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BACKGROUND

Introduction

Ride quality, commonly referred to as pavement smoothness, is one of the most important
highway characteristics that impact drivers. In addition, it plays a vital role in the long-term
pavement performance, as well as in the pavement life cycle costs. Smoother pavements last
longer and cost significantly less over their service lives. On the other hand, pavement sections
that start with high initial roughness always have higher maintenance and rehabilitation cost,
shorter service lives and significantly lower ride quality.

Roughness measurements are typically used to represent the user opinion of the ride quality.
There are several methods to evaluate the roughness of pavements, and hence the ride quality.
Profilographs and straightedges are used to measure the vertical deviations from a moving,
fixed length reference plane (surface tolerance). The measured deviations are then compared
with a maximum allowable value (in the range of 0.118 — 0.157 in). Areas with tolerance
exceeding the allowable limit are identified and some remedial work may be performed.

Pavement smoothness can also be evaluated using roughness indices, such as the Ride
Quality Index (RQI) and the International Roughness Index (IRIl). The pavement longitudinal
profile is measured using laser sensors. Simulation analyses are then performed on the
measured profiles to estimate the vertical movements of a standard vehicle traveling at a
constant speed. The estimated vertical movements are used to calculate roughness indices.

The New Jersey Department of Transportation (NJDOT) used a Rolling Straightedge (RSE)
based specification for quality assurance of pavement smoothness. RSE is used to measure
the surface tolerance, which is then used to evaluate the smoothness of newly constructed
asphalt layers. Lengths of wheelpaths longer than six in. that exceed the tolerances > 1/8 in are
identified as defective areas. The total length of these areas is then used to calculate the
percentage defective length %Defective Length (%DL). One of the many disadvantages of this
procedure is the time and effort associated with it. In addition, this approach requires lane
closure and in some cases the results are misleading.

As a part of the on-going effort to improve the ride quality of NJDOT pavements, the NJDOT
Bureau of Research conducted a study to evaluate the applicability of using automated highway
profilers to replace the RSEs, Phase | study.

Phase | Project

A study was performed to evaluate the applicability of using automated profilers to replace RSE
used by NJDOT to implement the department smoothness specifications. Two categories of
profilers were considered in the study, low-speed profilers (two devices) and high-speed
profilers (three devices), in addition to two of NJDOT RSEs. The scope of the study was limited
to asphalt surfaced pavements. A Design of Experiment (DOE) was prepared to select the test
sections. Three levels of initial smoothness were considered in the DOE, very smooth, smooth
and relatively rough pavements.

Detailed field-testing included two RSEs, light-weight profilers and high-speed profilers. The
testing with the light-weight profilers included data collection in the right and left wheel paths,
three times each, at the speed recommended by the manufacturer. Also, three runs were
performed at speeds of 10, 15 and 20 mph to investigate the impact of speed on the light-weight
profiler measurements. The testing with the high-speed profilers included three repeated runs,
as a minimum. Also, multiple runs at different speeds (40, 50 and 60 mph) were performed
using one of the high-speed profilers.



Several analyses were performed on the collected data. These analyses included; preliminary
analysis, RSE simulation, statistical analysis, effect of speed analysis and correlation analysis.
The preliminarily analysis was performed on the results of the RSE inspection to select test
sections that match the DOE requirements. RSE computer simulation analysis was performed
on the collected profiles to simulate the RSE inspection. This analysis consisted of simulating a
10-ft straightedge over the profile and calculating the tolerance at the mid-point of the
straightedge. This analysis was summarized as %DL, the length of pavement out of tolerance
divided by the total length tested.

Several statistical analyses were performed on the collected and simulated data to investigate
the equipment repeatability and the differences among devices, including the two RSEs. In
these analyses, the F-Test and the Student t-Test were used. The analyses were performed on
%DL measured with the RSEs and those from the simulation analysis, as well as on the IRI
measured using the automated profilers. The effect of speed analysis was performed on the
data collected using the light-weight profilers and the high-speed profiler.

Three correlation analysis studies were performed on the collected data. The objectives of these
studies are to correlate the RSE measurements with the results of the simulation analysis
performed on the profiles measured using the automated devices, to correlate the IRl measured
with different devices and to correlate the IRl and %DL of the same device. Results of the
analysis indicated that:

. The differences among devices are significant. This includes the %DL and IRI
measurements. Also, the difference among the RSEs is significant and cannot be
ignored.

« The speed effect on ARAN measurements is significant and not consistent, for both
%DL and IRI.

. The differences between the RSE measurements and those of the light-weight profilers
are significant and not consistent.

. The differences among IRI values measured using different devices/speeds are
significant.

« RSE simulation provides reasonably accurate estimate of the RSE %DL. Results of the
correlation between the measured and simulated %DL are found to be as high as 99
percent in some cases.

« Results of the correlation between IRI and %DL indicated that IRI does not sufficiently
correlate with %DL, and therefore should not be used to replace %DL.

The study concluded that the use of automated profilers is beneficial and have many positive
impacts, such as reduced inspection time, simultaneous provision of various roughness indices
for improving pavement performance prediction models, and early detection of problems and
subsequent remedial actions by contractors. The study however, also concluded that the
accuracy of measurement varies significantly among profilers in terms of the recorded IRI
values. This raised the issue of correlating various profilers against a common bench-mark.

The study recommended that NJDOT select an automated profiler to replace the RSE as its
official and standard smoothness measuring equipment, and correlation models to be
developed to calibrate/correlate other profilers with the standard profiler. Additional
recommendations were made to select an indicator that better represents ride smoothness as
compared to using %DL or IRI.



Objectives of Phase Il

As a continuation of Phase | study, Phase Il of the research study was initiated in 2003 with the
following objectives:

« Select a pavement profiling device as the Standard Pavement Profiler (SPP) for NJDOT.
SPP will be used to calibrate other profilers,

« Develop a procedure, using SPP, to be used to calibrate the NJDOT ride quality
acceptance device and other high-speed profilers that may be used for quality control
purposes,

« Develop a procedure to correlate high-speed profilers that may be used for quality
control purposes with NJDOT SPP,

. Develop or evaluate a standard software to process profile data to calculate of NJDOT
ride statistics for new and rehabilitated pavements.
Scope of Phase Il

The scope of Phase Il study is limited to asphalt concrete pavements. Three roughness
categories are considered, which are:

« Very smooth pavements (Level 1) - (%DL) <= 1.5.
« Smooth pavements (Level 2) - 1.5 < %DL <= 3.5.
« Relatively rough pavements (Level 3) - %DL > 3.5.

Three test sections from each roughness category are desired. The right and left wheel path
profiles of these test sections to be measured using different profiling devices. Repeated runs (3
runs) at different speeds (3 speeds for the high-speed profilers) are also planned.

To overcome the equipment problems of Phase |, two types of profiling devices are considered
in Phase Il, which are bench-mark devices and high-speed profilers. The bench-mark devices
used in Phase Il testing are:

« Rod and Level (R&L)
« Australian Road and Research Board (ARRB) Walking Profiler (WP)!"

The high-speed profilers considered in Phase Il testing are the NJDOT ARAN® manufactured
by Roadway Corporation, a Dynatest 5051-MKI11-022 high-speed profiler® and a Stantec
RT3000 manufactured by the International Cybernetics Corporation (ICC)®™.



FIELD TESTING PROGRAM

Test Section and Equipment Requirements

Table 1 shows the test section and equipment considered in the Phase Il project. Three, 528-ft

sections were selected for each roughness category.

Table 1. Design of Experiment.

Device Roughness Category Section Numbers

Wheel Paths
Tested

Rod and Level

ARRB Walking Profiler S11,$12 & S13
ARAN Very Smooth
Stantec RT3000 Route 55

Dynatest 5051 MKIII-022

Left and Right

Left and Right

Left and Right

Left and Right

Left and Right

Rod and Level

ARRB Walking Profiler S1,S3 & S4
ARAN Smooth
Stantec RT3000 Route 195

Dynatest 5051 MKIII-022

Left and Right

Left and Right

Left and Right

Left and Right

Left and Right

Rod and Level

ARRB Walking Profiler S23, S24 & S25
ARAN Relatively Rough
Stantec RT3000 Route 18

Dynatest 5051 MKIII-022

Left and Right

Right*

Left and Right

Left and Right

Left and Right

*RWP & LWP of S23 and RWP only of S24 & S25

Site Selection and Preliminary Investigation

Figure 1 outlines the site selection process used in this project. The initial step involved the

review of the condition of the test sections used in Phase | project and their suitability for Phase
Il. Also, some sections from 2002 construction season projects were considered. The as-built
RSE measurements of these sections were reviewed and used to classify these sections into
the appropriate initial smoothness group. Since R&L and WP surveys require lane closures, site
conditions, such as traffic and number of lanes, were considered in the selection process. Test
sections with high traffic volumes or with a single lane per direction were excluded from the
initial list.



Reviewed Test Sections from Phase |

v

Performed Pre-ARAN Runs

A 4

Ran Rolling Straight Edge Simulation /
Calculated % Defective Length

v

Established Three Roughness Classes
Based on % DL

*Very Smooth Pavements -%DL<=1.5
*Smooth Pavements —1.5<%DL<=3.5
*Relatively Rough Pavements - %DL>3.5

A 4

Selected One Site per Roughness
Class

A 4

Final Site Visit

v

Select 3- 528-ft sections

— L

A 4

Detailed Testing I

Figure 1. Test Section Selection.

The field-testing program of the project consisted of three stages. In the first stage, ARAN was
used to scan the test sections of the initial list. RSE computer simulation was performed on the
collected data to select test sections that satisfy Phase Il requirements. The selected test sites
are as follows:

« Very smooth — Route 55 Southbound from Milepost (MP) 26 to 25
« Smooth — Route 195 Westbound from MP 19 to 18
« Relatively Rough — Route 18 Northbound from MP 11.5 to 12.0

Three, 528-ft sections were selected from each site. It should be noted that the first two sites
were also a part of Phase |I.

Benchmark Profilers

In the second stage of the field-testing, three 528-ft sections were selected from each site. Two
bench-mark devices were included in this study, the Australian WP and R&L.

R&L survey provides the highest accuracy of all devices. The major constraint of this survey is
the time required to complete the survey. However, it was decided to perform this survey to
evaluate WP, which is planned to be the bench-mark device for NJDOT.



The Australian Road and Research Board (ARRB) Walking Profiler'" is a precision instrument
designed to facilitate the efficient collection and presentation of continuous paved surface
information such as profile and IRI". The device uses on board electronics together with an in
built DMI and a measuring beam with a footprint of 9.5 in to determine the pavement profile. The
IRI accuracy of this device is + 0.16 meters per km or + 6.5 inches per 1000 yd. (on high quality
pavements) and meets World Bank Class 1 Profilometry requirements. It also exhibits a very
high correlation with rod and level derived IRI (R? = 0.988). More detailed information about WP
is presented in Appendix A. Figure 2 shows a picture of WP.

High-speed Profilers

Three high-speed profilers are considered in Phase Il testing. These profilers are:
« NJDOT ARAN manufactured by Roadway Corporation, figure 3%
« Dynatest 5051-MKII1-022 high-speed profilers, figure 4
« Stantec’s RT3000 manufactured by ICC, figure 5

The three profilers use laser sensors and accelerometers to measure the left and right wheel

path profiles. Although all of these profilers use similar concept and based on the South Dakota
Profiler, the data filtering/processing varies among them. More details about these profilers are
provided in Appendix A.

e EY DEPARTMENT OF TRANSPORTATION

Figure 3 ARAN High Speed Profiler?.



Figure 5. ICC High Speed Profiler®.

Field Testing

Bench-Mark Devices

Traffic control was provided by NJDOT to close the right lane of the selected sites for testing
with both WP and R&L. Before testing with WP a field offset trim procedure was conducted as
recommended by the manufacture. This was undertaken for all the sites to accustom WP to the
ambient conditions, particularly temperature under which the surveys will be conducted. The
LWP and RWP were marked using a contractor chalk line to ensure that both WP and R&L test
along identical paths on the selected test sites. WP measurements were made along both
wheel paths at a sampling rate of 9.5 inches with 3 runs per wheel path. The only exception of
this was Route 18. A decision was made by NJDOT to refrain from testing the LWP along Route
18 using WP due to safety concerns for their field crew. Therefore, WP tests were performed on
the RWP and LWP of Section S23 of Route 18 and only on the RWP of the other two sections
of Route 18 (Sections S24 and S25). Figure 6 shows a picture of the WP test.

The LWP and RWP of each section were marked at 9.5-ft intervals, WP footprint. The selected
test sections were then surveyed using the R&L and WP. Initially, it was planned to take R&L
shots along both LWP and RWP at 9.5 in intervals. However, it was found that this process is
very time consuming and labor intensive. Therefore, this protocol was implemented only on the
LWP and RWP of 2 sections from the Route 55 site (Sections S11 and S13) because Route 55
was the first site tested with WP and R&L.

Statistical analysis was then performed on this detailed data to assess the impact of increasing
the intervals to 19 in, 28.5in, 38 in, 47.5 in and 57 in. In this analysis, the WP profiles (sampled
at 9.5 in) were correlated with the R&L profiles sampled at different intervals (9.5 in to 57 in).
Results of this correlation are shown in table 2. As can be seen, a very high correlation between
the WP and R&L exists, regardless the R&L testing intervals. Therefore, it was established that
the R&L survey could be conducted at larger spacing without affecting the accuracy of the
results. Section 12 along Route 55 was therefore surveyed at 28.5-ft intervals. R&L testing was
conducted according to ASTM E1364-2000, “Standard Test Method for Measuring Road
Roughness by Static Level Method”. Figure 7 shows a picture of the R&L test.



Table 2. Impact of R&L Intervals on Correlation with WP.

Section Spacing (in) R?
S11L 9.5 1
S11R 9.5 0.9999
S13L 9.5 0.9929
S13R 9.5 0.9923
S1L 19 1
S11R 19 1
S13L 19 0.9928
S13R 19 0.993
S11L 28.5 1
S11R 28.5 1
S13L 28.5 0.9969
S13R 28.5 0.9972
S1L 38 1
S11R 38 1
S13L 38 0.9933
S13R 38 0.9935
S11L 475 1
S11R 475 1
S13L 475 0.997
S13R 475 0.9972
S1L 57 1
S11R 57 1
S13L 57 0.9956
S13R 57 0.9959

High-Speed Profilers

The high-speed profilers used in this study included profilers from three different manufacturers,
namely ICC (RT3000), Roadware (ARAN) and Dynatest. Each profiler was equipped with at
least 2 laser sensors and 2 accelerometers. Pavement profiles along both wheel paths were
measured and recorded at a sampling rate in the range of 1-6 in.

Each high-speed profiler was setup as per the manufacturer recommendations. Table 3 shows
a summary of the set up parameters for each of the high-speed profilers. Testing was
conducted according to ASTM E-950-98 “Standard Test Method for Measuring the Longitudinal
Profile of Traveled Surfaces with an Accelerometer Established Inertial”. The selected test
sections (a total of 9) were tested with the high-speed profilers at 3 speeds (40, 50 and 60 mph),
and 3 runs at each speed.



Table 3. High-speed Profilers Setup Parameters.

ARAN | Dynatest | RT3000
Filter Cutoff (ft) 300 300 None
Sampling Interval (in) 3.97 0.98 3.218
Station Interval (ft) 52.8 52.8 52.8

It should be noted that, unfortunately, due to delays caused by equipment breakdown, weather,
budget constraints, etc, Route 18 sections were not tested with all devices within the same
timeframe. Some testing was performed in the fall, while other testing was performed in the
spring. Significant deterioration of Route 18 condition was observed in the spring testing.
Testing with the high-speed profiler for Route 18 was performed in the fall, while testing with the
WP was performed in late winter/early spring. R&L testing was started in the fall and completed
in the spring.

T T

Figure 7. Rod and Level Survey.



DATA ANALYSIS
Two categories of analysis were performed on the profiles collected using the bench-mark and
high-speed profilers.

The first category is concerned with the impact of using different devices on the reported
pavement roughness, regardless the index used to evaluate and report the observed
roughness. In this category of analysis, the following issues were addressed:

«  Profile comparisons . Manufacturers, Proval and RoadRuf
« Equipment Related Issues Computed IRI
. Summary interval sensitivity analysis

- Repeatability
- Effects of testing speed
- Filtering Effects

Although the purpose for which Federal Highway Administration (FHWA) is using IRI, network-
level management application, is significantly different from the scope of this project, detailed
project-level investigation, IRl was used in the analysis presented earlier to investigate the
impact of testing parameters on the reported results. The reason for that is the wide spread of
using IRI, nation and world wide, and the familiarity with the IRI scale. Although it is true that
each organization is more familiar with the organization specific indices, such as the RQIl and
%DL for NJDOT, however this experience is a sort of local experience. Therefore, it was felt that
using IRI to illustrate the impact of testing parameters, such as speed, equipment,....etc., will
facilitate transferring this effort and knowledge to other states.

The second category of analysis touches on the use of different ride statistics, currently
available or newly developed as a part of this study, to evaluate, explain and report the
observed roughness. Also, in this category another approach, advanced profile analysis, is
considered to explain and diagnose the observed roughness. In this section of the report, the
results of the first category of analysis are presented. Based on the analysis performed and
presented in this section, NJDOT SPP was selected and a calibration/correlation procedure was
developed to calibrate/correlate other profilers with SPP. This procedure is presented in the
following section. The use of other traditional ride statistics, which are currently available is
discussed; and newly developed ride statistics and advanced profile analysis are presented
later in this report.

Caution is advised through out this report when reviewing the results for the relatively rough
sections (Route 18) because testing along Route 18 by the profilers was not conducted within
the same time frame. Some testing was conducted before winter and due to mostly NJDOT
equipment and scheduling issues, testing was continued after winter. Route 18 was selected in
November and testing was conducting with Dynatest and ICC profilers in December 2003.
Some R&L testing was done in December 2003 and the rest after winter. WP testing was
conducted after winter. Unfortunately, the section deteriorated significantly over the winter
months and due to budget limitations, testing with all participating profilers could not be
rescheduled. Results from Route 18 are therefore for the most part used with caution.

Profile Comparisons

Most high-speed profilers use a moving average filter with the capability of specifying different
base or cutoff lengths. A moving average filter replaces each profile point with the average of
several adjacent points. It is common practice to use a high pass filter with a 300-ft base length
to remove wavelengths greater than 300-ft from the measured profile. Also, a low pass filter is
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sometimes used to remove wavelengths less than the specified base length. The IRI routine
uses a low pass filter with a 10 in cutoff length.

Raw profiles collected by R&L and WP are unfiltered, so the grade of the roadway is integrated
in the data. In order to establish a base line for comparing the profiles, a high pass moving
average filter with a cutoff length of 300-ft was selected. This cutoff is currently used by NJDOT
Pavement Management Unit (PMU) for network inventory data collection. “Raw” profiles
provided by NJDOT ARAN and Dynatest were pre-filtered at this cutoff length, while those from
RT3000 were unfiltered.

Bench-Mark Devices

Visual assessment of the profiles collected using R&L and WP for both LWP and RWP of the 9
test sections indicates that the two devices provide very similar results. Figures 8 to 10 show
samples of R&L and WP profiles for the RWP of a very smooth (Route 55), smooth (Route 195)
and relatively rough (Route 18) sections, respectively, using 300-ft high pass filter. As can be
seen from these figures, the measurements of R&L and WP are almost identical. A complete set
of the profiles measured using R&L and WP is presented in Appendix B. These results confirm
the assumption that WP can be used as a bench-mark device to calibrate other devices and
therefore will be selected as NJDOT SPP.

R&L and WP Profiles for RWP of Very Smooth Section (Route 55)
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Figure 8. R&L and WP Profiles for RWP of a Very Smooth Section (Route 55).
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R&L and WP Profiles of a Smooth Section (Route 195)
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Figure 9. R&L and WP Profiles for RWP of a Smooth Section (Route 195).

R&L and WP Profiles for RWP of a Relatively Rough Section (Route 18)
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Figure 10. R&L and WP Profiles for RWP of a Relatively Rough Section (Route 18).

High-Speed Profilers

The profiles measured with the high-speed profilers were compared with the corresponding
profiles measured using the bench-mark devices. Figures 11 to 13 show samples of these
comparisons for a very smooth (Route 55), smooth (Route 195) and relatively rough (Route 18)
sections, respectively. A complete set of the results is presented in Appendix B. As can be
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seen, for some sections the profiles matching reasonably well. However, in some cases,
pronounced differences are observed between the high-speed profilers and R&L/WP.

In general, it is hard to come up with an objective way to compare profiles. Profiles can only be
compared visually or by further analyzing them and calculating some indices or frequencies.
Therefore, no further comparison of the raw profiles will be presented to avoid any unsupported
conclusions.

Profile Comparison for a Very Smooth Section (Route 55)

Profile (ft)
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Figure 11. Profile Comparison for a Very Smooth Section (Route 55).

Profile Comparison for a Smooth Section (Route 195)
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Figure 12. Profile Comparison for a Smooth Section (Route 195).
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Profile Comparison for a Relatively Rough Section (Route 18)
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Figure 13. Profile Comparison for a Relatively Rough Section (Route 18).

Equipment Related Issues

Several equipment related issues were identified in Phase | study that need to be addressed to
ensure compatible results. These issues include:

« Repeatability
. Effects of testing speed
. Filtering Effects

Common measures should be established to be able to evaluate different devices with respect
to these issues. Since IRI is the most commonly used roughness index, IRI was used in the
analysis performed to address the above-mentioned issues. In addition, since there are
observed differences between the IRI values calculated using public-domain software
packages, such as RoadRuf, and those reported by the devices, as will be presented later in
this report, RoadRuf was used in the analysis presented in this section. RoadRuf was
developed by the University of Michigan Transportation Research Institute for the FHWA.

