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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
Office of Infrastructure Research
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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.
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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
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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 a