed to the procedure that was used for computing the
precision. The other regions computed the precision for each data set. In the analysis
performed by the Western region, all of the profiler runs obtained for all three sequences
were used to compute the precision.

Table 53. Differences between the profiler IRI and the Dipstick IRI: Western region.

Site Sequence Test | Profiler IRI — Dipstick IRI (m/km)

Date | Left Wheelpath | Right Wheelpath

T-6600 | DNC 690 | T-6600 | DNC 690
Smooth AC 1 10/10/96| -0.08 -0.07 -0.04 -0.05
2 10/10/96| -0.08 0.29 -0.04 -0.06
3 10/10/96| -0.11 -0.06 -0.06 -0.04
Rough AC 1 10/15/96| 0.66 1.46 0.48 0.45
2 10/16/96| 0.56 1.54 0.42 0.53
3 10/17/96| 0.63 1.16 0.57 0.46
Smooth PCC 1 10/11/96| -0.06 0.01 0.00 0.03
2 10/11/96| -0.18 -0.13 -0.16 -0.11
3 10/16/96| -0.20 -0.21 -0.18 -0.14
Rough PCC 1 10/10/96| 0.25 0.35 0.34 0.29
2 10/11/96| 0.31 0.33 0.25 0.27
3 10/16/96| 0.59 0.57 0.48 0.58

1 m/km = 5.28 ft/mi

Overall Comment on the Results

The procedures used by the four regions for computing the average IRI and the standard
deviation of the IRI were different. The following procedures are used by each region in
computing the average IRI and the standard deviation of the IRI:

North Atlantic Region: Five runs from each data set were used in the computations;
however, these runs appeared to have been selected based on the review of the IRI values
obtained from all of the replicate runs.

North Central Region: The first five error-free runs for each data set were used in the
computations.

138



o Southern Region: All available replicate runs for each data set were used in the
computations.

o Western Region: At each site, for a particular test speed, all runs that were collected at
the site for all three test sequences were used in the computations.

Because of the different procedures used by the four regions in computing IRI bias and IRI
precision, the results from the regions cannot be compared.

Overall, it appears that the T-6600 profilers are performing satisfactorily and, generally, data
collected by the T-6600 profilers appear to be similar to the data collected by the DNC 690
profilers from an IRI viewpoint.

2002 VERIFICATION STUDY

In 2002, FHWA purchased four ICC profilers to replace the K.J. Law Engineers T-6600
profilers. Each RSC compared these two profilers before using the ICC profilers for data
collection. A minimum of five test sites were used in each region for this comparison, and each
region was asked to select at least one site meeting the following requirements: (1) smooth AC
section with an IRI less than 1.6 m/km (101 inches/mi), (2) smooth PCC section with an IRI less
than 1.6 m/km (101 inches/mi), (3) rough AC section with an IRI greater than 2.2 m/km (139
inches/mi), (4) rough PCC section with an IRI greater than 2.2 m/km (139 inches/mi), and (5) a
chip-seal section. Dipstick measurements were not obtained at the test sites. The wheelpaths at
the test sites were not marked, and the profiler operators judged the location of the wheelpath
when profiling the test sections.

The purpose of this profiler comparison was to compare the IRI values and the profiles obtained
by the two profilers. Each region collected data at the test sections following normal LTPP data
collection procedures, except that the data collection at the PCC sections was performed in the
afternoon. Each region was asked to submit IRI values for five error-free profile runs on each
section for each profiler. At many of the sites, the two profilers collected measurements on the
same day. However, at several sites, there was a time difference of up to 1.5 months between the
measurements collected by the two profilers. Each region submitted the results of the comparison
to the LTPP technical support services contractor, who prepared a report documenting the results
obtained from all four regions.*® Table 54 shows the IRI values that were obtained from the
testing. This table shows the region, site number, surface type, dates when the sites were
profiled, average left- and right-wheelpath IRI from each profiler, and the standard deviation of
the IRI obtained from each profiler along the left and right wheelpaths.

The main findings of this study are:
o Overall, the mean IRI values (average IRI for left- and right-wheelpath IRI) obtained by
the two profilers showed good agreement. The difference in the mean IRI between the

two profilers at the test sites was within £0.05 m/km (3.1 inches/mi) for the majority of
the sites.
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When individual wheelpath IRI values were compared between the two profilers, the
differences were higher in magnitude than the differences observed when the mean IRI
values were compared. When individual wheelpath IRI values at the test sites were
compared, for 70 percent of the cases, the differences in the IRI were within +0.10 m/km
(+6 inches/mi). An evaluation of the results from the LTPP profiler comparison study that
was conducted in 2000 in Texas indicated that the differences in the IRI that were
observed between the K.J. Law Engineers and ICC profilers were comparable to the
differences in the IRI that were observed among the four LTPP K.J. Law Engineers
profilers."¥ This indicates that the IRI values obtained from the data collected with the
ICC profilers show reasonable agreement with the IRI obtained from the data collected
by the K.J. Law Engineers profilers.