Equipment Repeatability

The repeatability of each device was evaluated by performing multiple runs at the same speed.
The measured profiles were split into 52.8-ft sub-sections and RoadRuf was used to calculate
the IRI of these sub-sections. The sub-section IRl values for the repeated runs were then
compared. The full results of these comparisons are presented in Appendix C of this report.
Samples of these results for a very smooth section (Route 55), smooth section (Route 195) and
relatively rough section (Route 18) are shown in figures 14 to 25. The comparison results
indicate that the repeatability of all devices is in general good. The variability among repeated
runs for of the 52.8-ft sub-sections can be summarized in terms of average and standard
deviation, as shown in table 4.
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Table 4. Average and Standard Deviation of Differences between Runs.

Route 55 Average
(very smooth) IRI (in/mi) Std. Dev
WP 4.63 3.55
ARAN 6.19 5.41
RT3000 4.96 4.26
Dynatest 2.41 2.07
Route 195 Average
(smooth) IRI (in/mi) Std. Dev
WP 5.73 4.54
ARAN 16.35 15.45
RT3000 10.61 11.15
Dynatest 9.44 10.94
Route 18 Average
(relatively rough) IRI (in/mi) Std. Dev
WP 67.14 107.11
ARAN 67.63 72.36
RT3000 35.55 47.06
Dynatest 24.09 30.12
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Repeatability of WP (Very Smooth Section-Route 55)
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Figure 14. Repeatability of Walking Profiler (Very Smooth Section — Route 55).

Repeatability of WP (Smooth Section-Route195)
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Figure 15. Repeatability of Walking Profiler (Smooth Section — Route 195).
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Repeatability of WP (Relatively Rough Section-Route 18)
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Figure 16. Repeatability of Walking Profiler (Relatively Rough Section — Route 18).

Repeatability of ARAN (Very Smooth Section-Route 55)
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Figure 17. Repeatability of ARAN (Very Smooth Section — Route 55).
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Repeatability of ARAN (Smooth Section-Route 195)
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Figure 18. Repeatability of ARAN (Smooth Section — Route 195).
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Figure 19. Repeatability of ARAN (Relatively Rough Section — Route 18).
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Repeatability of Dynatest (Very Smooth Section-Route 55)
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Figure 20. Repeatability of Dynatest (Very Smooth Section — Route 55).
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Figure 21. Repeatability of Dynatest (Smooth Section — Route 195).
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Repeatability of Dynatest (Relatively Rough Section-Route 18)
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Figure 22. Repeatability of Dynatest (Relatively Rough Section — Route 18).

Repeatabillity of RT3000 (Very Smooth Section-Route55)
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Figure 23. Repeatability of RT3000 (Very Smooth Section — Route 55).
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Repeatability of RT3000 (Smooth Section-Route 195)
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Figure 24. Repeatability of RT3000 (Smooth Section — Route 195).
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Figure 25. Repeatability of RT3000 (Relatively Rough Section — Route 18).
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Effects of Testing Speed

Multiple speed runs were performed by each of the high-speed profilers to evaluate the speed
dependency of the device. The measured profiles were then filtered and processed using
RoadRuf to calculate the IRI at different speeds for a common HP filter cutoff length of 300-ft. A
complete set of results of this analysis is presented in Appendix B of this report. Samples of
these results for a very smooth section (Route 55), smooth section (Route 195) and relatively
rough section (Route 18) are shown in figures 26 to 34.

Effect of Speed on ARAN (Very Smooth Section-Rt 55)
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Figure 26. Effect of Speed on ARAN (Very Smooth Section — Route 55).

Effect of Speed on ARAN (Smooth Section-Route 195)
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Figure 27. Effect of Speed on ARAN (Smooth Section — Route 195).
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Effect of Speed on ARAN (Relatively Rough Section-Route 18)
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Figure 28. Effect of Speed on ARAN (Relatively Rough Section — Route 18).

Effect of Speed On Dynatest (Very Smooth Section-Route 55)
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Figure 29. Effect of Speed on Dynatest (Very Smooth Section — Route 55).
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Effect of Speed on Dynatest (Smooth Section-Route 195)
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Figure 30. Effect of Speed on Dynatest (Smooth Section — Route 195).
Effect of Speed on Dynatest (Relatively Rough Section-Route 18)
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Figure 31. Effect of Speed on Dynatest (Relatively Rough Section — Route 18).
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Effect of Speed on RT3000 (Smooth Section-Route 195)
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Figure 33. Effect of Speed on RT3000 (Smooth Section — Route 195).
Effect of Speed on RT3000 (Relatively Rough Section-Route 18)
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Figure 34. Effect of Speed on RT3000 (Relatively Rough Section — Route 18).

As can be seen, speed can have a significant impact on the measured IRI, especially for ARAN.
It was found that the differences in IRI at different speeds can be as high as 89 in/mi for some
equipment. However, there is no consistent trend for the speed impact on IRI. Using the IRI
values at 40 mph (IR140) as reference, a comparison was made between the average of the
three runs at each speed. The differences between IRI at a speed of 40 mph and that at speeds
of 50 and 60 mph for the 52.8-ft sub-sections are summarized in tables 5a and 5b for smooth
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and very smooth sections. Table 5a shows the maximum difference between corresponding
speed runs, while table 5b shows the average and standard deviation for the same data.

Comparison for the relatively rough sections (Route 18) is not included in the table due to the
unreliability of the results, as explained earlier.

Table 5a. Maximum IRI Differences at Various Speeds for 52.8-ft Sub-sections.

Route 195 (smooth) IRI40-IRI50 IRI40-IRI60 IRI50-IRI60
RT3000 55.66 77.82 48.39
ARAN 62.80 89.75 89.96
Dynatest 77.05 58.66 77.73

Route 55 (very smooth) IRI40-IRI50 IRI40-IRI60 IRI50-IRI60
RT3000 19.33 26.76 21.39
ARAN 34.04 37.22 38.94
Dynatest 15.35 17.79 9.10

Table 5b. Average and Standard Deviation of IRI Differences

at Various Speeds for 52.8-ft Sub-sections.

IRI140-IRI50 IRI40-IR160 IRI50-IR160
Route 55 (very smooth)
Average Std. Dev | Average | Std. Dev Average Std. Dev
ARAN 4.72 5.29 7.1 5.84 4.75 4.05
RT3000 7.77 6.08 6.40 5.44 3.01 3.87
Dynatest 1.65 1.99 2.04 3.03 1.05 1.16
Route 195 (smooth) IRI40-IRI50 IRI40-IR160 IRI50-IR160
Average Std. Dev | Average | Std. Dev Average Std. Dev
ARAN 9.30 7.70 16.25 15.32 13.76 12.23
RT3000 4.98 5.82 6.40 11.17 7.59 12.32
Dynatest 7.19 8.30 8.10 6.91 10.45 9.30

Although the 52.8-ft IRI values show some speed dependence, the same comparison when it
was performed at the section level (IRI for the 528-ft) indicated much less variation in IRI with
speed, as shown in figures 35 and 36. The effect of summary interval on IRI is discussed later in
this report. This brings up the question of the suitability of IRI as a roughness measure for
smoothness acceptance of new or rehabilitated pavement. IRl is a suitable ride statistic for
network level inventory to provide an overall assessment of the pavement roughness. At project

level, however, IRl appears to be very sensitive to the summary interval as well as testing
speed.
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Figure 35. Speed Effect on IRI (528-ft Very Smooth Section — Route 55).
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Figure 36. Speed Effect on IRI (528-ft Smooth Section — Route 195).
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Filtering Effects

The effect of filtering was investigated using RoadRuf. Moving average filters with different
base lengths, combinations of low pass and high pass filter options, were applied to the R&L,
WP and RT3000 raw unfiltered profiles. Profiles from ARAN and Dynatest were not considered
in this exercise because they were already filtered during the data collection. The following filter
combinations were investigated:

Low pass (LP) filters of 1, 2 and 3 ft
High pass (HP) filters of 100, 200, and 300 ft
Band filters (BF) of 1-300, 2-300, and 3-300

Low pass filters remove wavelengths less than the specified length while high pass filters
remove wavelength greater than the specified length. Band filters are a combination of both LP
and HP filters.

Analysis using all of the above filter settings was done for only one section (528-ft) in each
roughness class. Samples of the results for a very smooth section (Route 55), smooth section
(Route 195) and relatively rough section (Route 18) are shown in figures 37 to 45. However all
sections were filtered using 300 HP, results of which are presented in Appendix B.

As can be seen, changes in HP filters do not significantly affect the R&L profiles. The presented
figures suggest that the amplitude of the RT3000 profiles decreases significantly when the high-
pass cutoff length is reduced from 300 to 200 ft. Profiles after band filtering are also similar to
those from the corresponding HP filtering.

The general purpose of filtering profiles before determination of ride statistics or roughness
evaluation is to remove wavelengths that are considered unimportant in the evaluation. In
general, this is usually accomplished by high-pass or band filtering and cannot be achieved by
LP filtering alone.

The results of LP filtering using the specified cutoff lengths are shown in figures 37a to 45a. It
should be noted that LP filter profiles still contain the “grade” or slope of the road because of the
short cutoff length used. The LP filtered profiles from R&L and WP do not always compare well
with those from high-speed profilers such as ICC RT3000, as shown in figure 43a to 45a,
because of the method in which they are collected. For the R&L and WP surveys, elevation
measurements are referenced to that of the starting point, while in the case of the RT3000, the
inertial reference (reference elevation) is set by accelerometers. This reference could change
from one measurement to another depending on the smoothness of the tested pavement.
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Fliter Effect on R&L Profile (Very Smooth Section-Route 55)
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Figure 37a. Filter Effect on R&L Profile (Very Smooth Section - Route 55).
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Figure 37b. Filter Effect on R&L Profile (Very Smooth Section - Route 55).
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Filter Effect on R&L Profile (Very Smooth Section-Route 55)
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Figure 37c. Filter Effect on R&L Profile (Very Smooth Section - Route 55).

Filter Effect on R&L Profile (Smooth Section-Route 195)
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Figure 38a. Filter Effect on R&L Profile (Smooth Section - Route 195).
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Figure 38b. Filter Effect on R&L Profile (Smooth Section - Route 195).
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Figure 38c. Filter Effect on R&L Profile (Smooth Section - Route 195).
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Filter Effect on R&L Profile (Relatively Rough Section-Route 18)
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Figure 39a. Filter Effect on R&L Profile (Relatively Rough Section - Route 18).
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Figure 39b. Filter Effect on R&L Profile (Relatively Rough Section - Route 18).
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Filter Effect on R&L Profile (Relatively Rough Section-Route 18)
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Figure 39c. Filter Effect on R&L Profile (Relatively Rough Section - Route 18).

Filter Effect on WP Profile (Very Smooth Section-Route 55)

1.5 /
/

Profile (ft)

O T T T T T 1
0 100 200 300 400 500 600
Stations (ft)
\ —1 2 —3 \

Figure 40a. Filter Effect on WP Profile (Very Smooth Section - Route 55).
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Filter Effect on WP Profile (Very Smooth Section - Route 55)
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Figure 40b. Filter Effect on WP Profile (Very Smooth Section - Route 55).
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Figure 40c. Filter Effect on WP Profile (Very Smooth Section - Route 55).
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Filter Effect on WP Profile (Smooth Section-Route 195)
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Figure 41a. Filter Effect on WP Profile (Smooth Section - Route 195).
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Figure 41b. Filter Effect on WP Profile (Smooth Section - Route 195).
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Filter Effect on WP Profile (Smooth Section-Route 195)
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Figure 41c. Filter Effect on WP Profile (Smooth Section - Route 195).

Filter Effect on WP Profile (Relatively Rough Section-Route 18)
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Figure 42a. Filter Effect on WP Profile (Relatively Rough Section - Route 18).
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Filter Effect on WP Profile (Relatively Rough Section-Route 18)
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Figure 42b. Filter Effect on WP Profile (Relatively Rough Section - Route 18).
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Figure 42c. Filter Effect on WP Profile (Relatively Rough Section - Route 18).
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Filter Effect on RT3000 Profile (Very Smooth Section-Route 55)
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Figure 43a. Filter Effect on RT3000 Profile (Very Smooth Section - Route 55).
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Figure 43b. Filter Effect on RT3000 Profile (Very Smooth Section - Route 55).
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Filter Effect on RT3000 Profile (Very Smooth Section-Route 55)
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Figure 43c. Filter Effect on RT3000 Profile (Very Smooth Section - Route 55).
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Figure 44a. Filter Effect on RT3000 Profile (Smooth Section - Route 195).
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Filter Effect on RT3000 Profile (Smooth Section-Route 195)
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Figure 44b. Filter Effect on RT3000 Profile (Smooth Section - Route 195).
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Figure 44c. Filter Effect on RT3000 Profile (Smooth Section - Route 195).
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Filter Effect on RT3000 Profile (Relatively Roough Section-Route 18)
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Figure 45a. Filter Effect on RT3000 Profile (Relatively Rough Section - Route 18).
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Figure 45b. Filter Effect on RT3000 Profile (Relatively Rough Section - Route 18).
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Filter Effect on RT3000 Profile (Relatively Rough Section-Route 18)
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Figure 45c. Filter Effect on RT3000 Profile (Relatively Rough Section - Route 18).

The effect of filtering on the computed IRI varies from one device to another, with R&L being the
least affected. The differences between the unfiltered IRl and those after band filtering are
more pronounced than that between unfiltered IRl and those after high pass filtering alone.

The results from LP filtering of the RT3000 profiles for the first 3 sub-sections are unreasonable,
as can be seen in table 6; while the results for the rest of the sub-sections (as well as results
from HP and band filtering) are comparable to those of the other devices. The manufacturer,
ICC could not provide any conclusive comments on this at the time of preparing of this report,
but promised to investigate the issue and report to Stantec later.

Neglecting the results from LP filtering and excluding the first sub-section, this difference can be
as high as 55 in/mi for the RT3000, 25 in/mi for WP and 26 in/mi for R&L. The main reason for
excluding the first sub-section (52.8-ft) is that the IRI filter initialization distance is set at 36-ft in
RoadRuf. Therefore, this initialization distance influences results for the first sub-section. The
maximum differences between the IRI calculated from unfiltered and filtered profiles from the
52.8-ft sub-sections (one section per roughness class) are shown in table 6 and figures 46 to
54,

42



Table 6. Maximum Difference in IRI [in/mi] between Unfiltered and Filtered
Profiles for 52.8-ft Sub-section.

Low Pass Filters (ft)

| High Pass Filter (ft)

I Band Filters-Cutoff Length (ft)

SECTION 1 - Smooth, IRI (in/mi)

1 2 3 100 200 300 1-300 2-300 3-300

R&L 342 13.77 25.04 4.99 4.15 5.5 3.68 14.64 2474

WP 0.32 8.87 19.21 6.16 10.45 4.63 1.47 9.17 20.76

RT3000 32.48* 28.92* 58.33* 7.64 6.16 5.87 5.39 27.82 55.32

SECTION 11 - Very Smooth, IRI (in/mi)

R&L 2.28 6.01 13.34 4.59 2.29 2.59 2.59 5.85 13.13
WP 2.74 47 6.87 3.78 3.13 2.8 2.47 4.93 6.9
RT3000 126* 126* 126* 2.44 1.97 1.67 126* 1.61 9.27

SECTION 23 - Relatively Rough, IRI (in/mi) (Caution when reviewing Route 18 results.)

R&L 5.84 12.51 29.57 12.48 7.63 8.47 7.94 12.26 26.3
WP 4.06 26.65 28.05 13.64 5.55 7.16 5.05 26.38 254

RT3000 337* 338* 338* 10.26 5.93 3.83 9.54 27.08 49.33

*reported to ICC

The differences between the results from unfiltered and filtered profiles change depending on
the roughness class, as shown in table 6. The trend of each equipment is not consistent and the
differences can be significant. However, the 3-ft low pass filter and the band 3-300 filter have

the most significant impact.

The IRI for the entire 528-ft section (except for RT3000 LP filtering) is less affected by filtering
as shown in table 7. Band filtering however, resulted in differences as high as 21 in/mi for the
RT3000, 19.5 in/mi for R&L and 11 in/mi for WP. (Discrepancy for low pass filter results from
RT3000 was reported to ICC and the issue was not resolved by the conclusion of this study.)

The demonstrated impact of filtering on IRI, in general and more specifically for the high-speed
profiler, such as RT3000, reinforces the needs for standard profile filtering specifications. For

network inventory purposes, this issue may not be relevant however, for pavement ride quality
specifications, even a 5 percent difference may result in either a penalty or a bonus. The need

to establish standardized filtering criteria for all profiling devices cannot be overstated.

43



IRI (in/mi)

Filter Effect on R&L IRI (Very Smooth Section-Route 55)

2 %
k//\\\W/Aﬁ\\JA\

0 T T T T T 1
0 100 200 300 400 500 600

Stations (ft)

‘—0—1' Y 3 unfiltered ‘

Figure 46a. Filter Effect on R&L IRI (Very Smooth Section - Route 55).
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Figure 46b. Filter Effect on R&L IRI (Very Smooth Section - Route 55).
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Figure 46c¢. Filter Effect on R&L IRI (Very Smooth Section - Route 55).
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Figure 47a. Filter Effect on R&L IRI (Smooth Section - Route 195).
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Filter Effect on R&L IRI (Smooth Section-Route 195)
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Figure 47b. Filter Effect on R&L IRI (Smooth Section - Route 195).
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Figure 47c. Filter Effect on R&L IRl (Smooth Section - Route 195).
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Filter Effect on R&L IRI (Relatively Rough Section-Route 18)
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Figure 48a. Filter Effect on R&L IRI (Relatively Rough Section - Route 18).
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Figure 48b. Filter Effect on R&L IRI (Relatively Rough Section - Route 18).
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Figure 48c. Filter Effect on R&L IRI (Relatively Rough Section - Route 18).
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Figure 49a. Filter Effect on WP IRI (Very Smooth Section - Route 55).
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Filter Effect on WP IRI (Very Smooth Section-Route 55)
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Figure 49b. Filter Effect on WP IRI (Very Smooth Section - Route 55).
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Figure 49c. Filter Effect on WP IRI (Very Smooth Section - Route 55).
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Figure 50a. Filter Effect on WP IRl (Smooth Section - Route 195).
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Figure 50b. Filter Effect on WP IRI (Smooth Section - Route 195).
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Filter Effect on WP IRI (Smooth Section-Route 195)
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Figure 50c. Filter Effect on WP IRl (Smooth Section - Route 195).
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Figure 51a. Filter Effect on WP IRI (Relatively Rough Section - Route 18).
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Filter Effect on WP IRI (Relatively Rough Section-Route 18)
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Figure 51b: Filter Effect on WP IRI (Relatively Rough Section - Route 18)
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Figure 51c: Filter Effect on WP IRI (Relatively Rough Section - Route 18)
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Filter Effect on RT3000 IRI (Very Smooth Section-Route 55)
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Figure 52a: Filter Effect on RT3000 IRI (Very Smooth Section - Route 55)
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Figure 52b. Filter Effect on RT3000 IRI (Very Smooth Section - Route 55).
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Filter Effect on RT3000 IRI (Very Smooth Section-Route 55)
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Figure 52c. Filter Effect on RT3000 IRI (Very Smooth Section - Route 55).
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Figure 53a. Filter Effect on RT3000 IRI (Smooth Section - Route 195).
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Figure 53b. Filter Effect on RT3000 IRI (Smooth Section - Route 195).
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Figure 53c. Filter Effect on RT3000 IRI (Smooth Section - Route 195).
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Filter Effect on RT3000 IRI (Relatively Rough Section-Route 18)
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Figure 54a. Filter Effect on RT3000 IRI (Relatively Rough Section - Route 18).
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Figure 54b. Filter Effect on RT3000 IRI (Relatively Rough Section - Route 18).
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Filter Effect on RT3000 IRI (Relatively Rough Section-Route 18)
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Figure 54c. Filter Effect on RT3000 IRI (Relatively Rough Section - Route 18).

Table 7. Difference in IRI [in/mi] between Unfiltered and Filtered
Profiles for Entire 528-ft Sections.

| Low Pass Filters (ft) | High Pass Filter (ft) | Band Filters-Cutoff Length (ft)

SECTION 1 - Smooth, IRI (in/mi)

1 2 3 100 200 300 1-300 2-300 3-300
R&L 0.52 7.61 18.22 1.29 0.89 0.13 0.61 7.66 19.21
WP 0 3.74 8.93 1.23 0.38 0.54 0.12 3.91 9.51
RT3000 33.77* 26.49* 16.16* 3.43 2.77 1.58 2.28 10.57 21.09
SECTION 11 - Very Smooth, IRI (in/mi)
R&L 1.14 1.46 6.31 1.69 1.21 1.13 1.13 1.76 6.35
WP 0.6 0.36 3.89 0.83 0.45 0.45 0.96 0.33 4.88
RT3000 158.9* 151.2* 154.6* 1.21 1.92 242 2.42 0.28 2.65
SECTION 23 - Relatively Rough, IRI (in/mi)

R&L 0.54 3.91 11.75 1.83 0.74 1.01 1.6 2.23 11.11
WP 0.14 7.14 11.25 1.46 0.79 1.1 3.88 3.39 10.18
RT3000 359* 354* 345* 0.19 1.48 1.51 1.49 7.41 13.92

*reported to ICC

Manufacturers, Proval and RoadRuf Computed IRI

Each equipment manufacturer provides an IRI routine as a part of the equipment software
package. An investigation was made to quantify the differences between the IRI from the
manufacture’s software and that from post processed profile software, such as RoadRuf and
Proval. In this investigation, RoadRuf was used to filter and calculate IRI from the profiles
measured by the high-speed profilers. Since ARAN and Dynatest provide only filtered profiles,
(300-ft high pass), a moving average 300-ft high-pass filter was applied on the RT3000
unfiltered profiles before computing the IRI.

The IRI computed from each manufacturer’s software (RT3000, ARAN and Dynatest) was
compared with those computed using RoadRuf and Proval, in order to investigate any
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differences in IRI routines. This exercise was done for only one 528-ft section in each
roughness category.

Comparison for ARAN shows that differences between manufacturer, RoadRuf and Proval
could be significant, figures 55 to 57. For the other high-speed profilers, (RT3000 and
Dynatest), the agreement between all three IRI software routines is quite good for the each

section investigated. Sample plots for RT3000 and Dynatest are shown in figures 58 to 63. All
three high-speed profilers showed no consistent trend between IRI from manufacturer, RoadRuf

and Proval.

Comparison of ARAN IRl with RoadRuf and Proval
(Route 55-Very Smooth Section)
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Figure 55. Comparison of ARAN IRI with RoadRuf and Proval
(Route 55 - Very Smooth Section).

Comparison of ARAN IRI with RoadRuf and Proval
(Route 195-Smooth Section)
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Figure 56. Comparison of ARAN IRl with RoadRuf and Proval
(Route 195 - Smooth Section).

58



IRI (in/mi)

Comparison of ARAN IRI with RoadRuf and Proval
(Route 18-Relatively Rough Section)
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Figure 57. Comparison of ARAN IRI with RoadRuf and Proval
(Route 18 - Relatively Rough Section).
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Comparison of Dynatest IRl with RoadRuf and Proval
(Route 55-Very Smooth Section)
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Figure 58. Comparison of Dynatest IRl with RoadRuf and Proval
(Route 55 - Very Smooth Section).
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Figure 59. Comparison of Dynatest IRl with RoadRuf and Proval

(Route 195 - Smooth Section).
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Figure 60. Comparison of Dynatest IRl with RoadRuf and Proval

(Route 18 — Relatively Rough Section).
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Comparison of RT3000 IRI with RoadRuf and Proval
(Route 55-Very Smooth Section)
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Figure 61. Comparison of RT3000 IRl with RoadRuf and Proval
(Route 55 - Very Smooth Section).
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Figure 62. Comparison of RT3000 IRI with RoadRuf and Proval
(Route 195 - Smooth Section).
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Comparison of RT3000 IRl with RoadRuf and Proval
(Route 18-Relatively Rough Section)
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Figure 63. Comparison of RT3000 IRl with RoadRuf and Proval
(Route 18 — Relatively Rough Section).

IRI Summary Interval Sensitivity Analysis

During the initial phase of the analysis, comparison of the overall computed IRI for each 528-ft
section from the various equipment showed better agreement than the 52.8-ft subsections. This
initiated an investigation of the sensitivity of IRI to the summary interval in order to determine
the minimum interval at which the correlation among equipment is significantly improved.

The sensitivity of IRI to summary interval was investigated for each device by changing the IRI
summary interval in RoadRuf. The intervals were selected to facilitate the breakdown of each
528-ft section into sub-sections greater than the IRl initialization length (36-ft) in RoadRuf.

The differences in IRI between individual equipment and WP are shown in table 8. Results are
presented in terms of average and standard deviation for all runs within each test site. The
standard deviation represents the variability of the differences between WP and the other
equipments. The standard deviation decreases with increasing summary interval, that is, as IRI
summary interval increases, the correlation with WP improves. Detailed IRI results for various
intervals along the RWP of one section only within the smooth and very smooth roughness
classes are shown in tables 9 and 10. Based on this investigation, 528-ft would be a suitable
IRI summary interval for project level investigation.
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Table 8. Differences between WP and Other Devices IRI for Various Intervals.

INTERVAL 52.8-ft 66-ft 88-ft 105-ft 132-ft 176-ft 268-ft 528-ft
Route 55 Avg SD Avg SD Av SD Avg SD Avg SD Avg SD Avg SD Avg SD
R&L 13.95 11.17 14.08 9.98 13.79 9.31 13.75 8.88 14.07 8.27 13.74 6.41 13.84 6.01 14 5.97
ARAN 7.12 8.73 6.72 5.30 6.00 4.47 4.60 4.87 4.83 5.02 2.80 249 3.29 2.21 2.95 0.54
Dynatest 5.77 4.48 5.72 3.79 5.05 3.06 3.84 2.62 4.01 2.92 3.60 2.31 3.38 2.56 3.37 1.99
RT3000 9.40 6.09 8.68 5.44 6.28 4.06 5.11 3.93 5.48 4.56 3.1 2.07 3.28 2.45 1.79 1.62
INTERVAL 52.8-ft 66-ft 88-ft 105-ft 132-ft 176-ft 268-ft 528-ft
Route 195 Avg SD Avg SD Av SD Avg SD Avg SD Avg SD Avg SD Avg SD
Dynatest 16.58 14.72 15.00 12.80 14.30 11.10 13.70 12.00 12.10 12.23 11.67 10.23 10.24 9.48 10.22 3.40
R&L 47.25 2414 41.22 19.81 40.73 15.91 41.31 15.49 41.36 14.02 40.60 10.25 41.06 6.42 41.08 1.69
ARAN 16.60 15.22 16.07 14.08 21.76 19.13 19.77 12.03 17.06 11.14 21.03 17.86 14.53 11.10 14.61 4.38
RT3000 21.67 14.54 16.76 13.02 19.43 19.31 16.66 12.48 15.11 11.22 18.81 15.12 14.51 10.22 14.14 7.78
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Table 9. Interval Sensitivity per Equipment for Route 55 (Very Smooth Section).

64

52.8' 66" 88’ 105’ 132' 176’ 268" 528'
c
2
© » k] w w » k] w w
AR Slz|2 Slz|% Slz|$ Slz|%2 Slz|¢ Slz|% Slz|g
ale| <] c o | <| e o | <] e | <| e o | <| e o |<| e o |<| e | <| e
sl s|e|alFlZ2| 3|2 |2l 3|2 |a]lF|lE2| 3|2 |2l S|2]a]lFlE2]lS[2|2]lF|]S|2| 22|22
nlr|l<ld|ls|lgleldsld|l3|lglelgsld|l3|lglr|lc|ld|l3|lelrl|lc|ldlS|lele|lc]ldls3|lgle|lsld|l3|legle|ls|/d]|lS|x
1 40| 38| 33| 37| 59| 43141|35|145|57|43|48|39|47|60]|41|47|36|46(58]56|53|42|55|61|53|57]|49|57|67]49|53|46|54|66]51|59]|50]56|67
2 | 43| 57| 42| 55| 59]68|65|50|65(65]63|65|59|67|73]159|57|54]|59|67]43|54|51]|54|73146(60|46|49|67|54|65|54]|59]67
3| 84| 85| 79| 88| 87]39|53|54|50|70)142|47142]|148|66])50(71|50|54|74146|64|46|48|61]|56]|60|55|63]|65
4 ]| 34| 29| 31| 30| 47147 |55|49|57|76149|72|50]|49|69]|53|53|45|52|58]61]|65|62]|69]72
5| 47| 60| 54| 62| 84 54| 74|147|48|65]57|62]|52|56]|62]55|67|65|72]|76
6 | 54| 82| 47| 46| 66] 38| 54| 44|48 58]54|58|58]|69]|69
7 | 41] 50| 48| 48] 63] 71|80 71| 74| 83
8 | 65| 57| 44| 57| 53] 51| 50| 52| 64] 61
9 | 60| 81| 78| 76| 87
10| 52| 53| 55| 67| 64

Table 10. Interval Sensitivity per Equipment for Route 195 (Smooth Section).
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IRI Limits for Different Roughness Categories

Table 11 and figure 64 show the IRI values for all the 528-ft sections/devices considered in this
study. As can be seen from this figure, there are distinct differences in the IRI values of the
three roughness classes. The IRI values for the very smooth category is in the range of 50’s
in/mile. The corresponding ranges for the smooth and relatively rough categories are 110’s and
greater than 180 in/mile, respectively. This suggests that IRI limits can be established to classify
pavement sections in the three roughness classes with no overlaps, as can be seen from figure

64.

Table 11. Comparison of IRI of Different Sections/Equipment

R&L WP | ARAN-40 | Dynatest-40 | RT3000-40
Route 55 (very smooth) |
S11 66.785 56.457 59.329 51.017 51.951
S12 64.141 55.224 51.890 54.736 53.460
S13 58.910 51.186 50.073 46.750 45.744
Route 195 (smooth) |
S$1 139.130 99.297 103.280 111.970 126.220
S3 124.790 106.600 113.040 112.790 103.704
S4 115.650 105.100 113.510 111.060 107.270
Route 18 (relatively rough) |
S23 187.841 188.107 359.091 233.883 183.385
S$24 336.684 336.579 415.742 328.957 183.385
S25 335.167 262.336 198.165 302.349 331.443
450
400 -
350 -
300 -
— 250 A
4
200 1, £ "
150 -
100 -
50 ———
0

—— Smooth

Very Smooth —&— Relative Rough

Figure 64. Comparison of IRI of Different Sections/Equipment
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SELECTION OF NJDOT SPP AND EQUIPMENT CORRELATIONS
Selection of NJDOT SPP

Although R&L survey provides the highest accuracy of all devices, some major constraints of
this survey exist. These constraints include the time and effort required to complete the survey,
which is very significant. On the other hand, WP is a precision instrument designed to facilitate
the efficient collection and presentation of continuous paved surface information such as profile
and IRI. Recall figures 8 to 10 and those presented in Appendix B, the profiles measured with
WP matches very well those measured with R&L. Therefore, the WP was selected as the
NJDOT SPP device that will be used to calibrate high-speed profilers. Correlation models were
developed between the measurements of WP and high-profilers and presented later in this
section. Also, a calibration/correlation procedure that can be used to calibrate/correlate high-
speed profilers with respect to WP is presented in this section. In addition, since there are
observed differences between the IRI values calculated using public-domain software
packages, such as RoadRuf, and those reported by the devices, as presented earlier in this
report, RoadRuf is selected to be the official ride statistic analysis package for NJDOT SPP
device.

Filter Recommendations

Based on the analysis performed on the profilers collected using R&L, WP and RT3000, to
investigate the impact of filter characteristics on the reported roughness index, IRl and Ride
Number (RN), the following is the recommended filter parameters for NJDOT. It should be noted
that since RoadRuf is the selected software for NJDOT profile analysis, the selected filter
parameters are available in RoadRuf. However, the filter analysis should be performed on
unfiltered profilers, and not a “pre-filtered” profile.

Filter Type: Moving average
High Pass: 300 ft

Low Pass: 0

Software: RoadRuf

Development of Correlation Models with NJDOT SPP

Correlation analysis was performed to develop correlation models that will be used to correlate
the measurements of the high-speed profilers to those of WP. The correlation analysis was
performed on the average of the three runs for both RWP and LWP at an IRl interval of 52.8ft
using a high pass filter of 300ft. Separate analysis was performed for each speed. The
maximum and minimum R? values are 0.9363 and 0.7242, respectively. It should be noted that
results from Route 18 were not included in the correlation analysis. Figure 65 shows a
summary the R? of the correlation models developed between WP and the high-speed profilers
for different testing speeds. Table 12 shows the developed correlation models, while figures 66
to 68 show graphical presentations of these models.
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Summary of the Correlation Models (WP and High-Speed Profilers)
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Figure 65. Summary of the Correlation Models (WP and High-Speed Profilers).

Table 12. WP Correlation Models.

Equation:

Profiling Device | IRl = a, + b,* IRI, + ¢,* (IR1,)? R?
ICC 40 Y=0.9292x+3.815 0.879
ICC 50 Y=0.9491x+3.5916 0.9279
ICC 60 Y=0.9109x+5.4712 0.9042
ARAN 40 Y=0.8327x+9.0275 0.7452
ARAN 50 Y=0.8157x+9.4143 0.7915
ARAN 60 Y=0.8249x+7.4742 0.7242
Dynatest 40 Y=0.8893x+6.983 0.9262
Dynatest 50 Y=0.8979x+6.7656 0.9329
Dynatest 60 Y=0.9071x+4.6573 0.9363
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Correlation between WP and ARAN
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Figure 66. Correlation between WP and ARAN.
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Figure 67. Correlation between WP and Dynatest.
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Correlation between WP and RT3000
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Figure 68. Correlation between WP and RT3000.

Calibration/Correlation Procedure for Other Profilers

The SPP is used to calibrate/correlate other profilers with WP. All profiling devices that will be
used in the NJDOT pavement smoothness quality control/acceptance program must be
calibrated/correlated with NJDOT SPP. This will ensure the compatibility of the measurements
reported by different devices.

Before calibration/correlation with the SPP, the profiling device must be calibrated as per the
manufacturer’'s recommendation. Such calibrations shall include:

Calibration of Height Sensors
Calibration of Accelerometers

Calibration of Distance Measuring System

Calibration Sections

The NJDOT will establish three asphalt surfaced calibration sections. One of these sections will
have IRI < 70 in/mi, one will have 90<IRI<120 in/mi and the third an IRl > 120 in/mi. These limits
are based on the expected range of IRI for a new or rehabilitated pavements. The desired total
length of each section is 0.5 mile to allow adequate running/stopping distances for high-speed
profilers. The actual testing length that will be used in the calibration/correlation will be only the
middle 0.3 mile (1,584-ft) portion of the 0.5-mile section. The beginning and ending points of
each section will be identified with reflective tape that is used to trigger the auto-start of high-
speed profilers. The left and right wheel paths will be marked in accordance to AASHTO PP 31-
96 (2000) to help reduce the lateral wandering for repeated runs and to select these sections
from low traffic highway segments.

NJDOT will perform three runs with NJDOT SPP on each wheel path of these sections. The
right and left wheel path IRI values will be calculated separately for each run. These IRI values
will be calculated for 0.01-mile (52.8-ft) intervals, using RoadRuf. The average of the 3 runs will
then be determined for the right and left wheel paths. It is desired that NJDOT repeats the
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testing every 6 months and update the average IRI values, then averaged to obtain a
representative IRI for the section. However, the IRI values should not be older than one year.

Profile Data Collection and Analysis

The profiler to be calibrated/correlated to NJDOT SPP is required to obtain five repeat runs at
each speed along both wheel paths. In the case of high-speed profilers, testing shall be
conducted at 3 speeds, 40, 50 and 60 mph. Inertial profilers shall be operated and profiles
collected according to AASHTO PP 50-03 “Standard Practice for Operating Profilers and
Evaluating Pavement Profiles” and ASTM E 950, “Standard Test Method for Measuring the
Longitudinal Profile of Traveled Surfaces with an Accelerometer Established Inertial”,
respectively. The profiler shall meet the minimum requirements and specifications stated in
AASHTO M 11, “Standard Equipment Specification for Inertial Profiler” and ASTM E 950.

The precision shall be based on IRI and shall meet the following requirements:

The standard deviation for IRI of the five runs at each speed shall not exceed + 5 percent of
the mean IRI. Each wheel path shall be analyzed separately. If this condition is met for each
run, the mean IRl for all five runs shall be reported as the IRI of the test section. Runs that do
not meet this condition will be excluded from the analysis.

The minimum number of runs that should pass this condition is three runs. Another 5 runs
will be performed if only one or two runs meet this condition.

The average of the repeated runs of the profiler that meets the above condition, (at least 3
runs), will be correlated with the average of the 3 runs of NJDOT SPP. This correlation will be
performed for each speed separately. Regression analysis shall be performed on the profiler
and SPP data to develop a correlation model, determine the regression coefficients (a, b and c).
It is recommended that the regression be limited to straight line correlation, i.e. c = 0 in the
formula shown below.

IRlspp = @, + b,* IRI, + ¢,* (IRI,)?
Where:
IRIspp = average 0.01 IRI values measured using NJDOT SPP profiler
IRI, = 0.01 IRI values measured using the calibrated profiler at speed “V”
a,, by, ¢, = regression coefficients for speed “V”.

The correlation models are then used to correlate the IRl measurements of the profiler to those
of NJDOT SPP. It should be noted that the developed correlation models are valid only for the

IRI values calculated from the profiles using RoadRuf. Also, these steps should be repeated at
least once a year or every time NJDOT update the SPP calibration data set.
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TRADITIONAL RIDE STATISTICS

The IRl is the most commonly used ride statistic in North America. The FHWA uses IRI to
monitor the condition of the National Highway System (NHS). Each state is mandated to report
the IRI values of the NHS sections within the state jurisdiction to FHWA on yearly basis, with
some exceptions. FHWA uses two IRI values of 90 and 170 in/mi to define good and triggered
sections, respectively.

Although the purpose for which FHWA is using IRI, network-level management application, is
significantly different from the scope of this project, detailed project-level investigation, IRl was
used in the analysis presented earlier to investigate the impact of testing parameters on the
reported results. The reason for that is the wide spread of using IRI, nation and world wide, and
the familiarity with the IRI scale. Although it is true that each organization is more familiar with
the organization specific indices, such as the RQIl and %DL for NJDOT, however this
experience is a sort of local experience. Therefore, it was felt that using IRI to illustrate the
impact of testing parameters, such as speed, equipment,....etc., will facilitate transferring this
effort and knowledge to other states.

In this section, some background information is provided about the traditional ride statistics that
have been (or can be) used for smoothness acceptance. In the following section of this report,
the new ride statistics developed as a part of this project to overcome some of the limitations of
the traditional ride statistics are presented. Also, advanced profile analysis techniques are
presented. These techniques can be used as a diagnoses tool.

The following sub-sections provide some background information about some of the traditional
ride statistics, which are listed below. Following this background information is the results of
using these ride statistics, other than IRI, for some of the test sections considered in this project.

« IR
« RN

« Profile Index (PI) determined from Profilograph inspections, such as California
Profilograph

« %DL determined from RSE inspections, which is the current smoothness acceptance
specifications for NJDOT

It should be noted that Pl and %DL are calculated through computer simulation and not field
measured.

Background
IRI Background

In 1982, the World Bank developed an international index for classifying the road longitudinal
roughness. This index is called the IRI. IRI-value is determined from the longitudinal profile of
the road. The method of measuring the profile can vary; however, there is a minimum accuracy
level that should be achieved. The IRI value of the measured profile is determined using the
Reference Quarter-Car Simulation model. The Quarter-Car model, shown in figure 69, has
standard tire, suspension and damper properties. This model moves at a constant speed along
the determined profile and vertical movement of the sprung and unsprung mass is calculated
from the movements of the axle and the body as the sum of the vertical movement (m/km or
mm/m). One advantage of this model is that whether the roughness is viewed as deviations in
elevation (displacement inputs), slope (velocity inputs), or change of slope (acceleration inputs)
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the quarter car model responds in a defined manner. The quarter care simulation is created to
theoretically simulate a response type system assuming the properties of the “Golden Car” ®.
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Figure 69. IRl — Quarter Car Model®.

Several studies were performed on IRI and the quarter car model. Some of these studies were
concerned with the relationship between the model input, longitudinal roughness, and the model
output, IRI. This relationship can be best described with the gain factor, which is the ratio
between the amplitude of the input and output waves. Figure 70 shows the gain factor as a
function of wave length. As can be seen, the frequency response of the quarter car extends
from approximately 0.5 to 20 Hz. with some emphasis on roughness at the body bounce
frequency and the axle resonance frequency. At very low frequencies (corresponding to long
wavelengths in the road) the suspension response is zero because the wheel and the vehicle
body move up and down together. Road inputs at frequencies near one Hertz cause the sprung
mass to resonate on the suspension, producing stroke that is slightly greater than the road
input. The response is maintained up through frequencies near 10 Hertz where axle resonance
occurs. Above the axle resonant frequency the response again drops to zero as the road bumps
simply deflect the tire without producing significant suspension stroke.
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Figure 70. Quarter Car Model Gain Factors®.
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The Gain-Wave Number relationship highly dependent on the levels of the quarter car model
input parameters, which represent the vehicle and the travel speed. The relationship presented
in figure 70 is for the Standard IRI input parameters, Golden Car parameters. Several sensitivity
analyses were performed to show the impact of the quarter car model input parameters on the
model output, and hence the Gain-Wave Number relationship. Figure 71 shows an example of
the impact of the quarter car model input parameters on the model output.
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Figure 71. Quarter Car Sensitivity®.

RN Background

Although IRI is the most commonly used ride statistic to monitor road longitudinal roughness, it
is often criticized because it is not the “best” index for quantifying specific road roughness
qualities or does not conform to local preferences for a roughness index®.

The National Cooperative Highway Research Program (NCHRP) sponsored two research
projects in the 1980’s to investigate the effect of longitudinal roughness on ride comfort. The
objective of these studies is to determine how the road profile characteristics are linked to the
public subjective opinion about the road. In these two studies, the Mean Panel Ratings (MPR)
were determined experimentally on a 0-to-5 scale for test sites in several States. Longitudinal
profiles were obtained for the left- and right-hand wheel tracks of the lanes that were rated.

The researchers of these studies investigated a quarter-car analysis nearly identical to IRI, and
found significantly less correlation between the quarter-car index and panel rating than between
a profile index based on short wavelengths. Profile-based analyses were developed to predict
MPR. A method was developed in which Power Spectral Density (PSD) functions were
calculated for two longitudinal profiles and reduced to provide a summary statistic called PI
(profile index). The PI values for the two profiles were then combined in a nonlinear transform
to obtain an estimate of MPR®.