The comparison of the profile plots indicated that there are differences in long
wavelengths in the profile data recorded by the K.J. Law Engineers and ICC profilers at
many of the sites. Visual reviews of the profiles showed that similar pavement features
were being recorded by both profilers.
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Table 54. IRI values obtained from the 2002 verification study.

Region Site Surface Profile Date Average IRI Left Average IRI Right Std. Dev. IRI Left Std. Dev. IRI Right
Number Type K.J. Law ICC Wheelpath (m/km) | Wheelpath (m/km) Wheelpath (m/km) | Wheelpath (m/km)

Law ICC Law ICC Law ICC Law ICC
IN. Atlantic | 251002 AC 7/25/2002 | 7/25/2002 4.22 4.45 1.48 1.30 0.22 0.28 0.06 0.14
IN. Atlantic | 361011 AC 7/24/2002 | 7/24/2002 0.91 0.89 0.87 0.89 0.03 0.04 0.01 0.03
IN. Atlantic | 364018 PCC 7/25/2002 | 7/25/2002 2.64 2.87 222 2.18 0.09 0.16 0.06 0.05
IN. Atlantic | 245807 PCC 6/05/2002 | 8/01/2002 1.56 1.41 1.58 1.53 0.07 0.02 0.02 0.02
IN. Atlantic | 872811 AC 4/20/2001 | 7/31/2002 1.50 1.43 1.57 1.65 0.21 0.02 0.07 0.04
IN. Atlantic | 360801 AC 7/23/2002 | 7/23/2002 1.11 1.08 1.09 1.06 0.01 0.01 0.02 0.02
IN. Atlantic | 360802 AC 7/23/2002 | 7/23/2002 1.38 1.38 1.77 1.70 0.01 0.03 0.01 0.04
IN. Atlantic | 360859 AC 7/23/2002 | 7/23/2002 1.06 1.04 1.15 1.13 0.01 0.01 0.02 0.02
IN. Central 17A001 AC 7/16/2002 | 7/16/2002 1.01 0.95 1.22 1.18 0.05 0.02 0.06 0.02
IN. Central 17A002 AC 7/16/2002 | 7/16/2002 2.68 2.78 2.83 2.69 0.04 0.02 0.03 0.03
IN. Central 17A003 PCC 7/17/2002 | 7/17/2002 1.06 1.08 1.15 1.16 0.02 0.02 0.01 0.02
IN. Central 17A004 PCC 7/17/2002 | 7/17/2002 4.01 4.07 4.14 4.16 0.02 0.02 0.02 0.02
IN. Central 17A005 CS 7/16/2002 | 7/16/2002 3.20 2.95 3.65 3.76 0.08 0.08 0.03 0.11
Southern 481064 AC 7/24/2002 | 9/10/2002 1.89 1.94 1.75 1.75 0.04 0.05 0.12 0.13
Southern 481070 AC 7/24/2002 | 9/10/2002 1.58 1.63 1.73 1.82 0.08 0.05 0.11 0.10
Southern 48B350 CS 7/24/2002 | 9/10/2002 1.84 1.67 232 2.45 0.16 0.13 0.10 0.25
Southern 483003 PCC 7/24/2002 | 9/11/2002 2.11 2.10 231 2.26 0.02 0.06 0.07 0.04
Southern 485253 PCC 7/24/2002 | 9/11/2002 1.29 1.30 1.67 1.56 0.01 0.02 0.02 0.02
Western 320110 AC 6/10/2002 | 7/31/2002 0.57 0.57 0.74 0.74 0.01 0.01 0.01 0.01
(Western 320209 PCC 6/10/2002 | 7/31/2002 1.03 1.21 0.96 1.11 0.03 0.03 0.02 0.03
(Western 67454 AC 7/26/2002 | 7/26/2002 2.24 2.27 232 2.19 0.02 0.03 0.04 0.06
(Western 69107 PCC 7/25/2002 | 7/25/2002 2.58 2.50 2.29 2.38 0.03 0.07 0.03 0.08
(Western 169034 CS 6/04/2002 | 7/29/2002 1.81 1.74 2.02 1.98 0.03 0.05 0.08 0.09

INote: AC = Asphalt Concrete, PCC = Portland Cement Concrete, CS = Chip Seal.

1 m/km = 5.28 ft/mi
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