In 1995, some of the data from the two NCHRP projects and a panel study conducted in
Minnesota were analyzed again in a polled-fund study initiated by FHWA. The objective was to
develop and test a practical mathematical process for obtaining RN. The method was to be
provided as portable software similar to that available for the IRI, but for predicting MPR rather
than IRI. The profile data in the original research were obtained from several instruments. Most
were measured with a K.J. Law Profilometer owned by the Ohio Department of Transportation,
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and are thought to be accurate. A few other test sites were profiled with instruments whose
validity has been questioned. The new analyses were limited to 140 test sites that had been
profiled with the Ohio system.

A new profile analysis method was developed that is portable. The software was tested on
profiles obtained from different systems on the same sites, and similar values of RN were
obtained. It predicts MPR slightly better than previously published algorithms.

Figure 72 shows the sensitivity of RN. As discussed earlier, this shows the response of the
profile index for a slope sinusoid. If given a sinusoid as input, the RN filter produces a sinusoid
as output. The amplitude of the output sinusoid is the amplitude of the input, multiplied by the
gain shown. The maximum sensitivity is for a wave number of 0.164 cycle/m (0.05 cycles/ft),
which is a wavelength of about 6 meters (20-ft). Recall that the IRI had great sensitivity to
sinusoid with a wavelength of 16 meters (wave number of 0.065 cycle/m). The figure shows
that RN analysis has a low sensitivity to that wavelength and even lower sensitivity for longer
wavelengths®.
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Figure 72. RN Sensitivity®.

Based on that and the knowledge of the broader issues in vehicle dynamics, it is expected that
RN proves inferior to other indices, particularly the IRI, in quantifying roughness relevant to truck
ride and dynamic loads®.

Pl Background

Figure 73 shows the top view and side view of a California Profilograph. The typical testing with
profilographs includes pushing the device along the pavement section. As the device, shown in
figure 73, travels on the pavement section, 3 profile paths will be passed, as follows:

« The 4 left wheels travel on one path
« The 8 right wheels travel on anther path

« The recording wheel travels on a third path
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Figure 73. A Typical California Profilograph with 12 Support Wheels.

When the profilograph inspection is simulated using computer simulation models to calculate PI,
an assumption is commonly made that the three paths have identical profiles. Compared the
traces resulted by the mathematical model on the same measured profile for all wheels with the
real recorded traces using the profilograph on the same pavement in®, it reveals that both of
traces are similar to each other. This assumption can be justified when the pavement has
smooth lateral profiles in the width of the profilograph (approximate 2.5-ft), which is the case for
new pavements.

The calculation of Pl involves using a “Blanking Band”. Figure 74 shows a Profilograph Trace,
the blanking band and scallops. Blanking band is a band of uniform height with its longitudinal
center positioned optimally between the highs and lows of the profilograph trace depicting at
least 100-ft of pavement® 0.2 in band height is used in computing the “Profile Index”. Scallops
are the excursions of the trace above and below the blanking band®. The vertical maximum of
a scallop must not be less than 0.03 in and the longitudinal length must be longer than 2 feet"*
and4) p| for each segment of a pavement are calculated by the following formula:

z the maximum of absolute height in the j* scallop

Pl = (in/mi)
¢ the segment length

Recall the gain factor-Wave Length relationship presented earlier for IRl and RN, figure 75
shows this relationship for profilographs. The profilograph is a physical system that is actually
close in concept to a high-pass moving average. The average is established by the many
wheels, and deviations are measured relative to that average.
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Figure 74. Profilograph Trace.
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Figure 75. Profilograph Gain Factors®.

RSE Background

RSE is a simplified version of profilographs. Instead of having multiple wheels, 10 wheels for
California style, traveling on two paths, 2.5-ft apart, RSE has only 2 wheels at each side. Also,
RSE is typically 10-ft in length, while profilograph are longer, 25-ft for the California style. The
concept used in RSE and profilographs to measure the longitudinal profile is very similar. The
middle wheel moves up and down along the profile indicating the division from the fixed datum,
the RSE beam or the profilograph truss. The method of recording the movement of the middle
wheel varies. It can be as simple as spilling water if the movement is greater than a certain
value, 1/8 in, in case of NJDOT, or automated using a data logger or computer to capture the
profile. Figure 76 shows a picture of NJDOT RSE. Computer simulation models can simulate
the RSE inspection, as can be seen in figures 77 a, b and c. In these figures, the vertical
movement of the middle wheel is calculated as a function of the rigid beam elevation, the actual
middle wheel elevation and the original middle wheel elevation at a specific longitudinal position
on the profile. The RSE is then moved one step and the vertical movement of the middle wheel
is recalculated at the new position, as shown in figure 77.

Figure 76. NJDOT RSE.
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RSE Simulation Analysis
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Figure 77. RSE Simulation.
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Recall the gain factor-Wave Length relationship presented earlier for IRIl, RN and P, figure 78
shows this relationship for RSE. RSE has its own unique response to roughness that is different
from that of profilographs, characterized by the fact that it recorded every bump three times—
once when the front wheel passed over, a second time when the measuring wheel passed over,
and a third time when the rear wheel passed over. Because the straightedge contacted the road
surface at three points, bumps of certain wavelengths recorded at twice amplitude, while others
did not record at all. Thus the rolling straightedge "tuned" to certain wavelengths of roughness in
the road, while ignoring others®.
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Figure 78. Profilograph Gain Factors®,

Sample Results Traditional Ride Statistics

As discussed earlier in this section, several ride statistics are available to describe the
longitudinal roughness of roads. IRI was used previously in this report to illustrate the impact of
different testing parameters on the reported roughness. In this section, some of the IRI results
presented in previously are reproduced in terms of RN, Pl and %DL. It should be noted that RN
values were calculated using RoadRuf software, Pl values were calculated using Proval
software and %DL was calculated using a computer simulation routine developed in Phase | of
this project.

RN Sample Results

Equipment Comparisons

Figures 79 to 81 show samples of the RN calculated using the profiles measured using all the
devices participated in this study. These figures are for a very smooth section (Route 55),
smooth section (Route 195) and relatively rough section (Route 18), respectively. These figures
indicate there are some variability among devices. This variability increases for rougher
sections. As can be seen from these figures, the maximum variability of RN for the very smooth
section, figure 79, is about 1.5. The corresponding numbers for the smooth, figure 80, and
relatively rough, figure 81, sections are about 2.5 and 3.5, respectively.
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RN Values- All Devices (Very Smooth Section- Route 55)
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Figure 79. RN Values — All Devices (Very Smooth Section — Route 55).

RN Values-All Devices (Smooth Section-Route 195)
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Figure 80. RN Values — All Devices (Smooth Section — Route 195).
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RN Values- All Devices (Relatively Rough Section-Route 18)
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Figure 81. RN Values — All Devices (Relatively Rough Section — Route 18).

Speed Effect

As in the case of IRI presented earlier, the speed dependency of each high-speed profiler in
terms of RN was investigated. Multiple speed runs were performed by each of the high-speed
profilers to evaluate the speed dependency of the device. The measured profiles were then
filtered and processed using RoadRuf to calculate RN at different speeds. Samples of these
results for a very smooth section (Route 55), smooth section (Route 195) and relatively rough
section (Route 18) are shown in figures 82 to 90. In general, RN is not as sensitive to speed
compared to IRI, because of the maximum range of 0-5. As shown in table 13a, the differences
due to speed except for ARAN are less than 1.0 for the very smooth section. For the smooth
section, maximum difference due to changes in speed ranges from 1.28-1.75 for Dynatest, 1.6-
2.0 and 1.38-1.9 for ARAN and ICC RT3000, respectively. In general Dynatest shows the least
RN sensitivity to speed and ARAN the most. Table 13b shows the average and standard
deviation for the speed effect on the high-speed profilers. In general, Dynatest shows the least
effect while ARAN shows the highest.
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Effect of Speed on RN ARAN (Very Smooth Section-Route 55)
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Figure 82. Effect of Speed on RN - ARAN (Very Smooth Section — Route 55).

Effect of Speed on RN-ARAN (Smooth Section-Route 195)
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Figure 83. Effect of Speed on RN - ARAN (Smooth Section — Route 195).
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Effect of Speed on RN-ARAN (Relatively Rough Section- Route 18)
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Figure 84. Effect of Speed on RN - ARAN (Relatively Rough Section — Route 18).

Effect of Speed on RN -Dynatest (Very Smooth Section-Route 55)
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Figure 85. Effect of Speed on RN - Dynatest (Very Smooth Section — Route 55).
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Effect of Speed on RN- Dynatest (Smooth Section -Route 195)
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Figure 86. Effect of Speed on RN - Dynatest (Smooth Section — Route 195).
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Figure 87. Effect of Speed on RN - Dynatest (Relatively Rough Section — Route 18)
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Effect of Speed on RN- RT3000 (Very Smooth Section - Route 55)
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Figure 88. Effect of Speed on RN - RT3000 (Very Smooth Section — Route 55).

Effect of Speed on RN- RT3000 (Smooth Section- Route 195)
5 -
4.5
4
3.5
31 ‘<‘\‘\ A\‘
4 P
2.5 N
® 2 . \e/_/Q—\’
15 ‘
1 A4
0.5
0 ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600
Stations (ft)
—— 40 mph 50 mph —a— 60 mph

Figure 89. Effect of Speed on RN - RT3000 (Smooth Section — Route 195).
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Figure 90. Effect of Speed on RN - RT3000 (Relatively Rough Section — Route 18).

Table 13a. Maximum Speed Effect on RN for 52.8-ft Sub-sections.

Route 195 (smooth) RN40-RN50 RN40-RN60 RN50-RN60
ARAN 1.65 1.6 2.0
RT3000 1.9 1.76 1.38
Dynatest 1.28 1.51 1.75

Route 55 (very smooth) RN40-RN50 RN40-RN60 RN50-RN60
ARAN 0.48 0.55 2.06
RT3000 0.97 0.96 0.55
Dynatest 0.88 0.58 0.48

Table 13b. Average and Standard Deviation Speed Effect on RN for 52.8-ft Sub-sections.

RN40-RN50 RN40-RN60 RN50-RN60
Route 55 (very smooth) Average Std. Dev_| Average | Std. Dev | Average Std. Dev
ARAN 0.123 0.1071 0.1384 0.1045 0.1348 0.1713
RT3000 0.07 0.094 0.073 0.09 0.063 0.067
Dynatest 0.0876 0.0965 0.0874 0.0815 0.0682 0.0601
RN40-RN50 RN40-RN60 RN50-RN60
Route 195 (smooth) Average | Std.Dev | Average | Std.Dev | Average Std. Dev
ARAN 0.32 0.3123 0.3509 0.294 0.3853 0.3652
RT3000 0.298 0.302 0.321 0.297 0.234 0.260
Dynatest 0.314 0.3016 0.2917 0.2767 0.3721 0.3619
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Filtering Effects

The effect of filtering on RN was also investigated using the RoadRuf. Moving average filters
with different base lengths, combinations of low pass and high pass filter options, were applied
to the R&L, WP and RT3000 raw unfiltered profiles. Profiles from ARAN and Dynatest were not
considered in this exercise, because they were already filtered during the data collection. The
following filter combinations were investigated:

« Low pass (LP) filters of 1, 2 and 3 ft
« High pass (HP) filters of 100, 200, and 300 ft
. Band filters (BF) of 1-300, 2-300, and 3-300

Similar trend to that of IRI in which band filtering results in the most significant differences from
the unfiltered was also observed for RN. However, WP instead of R&L (as is the case for IRI) is
the least sensitive to filtering.

Samples of these results for very smooth (Route 55), smooth (Route 195) and relatively rough
sections (Route 18) are shown in figures 91 to 99. It should be noted that HP filtering doesn’t
result in significant differences, causing the curves to overlap, figures 91b, 92b, 93b, 94b, 95b,
96b, 97b, 98b and 99b. A summary of the maximum differences between unfiltered and filtered
RN values (excluding the first subsection) is shown in table 14. The magnitude of the
differences from the unfiltered varies with roughness class, but RN is not as sensitive to filters
as IRI.

Filter Effect on R&L RN (Very Smooth Section-Route 55)
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Figure 91a. Filter Effect on R&L RN (Very Smooth Section - Route 55).
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Filter Effect on R&L RN (Very Smooth Section-Route 55)
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Figure 91b. Filter Effect on R&L RN (Very Smooth Section - Route 55).

Filter Effect on R&L RN (Very Smooth Section-Route 55)
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Figure 91c. Filter Effect on R&L RN (Very Smooth Section - Route 55).
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Filter Effect on R&L RN (Smooth Section-Route 195)
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Figure 92a. Filter Effect on R&L RN (Smooth Section - Route 195).
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Figure 92b. Filter Effect on R&L RN (Smooth Section - Route 195).
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Filter Effect on R&L RN (Smooth Section-Route 195)
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Figure 92c. Filter Effect on R&L RN (Smooth Section - Route 195).

Filter Effect on R&L RN (Relatively Rough Section-Route 18)
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Figure 93a. Filter Effect on R&L RN (Relatively Rough Section - Route 18).
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Filter Effect on R&L RN (Relatively Rough Section-Route 18)
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Figure 93b. Filter Effect on R&L RN (Relatively Rough Section - Route 18).
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Figure 93c. Filter Effect on R&L RN (Relatively Rough Section - Route 18).
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Filter Effect on WP RN (Very Smooth Section-Route 55)
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Figure 94a. Filter Effect on WP RN (Very Smooth Section - Route 55).

Filter Effect on WP RN (Very Smooth Section-Route 55)
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Figure 94b. Filter Effect on WP RN (Very Smooth Section - Route 55).
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Filter Effect on WP RN (Very Smooth Section-Route 55)
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Figure 94c. Filter Effect on WP RN (Very Smooth Section - Route 55).

Filter Effect on WP RN (Smooth Section-Route 195)
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Figure 95a. Filter Effect on WP RN (Smooth Section - Route 195).
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Filter Effect on WP RN (Smooth Section-Route 195)
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Figure 95b. Filter Effect on WP RN (Smooth Section - Route 195).

RN

Filter Effect on WP RN (Smooth Section-Route 195)

0 T T T T T 1
0 100 200 300 400 500 600

Stations (ft)

‘ 1-300' —m— 2-300' —%— 3-300' ‘

Figure 95c. Filter Effect on WP RN (Smooth Section - Route 195).
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Filter Effect on WP RN (Relatively Rough Section-Route 18)
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Figure 96a. Filter Effect on WP RN (Relatively Rough Section - Route 18).
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Figure 96b. Filter Effect on WP RN (Relatively Rough Section - Route 18).
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Filter Effect on WP RN (Relatively Rough Section-Route 18)
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Figure 96c¢. Filter Effect on WP RN (Relatively Rough Section - Route 18).

Filter Effect on RT3000 RN (Very Smooth Section-Route 55)
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Figure 97a. Filter Effect on RT3000 RN (Very Smooth Section - Route 55).




Filter Effect on RT3000 RN (Very Smooth Section-Route 55)
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Figure 97b. Filter Effect on RT3000 RN (Very Smooth Section - Route 55).
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Figure 97c. Filter Effect on RT3000 RN (Very Smooth Section - Route 55).
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Filter Effect on RT3000 RN (Smooth Section-Route 195)
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Figure 98a. Filter Effect on RT3000 RN (Smooth Section - Route 195).

Filter Effect on RT3000 RN (Smooth Section-Route 195)
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Figure 98b. Filter Effect on RT3000 RN (Smooth Section - Route 195).
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Filter Effect on RT3000 RN (Smooth Section-Route 195)
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Figure 98c. Filter Effect on RT3000 RN (Smooth Section - Route 195).

Filter Effect on RT3000 RN (Relatively Rough Section-Route 18)
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Figure 99a. Filter Effect on RT3000 - RN (Relatively Rough Section - Route 18).
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Filter Effect on RT3000 RN (Relatively Rough Section-Route 18)
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Figure 99b. Filter Effect on RT3000 - RN (Relatively Rough Section - Route 18).
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Figure 99c. Filter Effect on RT3000 - RN (Relatively Rough Section - Route 18).
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Table 14. Maximum Difference in RN Unfiltered and Filtered Profiles
for 52.8-ft Sub-section.

| Low Pass Filters (ft) | High Pass Filter (ft) |_Band Filters-Cutoff Length (ft)
SECTION 1 - Smooth, RN
1 2 3 100 200 300 1-300 2-300 3-300
R&L 0.05 0.86 1.15 0.11 0.08 0.05 0.05 0.86 1.14
WP 0.04 0.28 0.43 0.03 0.03 0.03 0.13 0.28 0.41
RT3000 0.07 0.18 0.28 0.14 1.94 0.01 0.78 0.74 0.28
SECTION 11 - Very Smooth, RN
R&L 0.01 1.29 1.88 0.03 0.03 0.03 0.02 1.38 1.87
WP 0.00 0.63 0.9 0.06 0.06 0.06 0.02 0.63 0.84
RT3000 0.36 1.06 1.38 0.8 0.8 0.79 0.36 1.06 1.31
SECTION 23 - Relatively Rough, RN
R&L 0.02 0.61 0.83 0.05 0.05 0.05 0.21 0.61 0.87
WP 0.01 0.57 0.37 0.02 0.01 0.02 0.41 0.57 0.91
RT3000 0.12 0.42 0.66 0 0 0.16 0.2 0.42 0

Pl Sample Results

Table 15 shows the Pl values for all the sections/devices considered in this study. As can be
seen from this figure, there are distinct differences in the Pl values of the three roughness
classes. The Pl values for the very smooth category are in the range of 0.69 to 3.26. The
corresponding ranges for the smooth and relatively rough categories are 13.25 to 36.60 and
40.76 to 142.10, respectively. This suggests that Pl limits can be established to classify
pavement sections in the three roughness classes with no overlaps. These limits could not
have been established using RN.

Table 15. Pl for Different Roughness Classes (528-ft Sections).

| R&L | WP | ARAN-40 | Dynatest-40 | RT3000-40

Route 55 (very smooth)

S11 1.63 2.05 3.26 243 2.26

S12 1.79 2.59 2.25 2.11 1.87

S13 1.74 1.48 0.97 2.88 0.69
Route 195 (smooth)

S1 23.08 13.25 16.83 21.20 18.28

S3 19.54 13.88 23.75 36.60 24.05

S4 19.83 17.04 19.15 23.78 18.12
Route 18 (relatively rough)

S23 49.42 50.32 76.98 88.05 40.76

S24 116.30 103.30 67.40 106.20 61.97

S25 97.84 97.84 47.34 142.10 75.13
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RSE Sample Results

Table 16 shows the %DL values for all the sections/devices considered in this study. As can be
seen from this table, there is significant variability among devices. Although there is a significant
variability among devices, there is a clear difference among the roughness category for the
same equipment, the smoother the section the lower the %DL.

Table 16. %DL for Different Roughness Classes (528-ft Sections).

R&L WP ARAN-40 Dynatest-40 RT3000-40

Route 55 (very smooth)

S11 0.15 0.00 0.81 0 0.05

S12 0.44 0.00 0.00 0 0.00

S13 0.00 0.00 0.00 0.016 0.00
Route 195 (smooth)

S1 4.64 224 2,57 3.88 4.67

S3 3.29 2.55 2.95 3.18 2.24

S4 2.69 2.10 244 0.79 2.24
Route 18 (relatively rough)

S$23 13.76 13.34 32.65 19.74 13.03

S24 34.55 34.34 42.67 31.09 31.06

§25 32.60 19.79 16.04 20.26 30.81
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NEW RIDE STATISTICS

Road surface roughness is defined as the deviation of a pavement surface from a true planar
surface with characteristic dimensions that affect vehicle dynamics, ride quality, and dynamic
loads. Roughness along a wheel track can be quantified by measuring the longitudinal profile,
and recording the deviations of the pavement surface perpendicular to an established reference
parallel to the lane direction. Rideability, on the other hand, is a subjective judgment of the
comparative discomfort induced by traveling over a specific section of highway pavement in a
vehicle (ASTM E867, 2002). Ride quality, the user perception of rideability, is a subjective
measure while road roughness, measured as a longitudinal profile along each wheel track, is an
objective measure. To obtain the relationship between the two measures, the longitudinal profile
measurement data should first be reduced to a representative ride statistic. Then, a controlled
panel study should be conducted to relate the subjective panel ratings to the calculated ride
statistics in the form of regression equations. Depending on the obtained correlations with mean
panel ratings (MPR), the calculated ride statistics is modified to a rideability index (RI).

Ride statistics summarize the roughness information in the longitudinal profile measurements
(profiles) as related to rideability. Measured profiles consist of a discrete set of elevation values
taken at a constant interval along a wheel track by a profiler. A profiler is a general name for any
instrument being used for this purpose. Profiler measurements of a road segment provide only
an approximation of the “true profile” of the road. It is neither economical nor useful to obtain the
true profile with enough detail to extract road texture information, as well as road geometry
features, such as hills and valleys. ® On the other hand, the profile measurements should be
repeatable and contain all the roughness information of the true profile which influences ride
quality. In other words, the obtained profile should yield the same ride statistics as the true
profile. To find a standard profiler for NJDOT, the repeatability and accuracy of a number of
common profilers were investigated in this study, and the results and recommendations were
included in the foregoing sections of this report. In this part, it is assumed that the profile is a
sufficiently accurate estimate of the true profile.

Ride Statistics

A number of different ride statistics commonly used for ride quality assessment are presented in
this section. Some of the ride statistics which are being used to quantify the road roughness are:

« Percentage Defective Length (% DL)

« Ride Quality Index (RQI)

« Root Mean Square (RMS) Vertical Acceleration (RMSVA)
« Mean Absolute Vertical Acceleration (MAVA)

« Slope Variances (SV)

« Power Spectral Density (PSD) distribution

« International Roughness Index (IRI)

« Half-Car Roughness Index (HRI)

« Ride Number (RN)

Among these, the International Roughness Index (IRI), a common index adopted by a number
of state DOTs and other public agencies, is discussed in more detail. Some of the shortcomings
of using IRI for assessing the rideability of a road segment are pointed out. Important factors to
be considered in developing a rideability index are pointed out, also. Finally, the proposed ride
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statistics, Total Intensity (TI), is introduced and its calculation and implementation for ride quality
assessment is discussed in detail. Brief descriptions of the above indices are provided in the
following sections.

Percentage Defective Length (% DL)

Profilographs and RSEs measure the vertical deviations of the pavement surface from a moving
reference plane of a fixed length. The measured deviations are then compared to a maximum
allowable tolerance (usually about 1/8 inch). The segments with deviations exceeding the
allowable tolerance are identified as defective. The ratio of the total length of defective

segments to the accumulative length of all tested segments is reported as Percent % DL.
N

M

Figure 100. RSE and Measurement of %DL.

Ride Quality Index (RQI)

The RQI measures the level of road roughness felt by passengers traveling in cars."® A road
profile normally constitutes various features covering a wide range of wavelengths. The
distribution of the energy of the profile among different wavelengths is estimated by PSD
functions. In the late 1960’s, the Michigan DOT conducted a series of psychological
experiments to relate the user opinion of the quality of the road to certain wavelengths in profile
PSD distributions. Based on the results of this experiment, an electronic filter was later
developed by Michigan DOT to calculate a profile—based statistic called the RQI. RQI has been
revised several times since then, and the details of its current implementation are not yet
published.™

RMS Vertical Acceleration (RMSVA)
RMSVA is a profile-based statistic which is defined as the RMS value of the second derivative
of profile (z ) with respect to the distance or vertical acceleration. Let z ,z,, ... and z, represent

elevations of equally spaced points along one wheel path of the profile (Figure 101). If A is the
sampling interval, then a simple estimate of the second derivative of profile (z ) at any point i or
with respect to the distance is:

V4 = (Lj Zink TE_Zi T Fik | _| Fivk -2z, 42z, 1)
kA kA kA (kA)?

where k is an arbitrary integer and VA is the second derivative or the vertical acceleration of
the profile with respect to the base length, b = kA . Root mean square vertical acceleration
(RMSVA) corresponding to the base length, b, can be expressed as:

i=n—k

RMSVA, = c\/ D VA [(n—2k) (2)
i=k+1

where ¢ is a constant required for unit conversion from a spatial acceleration to a frequency

domain acceleration and 7 is the total number of elevation points. The RMSVA statistics can be

computed for any base length, 5 . Varying the bandwidth allows the inclusion of various

roughness features into the statistics. '?
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RMSVA calculated with two different base lengths of 4 ft, RMSVA,, and 16 ft, RMSVA,,were
combined to develop a new ride statistics called MO . The symbol MO refers to a reference
Mayes ride meter.!'?

MO = —20+23RMSVA, + 58RMSVA,, (3)

The regression coefficients are valid when the MO statistics is in the units of inches per mile
and RMSVA values are in feet per second squared."® Research has shown that MO
correlates highly with IRI®, which will be discussed later in this section.

N

Profile

v

Distance Traveled
Figure 101. Calculation of RMSVA, MAVA and SV.

Mean Absolute Vertical Acceleration (MAVA)

MAVA is a profile-based statistics which is calculated as the mean value of the second
derivative of profile (z ), vertical acceleration, at any point i or with respect to the distance:

(13)

mava, =S Al fn—26) )

i=k+1

All the parameters in this equation have been defined previously for equations 1 and 2 and
some of them were illustrated in Figure 101.

Slope Variance (SV)

The Slope Variance (SV') is another profile-based ride statistics developed to characterize road
roughness. SV is defined as the statistical variance of the profile slope (calculated over 1 ft
intervals) by the following equation:

(5, -5

Sy =- ©)

n—1

where S, is surface slope in radians at point i,S is the mean slope in radians and n is the total

number of slope data.™¥
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PSD Distribution

The frequency content and amplitude of vehicle-induced vibrations are the most important
factors in determining the quality of ride as experienced by passengers. The sensitivity of the
human body to the frequency content of the imposed vibrations in different directions is provided
as frequency weightings in the International Standard 1ISO 2631-1. The frequency weightings
applicable to the vertical vehicular excitations are presented in Figure 102. It can be observed
that, for the vertical vibration, the weighting has the greatest sensitivity in the range of 4 to 13
Hz.""® On the other hand, the results of some recent studies suggest that the vertical vibrations
at low frequencies (0.1 t0 0.5 Hz) may cause motion sickness.” Frequency characteristics of
the vehicle vibrations are directly related to the frequency spectrum of the road profile through
the transfer function of the vehicle. Power spectral density analysis relies on the frequency
content of the road profile to assess rideability.

1200
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Figure 102. Frequency Weightings for Vertical Vibrations (from ISO 2631-1:1997).

A longitudinal pavement profile constitutes various features of different wavelengths ranging
from a pulse like disturbances of a short wavelength, to long wavelengths of the road
geometrical curve. Any profile can be thought of as a linear combination (sum) of sinusoids of
different frequencies (wavelengths), amplitudes and phase angles. For example, an arbitrary
N — point profile z can be represented by a Fourier series as:

z(n) = A, + A, cosafnA+¢,)+ A, cosQr(2f)nA+@,) +...

+ A, cosQa(kfnA+@,) +... (6)

where z(n)is the profile elevation of the n the point, f is the fundamental frequency of the
profile (reciprocal of the total length of the profile), &k is an arbitrary integer, Ais the sampling
interval, 4, and ¢, are the amplitude and phase angle at frequency kf . The series could also
be written in the following equivalent form:
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A, cosr(kf )nA + @, ) = a, cos(2x(kf )nA) + b, sin(2z(kf )nA)

a, = A, cos(¢,),
b, =—A4, sin(p,),

2 2 42
a, +b, = A4,

(7)

Fourier transform is commonly employed to calculate the amplitude and phase angle of each
frequency component. Coefficients a, and b, are, to within constants, the real and imaginary

parts %E)the Fourier transform. Relating the above series to usual frequency characteristics
gives:

Mean square at frequency kf =A,f (8)

PSD estimate at frequency kf = 4. /2f (9)

Plotting PSD amplitudes of the profile versus frequency or wavelength provides an estimate of
distribution of the energy of the profile among various wavebands. PSD estimation can be
computed for elevation, profile slope, or acceleration.

PSD analysis has been used to find out what wavelength range contributes most to the road
roughness in several research experiments.*2'?2 Commonly, RMS values are calculated for
profile (or slope) PSD amplitudes over various third octave frequency bands. These RMS
amplitudes are then correlated to the corresponding MPR obtained from a controlled panel
study. Therefore, a range of frequencies giving the best correlation with MPR can be identified
which usually lies above the most sensitive range of human response to vibration."

PSD analysis is also one of the best commonly used diagnostic tools for interpreting pavement
properties. PSD estimation of the profile gives much more information about the profile than any
other ride index. PSD analysis determines how the energy of the profile is distributed among its
different frequency components. By examining the PSD function, one can determine whether
short or long wavelengths are dominating throughout the profile. Therefore, it can help identify
features in profiles that contribute to roughness. For example, roads with an energy
concentration over short wavelengths are more likely to have cracks, patches, slab faulting and
other forms of short-lived surface disturbances contributing to roughness.

IRl and HRI

The IRl is a ride statistic defined based on the results obtained from the simulation of a simple
car model known as a quarter-car. The HRI is similar to IRI, but is defined based on the
simulation of a half-car model. Before introducing the definition of IRI, the principles of quarter-
car simulation are discussed. A brief overview of the process of developing IRI and its definition
is presented next. The concept of IRI and its applicability as a ride quality index are further
discussed. The IRl filter is introduced and the effects of the speed of simulation and parameters
of the quarter-car on the IRl filter are illustrated. A number of issues regarding the choice of
base length in calculating IRI are also pointed out. Finally, the definition of HRI and its similarity
to IRl is provided.

Quarter-Car and Golden Car

Quarter-car is a simplified 2-DOF (Degree of Freedom) model of a passenger car used to
simulate vibrations of the body and axle of the car while driving. A quarter-car model constitutes
of a single wheel and its attached suspension system (Figure 103). The wheel is modeled as a

linear vertical (to the road profile) spring of stiffness £, . The inertial effects of the body and axle
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of the car are considered by two lump masses: sprung mass m and unsprung mass m, which
include a quarter of the mass of the body of the car and half of the mass of the axle,
respectively. The suspension system is modeled as a combination of a linear spring of stiffness
k, and a viscous damper of coefficient c; .

Figure 103. Quarter-Car Model and its Corresponding Parameters (from Sayers, M. W.'),

The concept of the Golden Car was developed in the late 1970’s durin? a NCHRP sponsored
study of response-type road roughness measuring (RTRRM) systems.">?* The objective of this
study was to develop calibration and correlation procedures for RTRRM systems commonly
used at the time, such as the Bureau of Public Roads (BPR) Roughometer, Mays- and PCA-
type road meters. Analysis of the output of the RTRRM systems participating in the study
indicted that those measure different characteristics of road roughness. The correlation among
different systems is, therefore, a measure of the correlation between different road roughness
spectral characteristics. It was also concluded that, because of high degree of nonlinearity in
the systems, calibration can only be accomplished by means of a full spectrum excitation as
experienced on a road. ® The researchers concluded that the only valid calibration method for
the response-type systems was calibration by correlation against a standard roughness
index."® Average rectified velocity (ARV) of the axle-body vibration obtained from a quarter-car
simulation was chosen as the candidate roughness index.** To choose the reference index, the
quarter-car simulation was carried out with 10 alternative sets of parameters. The best
correlation among RTRRM systems was obtained against the index calculated by using a
quarter-car simulation with a particular set of parameter values that is often referred to as the
Golden car parameters.!"® Results obtained from the systems participating in the correlation
program showed that RTRRM systems were capable of measuring road roughness on the
reference ARV (RARV) scale with a nominal accuracy of 10% after primary calibration.®* The
Golden Car parameters are such that:"®
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It should be noted that, despite what many researchers and users assume, the Golden Car
parameters do not describe an average American passenger car, circa 1978. Spring rates were
selected to match the two major resonant frequencies (body and axle bounce), but damping in
the Golden Car is much higher than in most cars and trucks. The higher damping was chosen
because it improved correlation with a wide variety of RTRRM systems.

IRI

IRI was developed during International Road Roughness Experiment (IRRE), a correlation
experiment initiated by World Bank in 1982.0°2?% The objective of the experiment was to
establish correlation and calibration standards for road roughness measurements all over the
world. The study concluded that all roughness-measuring instruments in use at the time could
produce comparable measurements on the same scale, if that scale had been selected suitably.
Many roughness indices applied to the large amount of test data obtained in the IRRE. The best
correlations between a roughness index and the response-type systems were found with the
profile index obtained from the Golden Car simulation (with a defined forwarding speed) in the
NCHRP research project.

The IRl is defined as an accumulation of the simulated motion between the sprung and
unsprung masses in the quarter-car model with Golden Car parameters, normalized by the
traveled length L, of the profile:!"®

LIV

IRI = [1% - B far (11)
0

L

where V' is the velocity of the quarter-car, y and y, are the vertical coordinates of sprung and
unsprung masses, t is time and the dots (in ¥ and 3 ) indicate time derivatives. The value of

IRI is expressed in the units of m/km (or inch/mile). In the definition of IRI, V is defined as 49.7
mph.

IRI as a Ride Quality Index

As discussed in the previous sections, IRl was developed as a calibration reference index, not
as a ride quality index. Two main factors were considered in developing the IRI. First, it had to
be measured with a wide range of equipment, including RTRRM systems. Second, it had to be
defined as a mathematical transform of a measured profile. Among many different indices
applied to the large amount of test data collected in the IRRE, the reference ARV (RARV) index
developed in the NCHRP project provided the best correlations for various RTRRM systems. It
was also concluded that the measurement of RARV with properly calibrated RTRRM systems
was related to pavement serviceability. The RARV was defined based on the simulation of a

108



quarter-car model with Golden Car parameters. To make the new index relevant to ride quality,
the speed of the simulated Golden Car used in definition of the index was set to 49.7 mph,
because at that speed, the IRl is sensitive to the range of frequencies that cause vehicle
vibrations while driving on highways.1>2%

The IRl is defined as the average rectified absolute velocity between the body and axle of the
Golden Car simulated at the speed of 49.7 mph. The definition of IRI evolved from the
calibration and correlation studies to find a common reference index for road roughness
measuring equipments, including RTRRM systems. In defining the IRI, correlations with the user
opinion of the quality of the ride through subjective panel ratings were not established.

Conceptually, the accumulated relative motion between the body and axle of the car is a
measure of the work done by the shock absorbers (damper) of the car. The work done by the
damper in the quarter-car model (Figure 104) can be described as:

LV

Wr, = [ Fudy=[e, (& - 8 wde = [e (& - %) di (12)

0

where WFC is the work done by the damper force F,and v(¢)is the relative velocity between the

body and axle of the car. The other parameters are the same as those defined for equation 11.
Comparing equations 11 and 12, it can be observed that the RMS of WFC , scaled by a constant

1
(——) would be very similar to the definition of IRl. The RMS value of the relative motion

c, L

between the body and axle of the car (sprung and unsprung masses in the definition of IRI), was
indeed one of the candidate reference indices while developing the IRI but, was not selected as
the reference index. RMS averaging was found less convenient because it is nonlinear with
respect to the relative motion, whereas equation 11 is linear. Another reason for using linear
averaging was to match the behavior of existing road meters.'®

Body of the car mg LY

Axle my

1u

[
Figure 104. Quarter-Car Model Parameters.

While the IRl measures the work done by the shock absorbers of the car, the quality of the ride
is determined by the level of vibrations of the body of the car as experienced by passengers.
The ultimate case can be considered when the body of the car travels along a straight line,

109



while the relative movement between the body and axle absorbs all of the vibrations induced by
road roughness. This case is schematically depicted in Figure 105. In similar situations, the
shock absorber is going through cycles of expansion and contraction, which if accumulated
(absolute values) as in the definition of the IRI, can result in a large value. However, the body of
the car is traveling along a much smoother path (a straight line in the illustrated ultimate case)
and consequently, the level of vibrations experienced by the car passengers will be minimal
resulting in their perception of having a smooth ride.

Figure 105. The body of the car (sprung mass) is traveling along a straight line while the
shock absorbors (damper) is contarding and expanding.

To better illustrate the difference between the vibrations of the body of the car and the relative
motion between the body and axle, two synthetic sinusoidal “profiles” with wavelengths of 10 ft
and 100 ft and unit amplitude are considered. The profile, the vibration of the body of the
Golden Car and the relative body-axle motion at the speed of 49.7 mph for these two synthetic
profiles are presented in Figures 106 and 107.
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Figure 106. A comparsion between the vibrations of the body
of the Golden Car and the relative axle-body motions.
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Figure 107. A comparsion between the vibrations of the body of the Golden Car and the
relative axle-body motions.

As shown in Figure 108, repeated waves of wavelengths of 10 ft result in an amplified relative
axle-body motion. However, the amplitude of the Golden Car body will be only a fraction of the
input roughness. On the other hand, repeated waves of wavelength 100 ft will produce amplified
vibrations in the body of the car. The amplitude of the relative axle-body motion will be about
half of the amplitude of the input synthetic profile. It can be clearly observed that different road
roughness features of different frequencies affect the vibrations of the body of the car (important
in subjective ride quality assessment) and the relative axle-body vibrations (used in the
definition of IRI) in very different ways.

IR/ Filter

The IRI can be related to a filter called the IRI filter, whose input is the profile and its output the
relative motion between the body and axle of the Golden Car (unsprung and sprung masses).
Referring to the parameters defined in equations 11 and 12, the IRI filtering operation is
described schematically in Figure 108. The output of the IRI filter, the filtered profile, if
accumulated (absolute values) and normalized by the length of the profile L, gives the IRI value
of the input profile. The IRI filter and the filter corresponding to the vibrations of the body of the
car are shown in Figure 109. If this filter is applied to a profile, the output will be the vibration of
the body of the car. It can be seen that the two filters have similarities and differences. The IRI
filter has two peaks at about the resonant frequencies of the Golden Car dynamic model, 1.2
(60.3 ft) 11 Hz (6.6 ft). The body of the car filter has also two peaks but compared to the peaks
of the IRl filter, they are shifted towards lower frequencies (larger wavelengths). Furthermore,
while the higher frequency (smaller wavelength) peak can be hardly distinguished, the lower
frequency (larger wavelength) one is very pronounced. The filters represent very different
absolute gains for the same range of wavelengths (frequencies). It is obvious that different
frequency components of the profile will be affected very differently by these two filters.
Therefore, in general, the output of theses two filters will be very different.
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Figure 109. IRl and Body of the Golden Car Filters.

It is important to find out what wavelength (frequency) range actually contributes to the road
roughness. It is obvious that very small wavelengths do not contribute to road roughness
because the vehicle tires are too wide for these wavelengths to cause any vibration.""" This

enveloping behavior of pneumatic tires on highway vehicles has been accounted for in the IRI

calculation. Before applying the IRl filter, the profile is smoothed by a moving average filter of

base length (L) of 9.8 inch.® Similarly, very large wavelengths of the road geometry (vertical
curves) are not affecting the vehicle vibrations at all. There is a certain wavelength range which
affects the vehicular vibrations and therefore contributes to road roughness. This range lies in

between 0.3 to 328 ft, but no further information is available."” The narrower range of

wavelengths that contribute most to road roughness and affect ride quality can be determined
by carrying out controlled subjective panel ratings. These should be accompanied by profile

representative of ride quality, it should be sensitive to the range of wavelengths (frequencies),

measurements using different measuring systems and establishing correlations between the
MPR and different wavelength ranges in the obtained profiles. For a ride statistic to be a good
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which contribute the most to road roughness and affect the quality of ride. In other words, the
band pass range of the filter corresponding to the ride statistics should cover the range of
wavelengths (frequencies) affecting ride quality, and shape of the filter (the distribution of filter
the gain among various wavelength bands) should be compatible with the sensitivity of the level
of ride comfort to different wave bands.

There is no definite conclusion about the range of wavelengths (frequencies) that affect ride
quality. As can be seen in Figure 109, the band pass range of the IRI filter is from 1 to 13 Hz
(5.6 to 72.9 ft). This frequency range is about the range of the greatest sensitivity of sitting
human beings to the vertical vibrations (4 to 13 Hz), which is shown in Figure 102.%) Wambold
reports that car passengers are most sensitive to frequencies between 5 and 15 Hz .?® Janoff,
on the other hand, concludes that the ride quality is associated to a higher frequency range of 8
to 50 Hz.?” To explain this discrepancy, Hayhoe performed an extensive correlation study
involving 162 pavement profiles. The frequency range was divided into a number of successive
third octave bands and the logarithm of RMS profile elevation in each third octave band was
correlated against available MPR for various combinations of data sets and pavement types.
This resulted in identification of a frequency band giving the best correlation with MPR, which
lies above the most sensitive range of human response to vibrations. It is argued that the
presence of large amplitude pulses (short-lived disturbances) has a significant effect on ride
quality. This effect cannot be accurately predicted using human subjective response
characteristics measured for sinusoidal vibration or wide-band random excitation.¥

Effect of Velocity on IR/

In defining the IRI, the simulation speed of the Golden Car was fixed to 49.7 mph. It was argued
that at that simulated speed, the IRI is sensitive to the same profile wavelengths that cause
vehicle vibrations in normal highway use.® The speed limit ranges from 25 mph in residential
areas to 65 mph on major NJ interstate highways. The traveling speed of a vehicle has
significant effects on the vibrations perceived by the passengers and, therefore, is an important
factor in rating the quality of the ride. Not considering the effect of vehicular speed may be
justified for a calibration reference index, but may not be ignored for developing a ride quality
index. To illustrate the effect of vehicular speed on the range of wavelengths contributing to
road roughness and affecting ride quality, the frequency range suggested by International
Standard ISO 2631-1 as the range to which sitting humans are most sensitive, 4 to 13 Hz, is
translated into wavelength range at different speed levels and presented in Table 17. It can be
observed that the same frequency range results in non-overlapping wavelength ranges for
vehicle speeds of 30 and 75 mph.

Table 17. Effect of Speed on the Range of Wavelength
Corresponding to the Frequency Range of 4 to 13 Hz.

Speed (mi/h) Range of Waveleng_jth (ft)
30 5.50 11.01
40 7.34 14.68
50 9.17 18.35
65 11.93 23.85
75 13.76 27.52
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The effect of the speed of simulations on the Rl filter is presented in Figure 110. As expected,
increasing the speed shifts the filter toward lower frequencies (larger wavelengths). Passengers
in a car traveling at higher speeds do not “feel” the same type of shorter wavelength features of
the profile as those traveling at lower speeds.

Amplitude Gain

Wavelength (ft)

Figure 110. Effect of Vehicular Speed on IRI Filter.

Since varying the simulation speed shifts the IRl filters, it will change the resulting IRI values as
well. The IRI values obtained from the Golden Car simulation at various speeds for a number of
profiles collected in this study (rod and level) are presented in Figure 111(a). Generally, a lower
simulation speed results in a higher IRI value (“rougher” profile), and vice versa. The deviation of
calculated IRI values from the one obtained based on the standard definition (simulation speed
of 49.7 mph) is calculated as IRI Difference (equation 13) and illustrated in Figure 111(b). As it
is shown in Figure 111(b), varying the simulation speed can change the value of IRI by 35%.

IRI (simulation speed = V') — IRI (simulation speed = 50mph)
IRI(simualtion speed = 50mph)

IRI Diﬁferenceﬁ)r simulation speed V (%0) = (1 3)
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Figure 111 (a) and (b): Effect of Vehicular Speed on IRI Values.

(Note: To be precise, the index calculated by varying the simulation speed cannot be called IRI.
In the definition of IRI, the simulation speed of the quarter-car is set to 50 mph. The term IRI has
been used here to indicate that except for the simulation speed, the index is calculated in
exactly the same way as IRI).

Effect of Quarter-Car Parameters on IR/ filter

Golden Car parameters were selected in the definition of IRI because they resulted in the best
correlations between a profile index and the response-type road roughness measuring systems.
However, these parameters do not describe an average passenger car."® Varying each of the
parameters may significantly alter the shape of the IRI filter. For example, the quarter-car
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parameter u (defined in equation 10) is recalculated based on the parameters of the vehicle

dynamics model used for simulations at the Ford motor company (Table 18 and equation
14).?® For a Golden Car, the value of 1 is set to 0.15. The changes in the IRl filter due to

varying the parameter u between 0.05 to 0.15 is illustrated in Figure 112. Decreasing the value
of u from 0.15 to 0.05, results in a slightly wider and significantly shorter higher frequency
(shorter wavelength) peak, which is coming from the vibration of the axle of the car.

Table 18. Some Basic Vehicle Parametrs (from Kao and Artz).

Body mass, mp (Kg) 1011.31 Driver and passengers, mp (Kg) 147
Engine, mg (Kg) 304.4 Front unsprung mass, mg, (Kg) 42.39
Subframe, mgy (Kg) 2457 Rear unsprung mass, mpg, (Kg) 31.24

_m, _ Total unsprung mass _ Mmpg, +mpg, B 42.39+31.24 ~ 0.0
a my Total sprung mass mp+mg +mgr+mp  1011.31+304.4+24.57+147 . (14)
IRl Base Length

The test sites used in developing the IRI all had a length of about 0.2 mi; however, 0.1-mi sites
are common. Theoretically, IRl can be computed for any length of profile. However, when IRl is
summarized for longer sections, the higher values are not as high as when it is summarized for
short sections. Therefore, it is essential to specify a standard base length, especially when IRl is
used to identify maximum roughness."?

Figure 112. Effect of Varying the Parameter i on the Shape of IRI Filter.

When choosing the base length for calculating the IR, the effect of initialization in the IRI
computational algorithm should be taken into account. To solve the differential equation
governing the quarter-car dynamic system, one must know or estimate the initial values of the
state variables. The response obtained over a length of profile is a superposition of a transient
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response coming from the given initial values and a steady-state profile-induced response. The
effect of the initialization diminishes as the simulated car travels along the profile. At the IRI
simulation speed of 80 km/hr, the initialization influences the quarter-car response for about
65.6 ft. The most accurate way to deal with the initialization effect is to measure the profile for
65.6 ft or so before the site and start the simulation there. Then, at the start of the test site,
begin the IRl accumulation. '® Because of initialization errors in the first 65.6 ft of the profile, the
error in calculation of IRl over very short test sites is greater.

Half-Car Roughness Index (HRI)

The IRl is defined for a single wheeltrack profile. The half-car roughness index (HRI) is very
similar to IRI, but it is defined for a pair of longitudinal profiles taken at two wheeltracks. The
analysis is equivalent to the simulation of a half-car model, instead of the quarter-car model
used in the definition of IRI (Figure 113). In the half-car model simulation, two input profiles
corresponding to the left and right wheeltracks are allowed. It can be shown that the simplified
model presented in Figure 113 is equivalent to a quarter-car model, using as input the point-by-
point average of the left and right wheeltracks.*® Therefore, both IRl and HRI can be obtained
by simulation of a quarter-car model with Golden Car parameters. In the case of IRI, the input to
the model is a single wheeltrack (left or right) profile, whereas for HRI, the input consists of the
point-by-point average of profiles taken at two wheeltracks (left and right).

Sprung mass (body of the car) Body of the car

L Il 1

Unsprung masé}(axle of the car) <):> Axle

Left Profile Right Profile
Right Profle Average Profile

?Left Profile

Figure 113. Half-Car Model and the Equivalent Quarter-Car Model.

Conceptually, the IRl is related to the vehicle response at the wheels, while the HRI is more
related to the vehicle response at its center. However, the results obtained from the
International Road Roughness Experiment (IRRE) indicate that the HRI is highly correlated to
the average IRI value for left and right profiles (i.e. (IRl;.; + IRI,;4,)/2 ) for different types of
pavements. For asphalt pavements:
IRl + IRI

2

right

HRI ~ 0.8(

(15)

117



This existing correlation suggests that the two indices can be interchangeable. Since some of
the road roughness measuring systems (e.g. walking profiler) do not provide simultaneous
measurements of profiles at both wheeltracks, the IRl may be considered a more general
roughness index than HRI.

Ride Number (RN)

Ride number (RN) is a statistic developed to estimate pavement rideability from the measured
longitudinal profile. RN was developed based on the correlations established between the mean
panel ratings and spectral characteristics of profiled pavements for a large set of collected data
from a number of studies.”® RN is an exponential transform of another statistics called PI:?

RN = 5¢7160(PD) (16)

Pl is obtained from simulation of a quarter-car model with a different set of parameters than
Golden Car parameters. The quarter-car parameters used in definition of Pl are:®?
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The initialization length used to specify the initial values of state variables is changed from 36.1
ft (IRI) to 62.3 ft (PI). Also, for calculating PI, the accumulation is done by RMS, rather than
mean absolute (IRI). If the profiles from both wheeltracks are available, RN is calculated based
on an average value of Pl calculated as follows:??

PI} . +PI%,
Pl =\/ Left +2 Right (18)

The design of passenger cars in terms of vibration isolation has been significantly improved
since the time of the conducted panel ratings, which were used to develop RN. On the other
hand, the mechanism of the road roughness measuring systems have been changed and
modified. Considering the above factors, it is very unlikely to obtain the same level of
correlations for RN calculated from the profiles obtained using modern high-speed profilers and
subjective ratings using modern vehicles. Therefore, RN may not provide a good estimation of
human perception of rideability, if applied to new sets of profile data.

Mean Absolute Acceleration (MAA)

Considering the shortcomings of the IRI, alternative measures of ride quality can be introduced.
Such measures should be based on the motion parameters that are more closely related to the
motion experienced by a car occupant. In the case of the quarter car model, such a measure
could be based on the motion of the body of the car, instead of the motion of the suspension
system (relative motion of the car axle and body). In addition, since the source of the car
vibrations is the pavement roughness, it is reasonable to describe it by some kind of a vibration
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potential function. As an example, a new measure of ride comfort and pavement smoothness
named Mean Absolute Acceleration (MAA) is introduced.

MAA is the mean absolute acceleration of a motion of a body. In a physical sense, it can be
viewed as an absolute work of the inertia force of a moving mass, and is defined as:

1 L
MAA :Z£|mﬂdx (19)

where m is the mass, L is the length of the profile, y is the vertical displacement and & and

represent vertical acceleration (second derivative with respect to time). MAA can be defined as
an absolute or relative measure of the pavement roughness. The absolute MAA (AMAA)
represents the mean absolute acceleration of a mass following perfectly the pavement surface,
as illustrated in Figure 114. The acceleration is approximately equal to the product of the
pavement surface curvature and the horizontal velocity of the movement of the mass. If the
velocity is taken as a constant, AMAA can be defined based on the pavement curvature

L 2 L
_Mmrooy =£ "
AMAA = 7 ‘([c |y |dx 7 ‘([|y |dx (20)

where c is the velocity of the moving mass, y is the pavement vertical coordinate and "

represents the pavement vertical curvature (second derivative with respect to distance).
Considering the fact that acceleration (curvature) of the pavement of a certain wavelength is
inversely proportional to the square of the wavelength, for all practical purposes, there is no
need to eliminate the vertical geometry of the pavement from the measured profile.

Figure 114. AMAA Represents the Mean Absolute Acceleration of a Mass following
Perfectly the Pavement Surface.

The relative MAA (RMAA) represents the mean absolute acceleration of the body of the car. It is
calculated the same way as AMAA, except that the acceleration )"is of the body of the quarter
car model with Golden Car parameters.

Calculation of AMAA and RMAA

MAA is defined as the mean absolute acceleration (curvature) of the profile. To make the
absolute MAA (AMAA) independent of m and ¢, AMAA is defined simply as:
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1 "
AMAA_Z_“y dx (21)
The following equation can be used to calculate AMAA:

Vi1 — 2yl+yll| Yit1 — 2yl+yll|

AMAA = | - 22

(N - 1)DZ P 1)Z | @2
where N is the total number of points in the profile and D is the sampling interval. RMAA can

be calculated using the same equation if the elevation y is replaced by the displacement of the
body of the car (sprung mass (m,) in Figure 104), y..

AMAA and RMAA vs. IR/

To investigate the correlation between IRl and AMAA, both indices are calculated for ten profiles
obtained from rod and level survey and the results are shown in Table 19. It is easy to observe
that these two indices do not correlate well with each other. To investigate the observed lack of
correlation between AMAA and IRI, the acceleration (curvature) histories for Profiles 2, 7, 8 and
9 are shown in Figure 115. The acceleration histories along with the corresponding spectra for
Profiles 3, 7 and 8 are also illustrated in Figures 116 and 117. It is clearly observed that the
magnitude of high peak accelerations and consequently, the calculated AMAA do not correlate
well with IRI values. In comparison to IRI, AMAA is sensitive to higher frequency features of the
profile. For example, while having a lower IRI, Profile 7 results in a larger AMAA value than
Profile 8 (Figure 116). A comparison of spectra for these two profiles in Figure 116 shows that
Profile 7 has much higher frequency energy than Profile 8. For similar reasons, Profiles 3 and 8
have the same AMAA but have very different IRI values (Figure 117).

RMAA, on the other hand, correlates very well to IRI. To investigate the correlation between
RMAA and IRI, the histories for the acceleration of the body of the car corresponding to Profiles
2,7, 8 and 9 are shown in Figure 118. It is clearly observed that, the body of the car filter filters
out the high frequency features of the profile. Consequently, the acceleration amplitudes
obtained from the vibrations of the body of the car have lower energy content over higher
frequency wavebands. Therefore, RMAA is sensitive to the same wavelength range as IRI. This
is the main reason for the good correlation observed between the two indices. The acceleration
histories and the corresponding spectra for Profiles 7 and 8 are compared in Figure 119. Based
on the obtained IRI values, Profiles 7 and 8 are categorized as moderate and rough pavements.
Due to higher spectral amplitudes over a wider range, as observed in the spectra shown in
Figure 119, Profile 8 has a higher RMAA value than Profile 7. The acceleration histories and
spectra for body of the car vibrations based on simulations over Profiles 3 and 8 are compared
in Figure 120. Based on IRI values, Profile 3 is very smooth and Profile 8 is rough, but they both
yield the same AMAA. Looking at their acceleration spectra, Profile 8 has much more energy
(higher spectral amplitudes) over a wider range of wavelengths and therefore shows a higher
RMAA value.

The linear correlation between RMAA and IRI values are shown in Figure 121 (r*=0.99) is
observed between RMAA and IRI values.
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Table 19. Comparison of AMAA and RMAA and IRI for a number of profiles obtained from
rod and level survey.

Profile | Route | Section | W.P. D (ft) IRI (in/mi) RN ‘:‘I"r"'/‘f‘t’)‘ '?I":;:‘t‘;‘
1 55 S11 R 0.79167 64 334 21 0.64
2 55 s11 L 0.79167 53 354 18 0.55
3 55 S13 R 0.79167 74 188 25 0.72
4 55 S13 L 0.79167 73 132 27 0.69
5 195 st R 0.79167 144 150 73 136
6 195 1 L 0.79167 123 169 71 118
7 195 sS4 R 0.79167 114 273 31 116
8 18 S23 R 0.79167 186 253 25 1.90
9 18 S24 R 0.79167 313 1.05 59 277
10 18 S25 R 0.79167 337 0.55 65 2.96

From the physical standpoint, it is easy to argue that the newly introduced ride statistics (i.e.
AMAA and RMAA) are more relevant to ride quality than some of the commonly used indices,
like e.g. IRI. AMAA is a measure of energy of the profile roughness that can be, potentially,
transmitted to the moving car causing vibrations. RMAA is a measure of energy of vibrations of
the body of a car, calculated based on the simplified quarter-car or another car model. On the
other hand, IRI represents a cumulative motion of the car suspension system (relative motion of
the car axle and body). To adopt AMAA and RMAA, or other indices, as alternative ride indices,
their applicability and relevance should be further evaluated by conducting more extensive
experiments. Such experiments should include MPR on a larger set of profiles of different
smoothness categories. A carefully designed mean panel rating experiment will provide the
necessary basis to compare various available ride indices. In absence of it, any comparison in
practical terms would be pretty much speculative.
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Figure 116. Acceleration Histories and Spectar for Profiles 7 and 8.
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Figure 117. Acceleration Histories and Spectar for Profiles 3 and 8.
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ADVANCED PROFILE ANALYSIS

Application of a number of advanced analysis techniques in evaluation of pavement
smoothness is investigated in this study. A brief overview of continuous and discrete wavelet
transforms is given. Continuous wavelet transforms (CWT) can be used to provide a two-
dimensional distance-frequency picture of the one-dimensional longitudinal profile. The
changing distribution of the profile energy among various wave bands along the length of the
profile can be viewed in the wavelet-based 2D distance-frequency images. This can be used to
spot the rough spots or investigate the existence of repeated waves throughout the profile.
Discrete wavelet transforms (DWT), on the other hand, are used to decompose the profile. The
multiresolutional decomposition acts as a simultaneous bandpass filtering operation with certain
characteristics. The energy of the decomposed profile at each decomposition level can be easily
calculated. Finally, a number of issues concerning the filtering operations commonly used in
pavement smoothness applications are discussed and a number of alternative filtering schemes
are proposed.

Continuous Wavelet Transforms (CWT)

Any pavement profile can be broken down into a linear combination of sinusoids of different
frequencies (wavelengths), amplitudes, and phases (Figure 122). Fourier transform is
commonly employed to calculate the amplitude and phase of each profile harmonic. For an
arbitrary N -point set of profile elevation points p(n) obtained at sampling interval of D, complex

coefficients of Fourier transform at every frequency f, P(f), can be obtained by the following
equation

P(f) =Zp(n)e*2’"-‘f0" (1)

It is also useful to think of Fourier transform as a change in the function space, from the spatial
domain, where the bases are unit vectors to a different domain, where the bases are harmonics
of different frequencies. It should be noted that, because of the summation over the entire
length of the profile (equation 23), all data points in the profile contribute to the magnitude of the
Fourier coefficient at every frequency. In other words, Fourier analysis provides averaged
spectral coefficients over the length of the profile. If the various frequency features of a profile
were distributed uniformly over its length (as shown schematically in the synthetic profile in
Figure 122), Fourier transform would have been an ideal analysis tool for extracting the
frequency content of the profile. However, the distribution of frequency features throughout the
profile is usually far from uniform. Using Fourier analysis, it is impossible to extract any
information on the location and the extent of any short-lived feature of the profile. Wavelet
transforms, by virtue of their scaling and translating basis, can provide a two-dimensional
distance-frequency map of the profile in which, both the location and frequency information of
various roughness features of the profile can be simultaneously viewed.
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Figure 122. A Pavement Profile is a Superposition of Harmonics
of Different Frequencies, Amplitudes and Phases.

A wavelet transform decomposes the discrete profile p(n) into a linear combination of wavelets

(Figure 121). Wavelets are scaled and translated versions of a single function called “mother
wavelet” ®(x) obtained according to the following equation:

@, (== 0C 1) 2)

Ja

where @, (x)is the analyzing wavelet at scale « and location /. Dilated and translated wavelets

define a new basis for a function space, a wavelet basis. What makes the wavelet basis
interesting is that, unlike sinusoidals, which make the Fourier basis, wavelets are quite localized
in the space; simultaneously, like sinusoidals, wavelets are quite localized in the frequency
domain. In other words, wavelets act as bandpass filters in both spatial and frequency domains.
Dilation of wavelets changes their bandwidths in the both domains. Depending on the value of
scale a, @, (x) is stretched/contracted horizontally while compressed/expanded vertically.

Longer wavelets have wider spatial and narrower frequency bandwidths. Shorter wavelets, on
the other hand, have narrower spatial and broader frequency bandwidths. Using a wavelet
transform, the profile is expanded in terms of a set of wavelet varying bandwidth basis.
Therefore, a wavelet transform can capture both short-lived high frequency and long-lived low
frequency features of the profile. This characteristic of a wavelet transform makes it a more
appropriate tool for analysis of nonstationary signals, such as profiles.
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Figure 123. Wavelet Transform Decomposes the Profile into a Linear Combination of
Scaled and Translated Wavelets.

The CWT is defined as a convolution between a signal and a set of dilated and translated
wavelets @, (x) over a finite range of scale values:

W, = j POD" o) (x)dx (3)

where * indicates the complex conjugate. If the “mother wavelet” is an orthogonal function, the
dilated and translated wavelets @,  (x) make an orthogonal basis. Orthogonality of the analyzing

wavelets reduces the computational effort behind the analysis. Unlike sines and cosines, which
define a unique Fourier transform, there is not one unique single set of wavelets; in fact, there
are infinitely many possible sets. Roughly, different sets of wavelets differ in terms of their
localization in space and their smoothness. The analyzing wavelets are normally chosen based
on the properties of the signal to be analyzed and the type of information that needs to be
extracted from the signal. DAUB6 ®" from the Daubechies class of wavelets have been adopted
for this study.

To demonstrate the application of CWT in locating rough spots, a sample profile (Route 18,

S23, RWP) obtained from rod and level survey is analyzed and the results are presented in
Figure 124. Prior to the analysis, the geometry curve is filtered out using a filtering operation
based on Spline interpolation scheme (This process is discussed in detail in the next section).
The resulting “decurved” profile is shown in Figure 124a. The continuous wavelet map
corresponding to this profile is generated and presented in Figure 124b. It can be observed that,
the location and extension of every frequency feature of the profile can be spotted in the wavelet
map.
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Figure 124. CWT for a Sample Profile.

Discrete Wavelet Transforms (DWT)

Discrete wavelet transforms are very similar to continuous wavelet transforms. The only
difference is that, in the case of the DWT, only a special subset of scale parameters (e.g. a=2'
where s is an integer) is considered for the analysis. Discrete wavelet transform with orthogonal
basis is numerically calculated using a so-called pyramidal algorithm. This algorithm is

schematically presented in Figure 125. For a 2*-point profile, the process is completed in
L steps or levels. At the first level, the profile is divided into a coarse low frequency
a,(averaged) and a fine high frequency d, (detailed) component. The a,component is further

decomposed into a low frequency «, and high frequency d, (detailed) component in the second
level. The procedure is repeated until «, and d, are obtained at the L th level. After the
decomposition is completed, the profile can be expressed as the following linear superposition:
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p=a,+d, +d,  +..+d, +d, 4)

The DWT decomposition can be viewed as a simultaneous low-pass and high-pass filtering of
the profile at every level i . The cut-off frequency of the simultaneous filters at each
subsequent level of decomposition is decreased by one octave. The outcome of the high-pass
filtered portion is saved as the detailed component d, and the low-pass filtered portiona, is

filtered further in the following levels. Consequently, 4, renders the highest octave band of the
profile andd, ,d,,...,and d, consist of the subsequent lower octave bands

il

R |
‘ Profile p ‘
VA ety
‘ a1 ‘ d1
NAVANEVAYA
. AMIAA N
a, d,

Figure 125. Schematic Diagram of DWT Decomposition Algorithm.

DAUBSG ®" from the Daubechies class of wavelets have been adopted for this study. Since
DAUBG6 wavelets are orthogonal and therefore, the analysis can be carried out using the
described pyramidal algorithm.

Multiresolution Analysis of Sample Pavement Profiles using Discrete Wavelet Transform

To demonstrate advantages of a wavelet-based multiresolution analysis over the traditional
PSD analysis, the results of the wavelet analysis for three sample pavement profiles are
presented. The profiles are obtained by conducting rod and level surveys on certain sections of
Route 55, Interstate 195 and Route18 (Table 20). Each section is about 0.1 mile long and the
shots are taken at 9.5-inch intervals.

PSD estimations of these profiles are presented in Figure 126. In all three cases, the variation in
surface elevations is of a much smaller order than the roadway vertical curve elevations. Prior to
PSD calculations, the effect of roadway geometry should be eliminated from the profile.
Otherwise, the sharp discontinuities at the end of the profile introduce artifacts in the PSD
estimation, commonly known as edge effects. The vertical curve for profile 1 is parabolic, while
the other two profiles have linear trends. Having the measured profile data, the vertical curve of
profile 1 was estimated from the available typical highway vertical parabolic curves and was
subtracted from the profile. The linear trends for the other two profiles were calculated from a
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simple regression analysis and both profiles were detrended. In the next step, the “filtered”
profiles were zero padded on both ends. These filtering operations are discussed in the next
section. Finally, the PSD functions were estimated using Fourier transform and are presented
as a function of spatial frequency or wave number.

To compare the level of roughness associated with each profile, the IRI "*'") was calculated for
each profile and the IRI values given in Table 20. Based on the calculated IRI values, Profile 1
falls in the “very smooth” category of roughness. Profile 2 can be described as “smooth to
moderate” and profile 3 can be regarded as a “moderate to relatively rough” pavement section.

Table 20. List of Analyzed Pavement Profiles.

Profile Route No. Section Wheel Pass 'Rl_(m”fm)
(in/mi)
1 55 S11 Left 0.84 (53)
2 195 S1 Left 1.94 (123)
3 18 S23 Right 2.94 (186)

A comparison of PSD estimations for these three profiles indicates that the smoother pavement
(profile 1) has the lowest PSD amplitudes over the entire range of Nyquist interval. Despite
being categorized as a rougher pavement, profile 3 has lower PSD amplitudes over high
frequencies (wavelength < 1m) than profile 2. The two profiles have approximately the same
PSD amplitudes over the range of frequencies from 0.6 to 1 cycles/m (wavelengths of 1 to
1.67m). Over the lower range of frequencies (0.03 to 0.6 cycles/m or wavelengths of 1.67 to
33.33m), profile 3 has higher PSD amplitudes. The two profiles have the same PSD amplitudes
for frequencies between 0.02 and 0.03 cycles/m. The very low frequency portion of the profile
PSD is highly sensitive to the procedures used for filtering the effects of geometry and therefore
is not considered for comparisons.

To relate the wave number or spatial frequency & (cycles/m) to physical frequency of vibrations
f (Hz) experienced by the passengers, one needs to assume the velocity of the vehicle (7).

The relationship is given in the following simple equation:
f=Vk (5)

For example, to translate the critical range of frequencies with respect to passengers’ comfort at
a highway speed, one needs to divide the given frequency range of 4 to 13Hz ® by the velocity
of 65 mph. This gives the spatial frequency range of 0.14 to 0.45 cycles/m. The concentration of
energy of the profile in this frequency range (or any other frequency bandwidth) can be easily
characterized by its PSD estimation. However, by studying the PSD functions alone, it is
impossible to locate or determine the extent of a specific portion of the profile where a certain
frequency (wavelength) is dominant. Locating the defects or “rough spots” on the profile is
especially important in decision-making related to pavement surface maintenance or
bonus/penalty assignments to contractors.
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Figure 126. PSD Estimations for (a) Profile 1 (Rt55 — S11, LWP),
(b) Profile 2 (1195 — S1, LWP), and (c) Profile3 (Rt18 — S23, RWP)
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The DAUBG6 wavelet-based 9-level decompositions of the profiles are presented in Figures 129
to 131. There is no need to filter the profile prior to the analysis. The first level of analysis
consists of decomposition of the profile into a low frequency component «,and a high frequency

component 4, . In the next level, ¢, is decomposed into a lower frequency component a,and a
higher frequency component 4, . This process is repeated in the subsequent levels. Simple and

numerically efficient algorithms are available for discrete wavelet analysis, which provide the
whole array of decomposition components simultaneously ®? The number of data points in the
profile determines the maximum number of levels of decompositions. There are 668, 668, and
670 data points in profiles 1, 2, and 3 respectively. The largest power of two, which is still less
than 668, is 512 or 2°. Therefore, there can be at most 9 levels of decomposition. The unfiltered
profile is shown at the top of each figure. The last remaining low frequency component of the
profile a,and the successive higher frequency components, namely d,,d,...,d, are also

presented. Every decomposed component of the profile obtained through discrete wavelet
analysis covers an octave frequency bandwidth. Together, they cover the entire Nyquist interval.
The frequency bandwidths (range of wavelengths) corresponding to all components are given in
Table 21.

Wavelet-based multiresolution decomposition of profiles, as illustrated in Figures 127 through
129, can be used effectively as a diagnostic tool. It is clear why it was not necessary for a profile
to be filtered before the analysis. The effect of geometry is included in the last remaining
components and therefore is automatically removed. The decomposition of profile 1 in Figure
127 indicates that energy in different wavebands is well spread throughout the length of the
profile. The decomposed components d, and d, cover the frequency range to which humans are

most sensitive. No anomalies are observed in either component. These observations confirm
the fact that the profile is very smooth. This profile was earlier categorized as “very smooth” on
the basis of its very low IRI value.

A quick comparison of Figures 127 and 128 is sufficient to conclude that profile 2 has a higher
roughness. The energy of the profile in higher frequency components (d,tod, ) is significantly

higher. However, the energy is evenly distributed throughout the profile. The findings of some
correlation studies "*?” indicate that the car passengers are most sensitive to frequencies
higher than the range of frequencies given by International Standard ISO 2631-1:1997. It has
been concluded that the presence of some short-lived disturbances in the profile has a
significant effect on the ride quality of the pavement. Pavement features causing these pulse-
like defects include cracks, patches, spalls, slab faulting, joints, and reflection cracks %
Presence of such high frequency features can be both detected and located using the wavelet
analysis.

The discrete wavelet decomposition of profile 3 is illustrated in Figure 129. Unlike the two
previous profiles, the energy of profile 3 is not distributed over the entire length of the profile.
Instead, the energy of the profile in frequency components d,tod, is concentrated over a

portion of the profile extending from about 160 to 300 ft. In such circumstances, where the
roughness is not uniform throughout the length of the profile, wavelet analysis is superior to
PSD analysis or any averaged roughness index such as IRI. A “rough spot” can be clearly
located using the proposed diagnosis method. In more severe situations, when based on
roughness indices or the results of PSD analysis some remedial actions need to be taken to
improve the pavement condition, or the amount of bonuses/penalties needs to be defined, the
knowledge of roughness distribution throughout the pavement section is extremely valuable.

In addition to the above applications, discrete wavelet analysis can be useful in development of
new ride quality indices. In other studies, to develop many of the available ride indices, panel
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ratings were correlated to the RMS roughness level over various wavebands, calculated from
PSD functions " The energy or other related statistics (such as RMS values) in every
waveband can be easily calculated using discrete wavelet decomposition. Having the discrete
wavelet decomposition of profiles, it is easier to divide them into sections of uniform roughness.
The uniformity of the roughness improves the mean panel ratings and consequently the quality
of the developing ride index. The energy of the profile in every waveband can be easily
calculated by integrating the corresponding decomposed component. The calculated energies in
each waveband can then be correlated to the mean panel ratings.

Table 21. Bandwidth of Wave Transform Decomposed Components.

Component a, d, dg d, dg
Frequency Bandwidth | _, 504 | 0.004 - 0.008 | 0.008 - 0.016 | 0.016 - 0.032 |0.032 - 0.065
(cycles/m)

Wavelength Range (m) | 250 - 125-250 | 62.5-125 | 31.25—62.5 |15.62—31.25
Component d d, d, d, d,
Frequency Bandwidth |, nor ) 109/ 0 129 —0.259 | 0.259 — 0.518 | 0.518 — 1.306 |1.036 — 2.072

(cycles/m)
Wavelength Range (m) [ 7.81—15.62| 3.91—7.81 1.95 - 3.91 0.98 —1.95 0.49 —0.98
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Filtering Operations

A true pavement profile consists of a low frequency trend coming from the geometry of the road
superimposed by high frequency roughness fluctuations. Pavement profiles, as measured by
profilers, are not true profiles. They are affected by profiles characteristics. Some of these
effects are caused by manufacturer’s built-in pre-filters (e.g. high-speed profilers), while others
result from the operation of the profiler itself (e.g. RSE). To remove the low frequency geometry
trend or investigate the effects of pre-filters on calculated ride indices, it is necessary to filter the
profile. A number of issues concerning the common practice of Butterworth filtering are pointed
out and an alternative filtering operation is proposed.

137



Butterworth Filters

It is customary to filter the profiles using Butterworth filters. A Butterworth filter is schematically
shown in Figure 130. In frequency domain, a filtering operation is equivalent to scaling each
spectral amplitude of the profile by the amplitude of filter at the same frequency. In spatial
domain, a filtering operation is equivalent to convoluting the profile and the window
corresponding to the filter. As it can be seen in Figure 130 a Butterworth filter has several
controlling parameters called filter specifications. Varying filter specifications changes the shape
of the filter and therefore, the spectral characteristics of the resulting filtered profile. These

effects are discussed here.
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Figure 130. Butterworth Filter Specifications.

For a bandpass Butterworth filters, the specifications include: minimum and maximum

frequencies defining the bandpass ( 1, , f,, ), bandstop frequencies ( f,,, f; ) and passband

and stopband attenuations ( 4 A . The filters are usually characterized by their order

pass * “=stop )
NS pas S pbs Jsas Fsb> A pass» Asiop ) » Which is a function of all filter specifications. Smaller

attenuations over the passband 4 larger stopband attenuation A4 and smaller transition

width (|£,,, = /i
f.,and £, represent minimum and maximum cut-off frequencies for a Butterworth filter:

pass’ stop

or|f.. — f]) results in better filters of higher order (larger N ). In Figure 130,

(6)

fsa+ pa fpb+ sb
fca_ 7 7fcb_ 7

Therefore, depending on the filter specifications, Butterworth filters of the same cut-off
frequencies (identical f,, and f_,) may have different shapes and therefore, different filtering

effects. To illustrate these effects, Profile 9 (Route 18, Section 24, RQP) is filtered by Bandpass
Butterworth filters of different specifications and the results are presented in Figures 131 to 133.
All filters used to generate the filtered profiles in all these figures have the same cut-off
wavelengths of 10 and 250 ft. The bandpass range for the filter shown in Figure 131 (a) is
between 15 and 200 ft while the bandpass for the filter shown in Figure 132(a) ranges from 12.5
to 225 ft. For both filters, 4 =1and 4, =5.Obviously, the filters shown in Figures 131a

pass stop
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and 134a have different shapes and because of its narrower transition width, the filter shown in
Figure 132a has higher order. Obviously, the resulting filtered profiles shown in Figures 131c
and 132b are not the same and have different spectral characteristics. The filter shown in Figure
133a has the same bandpass as the one in Figure 131a (15 to 200 ft). However, it has lower

attenuation over its bandpass (4 =0.5) and larger stopband attenuation (A4, =20). As

expected, imposing the new attenuation requirement results in a higher order filter (N =8)
shown in Figure 133a. The filtered profile presented in Figure 133b is different from those
shown in Figures 131c and 132b. As it can be easily concluded, depending on the other design
parameters involved, Butterworth filters with of the same cut-off wavelengths may result in quite
different filtered profiles.
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Figure 131. (a) Filter, (b) Raw Profile and (c) Filtered Profile.
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Removing Vertical Curves using Spline Interpolation Technique

Geometry of the roadways (design vertical curves) accounts for a great portion of the lower
frequency energy of the measured profile. Parabolic curves are used almost exclusively in
connecting profile grade tangents. A typical “crest” highway vertical curve is shown in Figure
134. The exact shape of the vertical curves included in the measured profile depends on the
position of the tested section with respect to the design vertical curve; it may be linear for some
test sections and parabolic for others.

PV.T,
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Figure 134. A typical “Crest” Highway Vertical Curve.
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The part of the profile energy coming from the road geometry does not affect ride quality.
Therefore, this should not be included in any indices used to describe ride quality. It is
customary to filter the profile using a high-pass (with respect to frequency) Butterworth filter.
This practice is inaccurate because it is not possible to set appropriate parameters (e.g. cut-off
wavelengths, passband and stopband frequencies and attenuations) for the filter to eliminate
the geometry trend. Furthermore, the higher frequency portion of the geometry curve spectrum
(resulting from the edge effects) cannot be removed by this operation.

An intuitive alternative approach is proposed here for eliminating the effect of geometry. To
estimate the geometry trend in this method, a number of reference points are marked
throughout the profile. The reference points include the first and last elevation points. The
middle points are then chosen as mid points of 50ft subsequent intervals along the profile. The
distance of 50 ft is chosen because the distance between design reference points during the
pavement construction is about 50 ft. At the next step, based on the chosen reference points,
the geometry trend is estimated by a cubic Spline. The cubic Spline is very smooth and does
not introduce artificial high frequency components in the profile. The final step involves the
subtraction of the geometry trend from the profile. This procedure has been applied to a number
of collected profiles and the selected results are shown in Figures 135, 136, and 137.
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary

In 1999, NJDOT initiated a study to evaluate the applicability of using automated profilers to
replace RSEs used to implement the department smoothness specifications, Phase | study.
Two categories of profilers were considered in the study, low-speed profilers, light-weight
profilers (two devices), and high-speed profilers (three devices), in addition to two of NJDOT
RSEs. The study concluded that the use of automated profilers was beneficial and have many
positive impacts such as reduced inspection time, simultaneous provision of various roughness
indices for improving pavement performance prediction models, and early detection of problems
and subsequent remedial actions by contractors.

Phase | study however, also concluded that the accuracy of measurement varies significantly
among profilers in terms of the recorded IRI values and testing speed in some cases may have
some significant effect. This raised the issue of correlating various profilers against a common
bench-mark. The study recommended that NJDOT select an automated profiler to replace the
RSE as its official and standard smoothness measuring equipment, and correlation models
developed to calibrate other profilers with the standard profiler. Additional recommendations
were made to select an indicator that better represents ride smoothness as compared to using
%DL or IRI.

In 2003, NJDOT initiated Phase Il of the same study with the intention of addressing the issues
raised in Phase | and to implement its recommendations. The objectives of Phase Il study
included selecting a pavement profiling device as the Standard Pavement Profiler (SPP) for
NJDOT that will be used to calibrate/correlate other profilers with SPP and to develop the
procedure required for this correlation.

The scope of Phase Il study was limited to asphalt concrete pavements and included three
roughness categories. Three test sections from each roughness category were selected. The
right and left wheel path profiles of these test sections were measured using different profiling
devices. Repeated runs (3 runs) at different speeds (3 speeds for the high-speed profilers) were
also performed. To overcome the equipment problems of Phase I, two types of profiling devices
were considered in Phase Il, which are bench-mark (Rod and Level - R&L and ARRB Walking
Profiler - WP) and high-speed profilers (NJDOT ARAN manufactured by Roadway Corporation,
Dynatest 5051-MKIII-022 high-speed profilers and Stantec’s RT3000 manufactured by the
International Cybernetics Corporation - ICC).

The data collected in Phase Il was analyzed using two approaches. In the first approach the
traditional ride statistics (IRIl, RN, Pl and %DL) were used to address the variability among
equipment (profile comparisons) equipment related issues (repeatability, effects of testing
speed, filtering effects), manufacturers versus standard IRl computations (Proval and RoadRuf)
and the impact of summary intervals.

In the second approach more detailed investigations were performed on the IRI algorithm and a
new ride statistic was developed. Also, advanced profile analysis was performed to diagnose
the profile characteristics that impact the rideability and user opinion.

Conclusions

Visual assessment of the profiles collected using R&L and WP indicates that the two devices
provide very similar results. Therefore, WP will be selected as NJDOT SPP.
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The profiles collected using high-speed profilers from some sections match reasonably well.
However, in some cases, pronounced differences are observed between the profiles measured
using the high-speed profilers and those measured using R&L/WP.

The repeatability of all devices was found to be in general good.

Speed can have a significant impact on the measured IRI, especially when it is reported at 52.8-
ft intervals. This speed dependency significantly reduced when IRI is reported at 528-ft intervals.

HP filters do not have significant impact on R&L profiles. The amplitude of the RT3000 profiles
decreases significantly when the high-pass cutoff length is reduced from 300 to 200 ft. Profiles
after band filtering are also similar to those from the corresponding HP filtering.

The effect of filtering on the computed IRI varies from one device to another, with R&L being the
least affected. The differences between the unfiltered IRl and those after band filtering are
more pronounced than that between unfiltered IRI and those after high pass filtering.

The differences between the results from unfiltered and filtered profiles change depending on
the roughness class. The trend of each equipment is not consistent and the differences can be
significant. However, the 3-ft low pass filter and the band 3-300 filter have the most significant
impact.

The IRI for the entire 528-ft section (except for RT3000 LP filtering) is less affected by filtering.

The difference between the IRI values calculated using the manufacturer IRI routine and those
of RoadRuf and Proval could be significant.

IRI summary intervals may have significant impact on the reported IRI values. A length of 528-ft
would be a suitable IRl summary interval for project level investigation.

RN analysis indicated that there is some variability among devices and this variability increases
for rougher sections.

In general, RN was found to be not as sensitive to speed as in the case of IRI.
Filtering effect on RN was found to be similar to that on IRI.

Based on the data collected in this project, IRl and PI limits can be established to classify
pavement sections in the three roughness classes with no overlaps. These limits could not
have been established using RN or %DL.

Recommendations

A panel study was included in the proposal, however, due to budget constraints, none was
performed during the execution of this project. The ride statistic developed by Rutgers could
therefore not be validated with a measure of user or rider discomfort. It is recommended that a
panel study be conducted in which both the driver and a passenger are instrumented to
measure the quality or comfort of the ride. The instrumentation of driver and passenger will
provide a means of correlating the riders’ subjective opinion with an objective measure of the
same ride and serve as a basis of validating the Rutgers ride statistics.

The instrumented panel study will involve the survey of several sections (at least three) in each
roughness category. The instrumentation should be capable of measuring the individual motion
of passengers.
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APPENDIX A:

laser sdp

The Laser SDP is a longitudinal profile
measurement system that provides road profile data
capture and real-time roughness index calculation
using a combination of high-speed lasers and
accelerometers.

The Laser SDP samples at 12.5 mm (1/2 in.)
intervals and measures bumps as short as 100 mm (4
in) at variable speeds up to 100 km/h (60 mph) without
loss of accuracy.

Two lasers, one over each wheel path, measure
the vehicle's height above the road. Accelerometers
monitor the vertical forces caused by surface
deformities.

This profile data is used to calculate the low-speed
roughness (riding comfort) of the road surface.

The International Roughness Index (IRI) and other
indices are calculated in real-time, a feature which
saves significant office data processing time and
effort. Data is also recorded for further processing if
desired.

Faulting of concrete pavements is also measured
and reported using special fault detection software.

The Laser SDP meets US FHWA specifications for
a Class || HPMS profiler which is the highest level for
automated data collection.

Features and Applications

Lasers and accelerometers measure roughness
in each wheel path

Integrated with Distance Measuring Instrument
(DMI) for precise location information

Develops a complete longitudinal profile
Measures concrete joint faulting accurately

Not affected by surface texture as are some
ultrasonic sensors

Samples surface at 12.5 mm (1/2 in.) intervals
and reports bumps as short as 100 mm (4 in) or
as long as 100 m (328 ft).

.

.

SDP also meets or exceeds

The Laser
specifications for the ASTM Class | profiler which
again is the highest performance level possible.

The excellent accuracy and repeatability of
measurements made by the Laser SDP make this
subsystem an excellent choice for project level
applications such as monitoring project acceptance,
enforcement of "end-result" specifications, etc.

Acelerometer ccelerameter

+ Measures at variable highway speeds up to 100
km/h (60 mph) without loss of accuracy
Calculates IRI or other specified indices in real-
time

Reports roughness for each wheel path or
combined as required.

Generates graphs and tabular reports

Meets Class || FHWA profiler specifications

+ Meets or exceeds ASTM (E950) Class | profiler

PRODUCTS

.

.

Roadware Group Inc., North America: +1 (800) 828-2726, International: +1 (519) 442-2264, www.roadware.com
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The Dynatest Road Surface Profiler (RSP) is carefully designed to provide the automated, high quality pavement
roughness and related measurements solution for engineers worldwide. The RSP performs continuous, highway-speed
measurements of longitudinal and transverse profile, including real-time roughness (IRI), rut depth evaluation, GPS, and
geometrics. This product line is available in several levels of sophistication, ranging from a 21 laser top-of-the-line
version down to a single wheel path version for longitudinal profile/IRI evaluation only.

Advantages:

e Guaranteed high accuracy according to
rigorous standards

e High-speed measurements

e Dynatest worldwide support network
Designed by pavement specialists

‘Why a Dynatest Profiling System?

The Dynatest Mark II RSP was designed and
developed by a team including specialists in pavement
engineering who fuily understand the requirements and
needs of the professional pavement engineer and
pavement manager, and who have had many years of
experience in developing equipment tailored to meet
these needs and requirements.

Additionaily, Dynatest is committed to producing, and
internationally marketing and supporting, industry-
standard equipment of high durability, user-friendly
design and rock-solid performance. Dynatest also
provides knowledgeable pavement engineering
expertise worldwide for the support of any Dynatest
product.

The new Mark II can be installed in a variety of
automobiles or vans used around the world. It is a “PC-
card-based” test system. The processing electronics
have been miniaturized and placed onto a Dynatest
developed proprietary PC printed circuit board which
mounts into an ISA slot in an IBM compatible portable
PC. This results in a simplified system consisting of
only two primary components:

e A transducer unit (“Rut Bar”), holding up to 21
laser sensors and from 1 to 3 accelerometers

o A ruggedized IBM compatible (laptop-like) PC
with full-size expansion slot capability and dual
high speed serial ports

Dynatest International

Measuring principle:

The longitudinal profile measurement is based on the
“South Dakota” method. An accelerometer is used to
obtain vertical vehicle body accelerations, and a laser
sensor is used for measuring the displacement between
the vehicle body and the pavement. Road profile
measurements are then obtained by summing the twice
integrated acceleration measurements with the appro-
priate body-road displacements. IRI is calculated in
accordance with World Bank Specifications. RSP
longitudinal profile meets the Class 1 precision and
bias specifications as defined by ASTM E-950 (USA).

Aenth ic meastire A
aepui iS mcasurca

a mut by a

.
and/or 1u

a maximum of 21 lasers enclosed

Transverse profile
minimum of 3 to
within the Rut Bar.

The RSP provides a product line designed to meet
needs ranging from high quality measurements “on a
budget”, to the most sophisticated, rigorous research
testing needs applicable to this type of equipment.
Please contact Dynatest for complete specifications,
pricing, and more detailed technical information.

rev. 971110a

California + 1 805 646 2230 / usa@dynatest.com
Florida  +1 904 964 3777 / psc@dynatest.com

S. Africa  +27 (0)11 807 0660 / rsa@dynatest.com
Canada  +1416213 1060 / canada@dynatest.com
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UK + 44 (0)1246 24 00 90 / uk@dynatest.com

Denmark  +45 44 53 33 55/ denmark@dynatest.com

Brazil + 55 (0)11 287 2226 / brazil@dynatest.com

China + 86 (0)371 393 2113 / x 3839 / china@dynatest.com



Trimble DGPS Pavement and ROW Video - Mandli Video Recording Station - Mandli

Angled Rangefinder Dynatest RSP 5051 MKII L3.2 Angled Rangefinder

Vertical Laser - Maximum of 3 Gyroscope Option — Grade,
Rangefinder Accelerometers Crossfall and Curvature

Dynatest Road Surface Profiler System

e Modular & Upgradeable
e Easy to Operate'and Maintain
Real Time Indices (IR, Ride, Rut,

Crossfall, Grade, Turn Rate, Faulting
& DGPS)

1 to 21 Laser Rangefinders

1 to 3 Accelerometers

Differential Global Positioning Option
Gyroscope Capable

Video Options Available
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RSP/5051/1.2.2
THE DYNATEST MODEL 5051 MARK II ROAD SURFACE PROFILER
TEST SYSTEM SPECIFICATIONS
GENERAL:

The Road Surface Profiler (RSP) Test System (hereafter called the System) shall be a
new, currently advertised production model. The manufacturer of the System shall have a
full parts inventory and a well-established record of equipment support. The System shall
include all standard equipment advertised, whether or not specifically called for herein,
including the manufacturer's standard warranty. The System shall consist of at least one
accelerometer and laser optical distance measurement device (hereafter called the
Transducer), mounting system, e.g., Transducer Beam, plus an appropriately matched
electronic package for registration of the Transducer signals, including a
hardware/software package for automatic recording and preliminary data processing in
4L~ £.143 MTha Qygtann ahall o s msaiadnlala a ranaanahlyy qizad wvahisla ~rh oae oo

uic 1iciu. 11ac D ySLllll Siair o€ [Hiduiitacic 111 a lbaDULLGUL)’ plvawiey V,L/AJJVUV, suca as €. B

minivan or full size van.

The System shall be able to measure, display, store (on computer hard disk) and calculate
longitudinal road profile and roughness data in wheel paths, plus vehicle position

{ctatinnin d anead 4 thad 1 the 11
\m,auuulug} ana speea as GesCriota m ne LOAAO‘VVlng sections.

The System shall meet the requirements for a "Class 1" profilometric device as outlined
in ASTM E 950-94, “Standard Test Method for Measuring the Longitudinal Profile of

Traveled Surfaces With An Accelerometer Established Inertial Profiling Reference” and
World Bank Technical Paner #46 “Guidelines an r'nn/]u(‘hno and r'n!ﬂ)rnflno Road

OriG Banx i1CCinica: 1aper Uulacgsl Lonauct noaaq

Roughness Measurements”.

The System shall be designed as a modular, upgradeable product such that future
upgrades can be performed without significant modification to the Transducers and
electronics hardware or to the software package. Upgrades are defined as the addition of

accelerometer/laser combinations to allow for proﬁle measurements in more than one
wheelpath (up to 3 total) or the addition of lasers (up to 21 total) to allow for
measurement of transverse profile. Additionally, an IMS (Inertial Motion Sensor, for
measurement of crossfall, grade and degree of curvature) and a Differential Global
Positioning System (DGPS) can be added.

DETAILED:

1.  General Operational Requirements

1.1 The System shall be operable by one person (i.e., the vehicle driver).

Page 1 of 6

153



1.2

1.3

1.4

1.5

1.6

>

2:1

22

2.3

24

2.5

2.6

2.7

mSDynatest®

The System shall be operable at highway speeds up to 115 kmv/h (70 mph), to allow
safe operation in on-going traffic in the field.

The System shall be designed and constructed so as to operate satisfactorily in the
rugged environment of a test vehicle.

The System shall operate satisfactorily under all typical, dry weather conditions
within the temperature ranges specified below.

The System shall be able to operate in an ambient temperature range of 0 C to + 40
C (+32 F to +105 F) outside the vehicle, and +5 C to + 40 C (+40 F to +105 F)
inside the vehicle, provided that no condensing moisture occurs.

The System power requirements shall be 12 VDC nominal (10.5 to 14.5 VDC) only,
provided from the electrical system of the towing vehicle. A solid-state inverter
shall be provided for computer (and optionally printer) powering.

Transducer Beam

The L12.2 Transducer Beam shall be a mechanically rugged beam, made from
corrosion resistant material, such as aluminum, holding two (optionally 21) laser
displacement sensors and two (optionally three 3) accelerometers.

The Transducers shall be in the form of easily removable/ exchangeable modules.

Two of the laser sensor modules shall be placed over the right and left wheel paths,
at a lateral distance of 700 to 914 mm (27.5 to 36.0 inches) from the (longitudinal)
center line of the vehicle, for the purpose of providing displacement data needed for
the computation of longitudinal profiles and/or IRIs (International Roughness
Indexes) in both wheel paths. Refer to 2.1 above.

The Transducer Beam shall provide the capability to mount two or optionally three
high precision accelerometers so as to accurately monitor the vertical movement of
the two wheel path laser sensors (and optionally the center laser) respectfully.

The accelerometers shall be easily removable for calibration or replacement.

The Transducer Beam shall provide necessary protection of the laser sensor
modules, the accelerometers and all cables/plug connections against normal, non-
frosty weather conditions, such as rain (see also 1.5 and 6.4).

The nominal, vertical clearance (distance) between the bottom of the Transducer

Beam and the pavement surface shall be not less than 280 mm (11 inches) in the
transport as well as in the measuring mode.

Page 2 of 6
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Transducers

The vertical laser displacement sensors shall have a measuring range of at least 200
mm (7-7/8 inches), i.e. +/- 100 mm (+/- 3-15/16 inches) from the mid-range
position (which is the nominal measuring position, i.e., the long-term, average
"zero" position).

The vertical displacement measuring resolution of the laser sensors shall be better
than or equal to 0.05Smm (+/- 2 mil).

The laser sensors shall be able to produce at least sixteen thousand (16,000)
displacement measurements per second.

The vertical accelerometers shall have a measuring range of +/- 2.5 g min. in a
frequency range from zero (0) Hz to 300 Hz min. (-3 dB). Below 50 Hz, the
measurement accuracy shall be within +/- 1% of the measured value or +/- 0.003 g
max., whichever is the greater.

A digital encoder, mechanically linked to one of the vehicle wheels, shall be
provided for suitable digital distance/speed information to the signal processing
electronics.

Signal Processing Hardware/Software

A PC-card-based electronic microprocessor circuit board and remote distribution
and power panel, in the following called a System Processor, shall be provided with
the System. The System Processor shall use up-to-date, field proven technology.

The System Processor shall provide all necessary power for the transducers (laser
sensors, accelerometers and distance/speed encoder).

The System Processor shall provide signal conditioning and sampling hardware for
all transducers.

The System Processor shall sample the signals from the wheel path laser sensors
and accelerometers at a rate of not less than 16 kHz (corresponding to less than
2mm (0.08") of travel at any speed up to 115 km/h (70 mph)).

Based on the so-called South Dakota method, the System Processor shall be able to
compute - in real time - the longitudinal profiles of both wheel paths from the
sampled signals of the laser sensors and accelerometers. The longitudinal profile-
reporting interval shall be selectable to approx. 25 mm (1 inch) or more.

Page 3 of 6
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The System Processor shall optionally be able to provide real-time computation of
IRIs (International Roughness Indexes) in accordance with World Bank guidelines.
This optional IRT data shall be displayed on the PC screen during testing.

Data Recording System

The system shall include a portable microcomputer (PC), such as e.g., a Pentium
based notebook PC with DOS 6.0 or higher, 16 MB RAM min., a hard disk of 810
MB min., a 3-1/2 inch/1.44 MB floppy disc drive and a color active matrix display.
The PC will allow direct installation of the System Processor (PC-Card Based)
board. '

A so-called Field Program (including necessary parameter files and setup programs)
shall be supplied, which shall be capable of - when installed into the PC -
conducting full control of the testing operations from the PC keyboard.

The PC with Field Program shall be capable of communicating with the System
Processor via the PC's ISA bus interface and shall transfer all necessary setup data
to the System Processor at System start-up, and shall during testing with the System
receive all processed measuring data from the System Processor for further
processing, display on the PC Screen and storage on the PC hard disk.

The Field Program shall allow the System operator to enter operational parameters
and other information, such as:

- Beginning station of the road section to be tested

- Increasing or decreasing stationing during the test run
- Longitudinal profile filter length

- IRI reporting interval (optional)

- Data file names

It shall be possible to select the (optional) IRI reporting interval in the min. range of
10m (or 30 ft) to 1 km (or 1 mile).

It shall be possible to select a longitudinal profile filter length of up to at least 100
m (330 ft.).

The System shall include post-processing software for computation of IRIs from
longitudinal profile data. This software shall be fully compatible with the
longitudinal profile data files recorded during field-testing, and the output files
generated by this software shall be in ASCII code.

Performance Accuracy and Calibration
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The System shall have a repeatability error on IRI data (whether measured in real-
time or post processed) of typ. less than 5% (coefficient of variation) OR 0.1 m/km
(6in/mi.) (sample standard deviation) whichever is the greater, for 6 repeated runs
(selected from 10 runs) at test sections of a length of 160 m (0.1 mile) min.

The distance displayed and stored with the test data shall be accurate to within +/-
0.05% or 0.8 m (2.6 ft.) of true distance, whichever is the greater, for a 5280 ft.
(1610 m.) test section on condition that the measurement is initiated exactly at the
pre-entered beginning station and provided the effective radius of the wheel/tire
remains constant.

Equipment, procedures and software necessary to perform (static) calibration of the
laser sensors and accelerometers and field calibration of distance measurement shall
be included with the system.

Equipment accuracy shall remain stable for all types of (dry) pavements, and
calibration shall not be required on a frequent basis.

Documentation

Two (2) complete sets of User Manuals shall be provided by the manufacturer
which include a set of drawings and diagrams, except for the chosen computer and
any proprietary. electronics, for all equipment so that the purchaser will be able to

TOPriC CIECLIonics, 10r a 1MENnt

operate and maintain the System properly.

All proprietary electronic modules shall be available on short notice from.the
manufacturer as replacement parts, and they shall be readily interchangeable.

The System described in the foregoing Sections shall conform in all respects to the
Specifications and Stipulations brought forth therein.

Warranty

With the exception of the recording/playback microcomputer instrument specified
in Section 5, the System shall be expressly warranted to be free from defects in
materials and workmanship for a period of one (1) year from the date of acceptance
of delivery by the purchaser. This express warranty shall be limited to the prompt
repair and replacement of parts and the necessary labor and services required to
repair the System, with the exception of the recording/playback microcomputer
instrument specified in Section 5. In the event large or heavy components of the
System, with the exception of the recording/playback microcomputer instrument
described in Section 5, prove to be defective during the period covered by this
express warranty, the producers may, at their option, make the necessary repairs at
one of its places of business or at the place where the System is located.

Page 5of 6

157



M Dynatest®

This express warranty shall be extended to purchaser at no additional cost, except
that (a) the purchaser shall be liable for all shipping costs and expenses incurred in
delivering any small parts of the System to the manufacturer, and (b) in the event
the manufacturer chooses to replace or repair any defective large or heavy
components of the System at one of its places of business during the period covered
by this express warranty, the manufacturer shall defray all shipping costs and
expenses incurred in delivering both the defective components to the manufacturer
and the repaired or replaced components back to purchaser. The recording/playback
microcomputer instrument specified in Section 5 shall not be covered by this ex-
press warranty and shall be covered by the standard warranty provided by the
manufacturer of the microcomputer.

This express warranty, in addition to its general repair and replacement remedy,
provides an option to return the equipment for the purchase price if it generally fails
to meet the performance specifications listed in Section 6 (above). The return
option is applicable only if within 12 months of delivery, the equipment, under
normal, intended use and with recommended maintenance, fails in a significant way
to perform according to the performance specifications in Section 6. To exercise
the return option, the purchaser must clearly demonstrate to the producer a general
performance deficiency with respect to the measurement accuracy as defined by
Section 6 of these equipment specifications.

8.2 The express warranty set forth in Section 8 is the exclusive and only warranty

8.3

8.4

8.5

extended by the manufacturer to the purchaser. The manufacturer makes no
warranty of merchantability with respect to the system purchased and makes no
warranty that the system purchased is fit for any particular purpose. There are no
warranties, which extend beyond the description on the face hereof.

The express warranty set forth in Section 8 shall not apply to any defects in the
System caused by the negligence or misuse by purchaser or its agents, employees, or
representatives in the operation of the System.

In the event of a breach or repudiation by the manufacturer of the contract for the
sale of the System, the purchaser shall not be entitled to recover any incidental or

consequential damages as defined in the California Commercial Code.

The System described in the foregoing Sections shall conform in all respects to the
Specifications and Stipulations brought forth therein.
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Corporation

Road Profiler
Technical Description

The ICC Road Profiler is considered a South Dakota style road profiler. The technology
used to make the height measurements with ultrasonics and the filtering algorithms used to
do the accelerometer vertical positioning were developed by the South Dakota Department
of Transportation. ICC has added the use of lasers for height measurements, additional
height sensors, an additional accelerometer and cther features to enhance the original road
profiler.
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International Cybernetics Corporation (ICC)

Road Profiler
PROFILE MEASUREMENT AND ANALYSIS

The ICC Road Profileris an "inertial" profile measurement device -- that is, it utilizes an
accelerometer to establish a reference plane from which the profile is measured. Figure
1 illustrates the principle of measurement.

o !

FIGURE 1

As the test vehicie moves in ihe horizontal direction X, it encouniers the veriical roadway
profile z(x). In response to the profile, the vehicle body moves vertically, as indicated by the
curved line u(x). At every point along the vehicle's path, the difference between the road
profile z(x) and the vehicle's vertical position u(x) is h{x), the distance between the vehicle
body and the pavement surface. Stated mathematically,

hEg=u)-z X
or equivalently,
zZX)=u(x-h)

The significance of this Equation is that if u(x) and h(x) can be measured, the road profile
z(x) can be computed. This is true, regardless of the vehicle's suspension characteristics.
For any vehicle response, u(x) and h(x) vary together, such that their difference equals the
profile z(x).

The Road Profiler determines the vehicle's vertical position u(x) by numerically integrating a
measured vertical acceleration signal. An ultrasonic or laser displacement sensor measures
the height distance h{x) between the vehicle body and the pavement surface. The road
profile z(x) is computed as the numerical difference between u(x) and h{x).

Conceptually, the process can be divided into six operations. These are . 1) measurement
of the vertical displacement of the vehicle as a function of time; 2) measurement of the
horizontal distance the vehicle has traveled; 3) measurement of the vehicle's height above
the pavement surface at equally spaced intervals of highway distance; 4) synchronized
subtraction of the vehicle displacement and height measurements to compute the highway
profile; 5) storage of the data points; and 6) reconstruction of the filtered profile from the
stored profile for purposes of inspection, analysis, or calculating information based on profile.

The first five operations are performed in real time, as the test vehicle drives down the
highway at normal traffic speeds. Profile reconstruction and analysis is performed after the
data is returned from the field or in the vehicle after data collection is complete.
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Vehicle Displacement Measurement

Direct measurement of the test vehicle's vertical displacement through space is impractical,
but it is possible to measure the vehicles vertical acceleration as a function of time and then
integrate the acceleration to generate the displacement record.

A linear servo accelerometer measures the vehicle's vertical acceleration at each wheel
path. The profiler calibration determines the bias for one "g" to eliminate the acceleration
due to earth's gravity from the signal output. Its range of plus or minus two "g" and
frequency response of 0-110Hz are adequate to measure significant vehicle motions which
fall in the range of plus or minus one "g" at 0-5Hz.

In addition to meaningful accelerations, the accelerometer signal contains high frequency
components corresponding to extraneous vehicle body vibrations. A linear phase lowpass
filter is used to attenuate these components. Sampling theory dictates that the filter
eliminates frequencies higher than the Nyquist frequency, which is one-half the 125 Hz
sampling frequency. In practice, elimination of frequencies higher than one-fourth the
sampling frequency is desirable. The filter passes frequencies of interest with as little
attenuation as possible.

A 20Hz eight pole lowpass filter for each accelerometer is mounted on a circuit board
located within the Road Profiler computer. The board also carries an operational amplifier
which multiplies the acceleration signal by a factor of two to increase the signal level to five
volts per "g", and a bipolar fiteen volt power supply module which provides power to the
accelerometer, filter module, and operational amplifier.

Below 2Hz, where the most significant vehicle accelerations occur, the signal loss is less
than 0.7%. At 4Hz, the loss is approximately 2.7%. At 20Hz, the signal is attenuated by
50%, and at the Nyquist frequency at 62.5Hz, the signal is attenuated by 99.95%. The delay
introduced by the filter is a nearly 25 3milliseconds in the frequency range of 0-40Hz. delay
decreases to 12.3 milliseconds at 62.5Hz.

After the acceleration signal is filtered, it is converted into numbers which may be
manipulated by the computer. A multi-channel 12-bit analog to digital converter installed in
the computer digitizes the signal in each wheel path at 8§ millisecond intervals, converting
signal levels between -10 volts and +10 volts (corresponding to accelerations of minus one
"g" and plus one "g") into integers between -2048 and +2048. The resolution of the
acceleration signal is one "g" divided by 2048, or 0.01571 ft/sec. .The a/d converter's stated
accuracy is plus or minus 0.025% of full scale reading, or approximately one half its
resolution.

Acceleration sampling must occur precisely at timed intervals to insure accuracy in the
subsequent integration. Measurements are initiated by a crystal controlled clock
programmed to generate interrupts at intervals of 4.0 milliseconds. The clock is equipped
with an error flag to indicate whether interrupts are being serviced by software as quickly as
they are being generated. Profile measurement software monitors the flag and verifies the
acceleration changes are occurring and will warn the operator if any errors were detected.
Tests have shown that the hardware and software are capable of sustaining the 125Hz
sampling rate for each wheel path under any conceivable operating conditions.

Each digitized acceleration signal is integrated twice to yield a record of vehicle vertical
displacement. The Road Profiler integrates numerically rather than with electronic circuit to
avoid problems of integrator saturation.

The problem of offset errors is inherent to both analog and numerical integration. When an
acceleration signal composed of a true time-varying acceleration a(t) plus some constant

3
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agfr is integrated twice, the computed displacement u* (t) consists of the true displacement
u(t), one error term due to the initial (unknown) vertical velocity vg . and another error term
proportional to the square of time t. That is,

1 2
W= 0,14 gt

It is evident that for small offsets, the terms involving #* predominates as time increases.
For a profile ten miles in length, t exceeds one half million seconds squared assuming a
test speed of 50 mph. Even if the offset is only one thousandth of a "g", the displacement
error is approximately 8300 feet, over 1.5 miles in elevation! Although the error term is
involving velocity, v is proportional to time and grows more slowly, it too can overwhelm the
true displacement. Fortunately, because both error terms vary slowly, they can be
controlled by removing extremely low frequencies from the integrated displacement signal.

A numerical process, a type of digital filter, simultaneously integrates and filters the
acceleration signal as it is measured. The filter can be described by its transfer function
which specifies the ratio of output to input within the frequency range of interest. The
composite transfer function can be expressed as the product of an integration transfer

function I(f) and a highpass filtering transfer function H(f), where fis the frequency of the
signal:

FihH=1H "HD

The ideal double integrator transfer function
2
1
D(f)=~| 5o
LWJ

is numerically approximated by the transfer function

The quality of this approximation depends upon the signal frequency and the sampling
interval h. The ratio of actual to ideal integration is given by the relationship

sm?ghﬁh)f

The ratio is exactly one when the frequency is zero, but reaches a maximum value of 2.47 at
the Nyquist frequency. At SHz, below which vertical acceleration signals of interest lie, the
approximation over estimates the displacement magnitude by 0.5%. It is important to note
that while the integration increasingly overestimates at higher frequency, the lowpass
antialiasing filter so strongly attenuates with increasing frequency that no net overestimation
oceurs.

The highpass filtering transfer function is
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H(f) = ——
{ cot’ (mhh)

which has complete attenuation at zero frequency, 50% attenuation at the cutoff frequency f
(0.01Hz for the Road Profiler) and no attenuation at the Nyquist frequency. Because the
transfer function is only second order, the filter does not exhibit sharp rolloff. Its
performance is sufficient, however, to limit the growth of integration errors.

The complete filter transfer function F {f), the product of I {f) and H {f), is accomplished as a
second order recursive digital filter of the form

u, = Au,_,+Bu_ +Cha,,

where the constants A, B, and C are determined analytically from the sampling interval h and
the cutoff frequency f . That is, the displacement at time t is given as a linear combination of
the two previously computed displacements and the acceleration measured two sampling

intervals previously.

The integration algorithm introduces a signal display of two sampling intervals at all
frequencies, so that the displacement computed at time t actually corresponds to the vehicle
displacement at time t-2h. In addition, the highpass filtering introduces delay which
increases rapidly as frequency decreases. Longwave vehicle displacement components are
shifted significantly.

Assuming a vehicle speed of 55 mph, the "gain ratio" -- that is, the ratio of computed
displacement--varies within plus or minus two percent over the frequency range of 8Hz to
0.08Hz, corresponding to wavelengths of 10 feet to 1000 feet. At frequencies above 1Hz,
the signal delay is nearly constant and equal to a distance equivalent to two sampling
intervals, or about 1.3 feet. At lower frequencies, the signal delay increases significantly; at
a frequency of 0.0114Hz, corresponding to the wavelength of 7000 ft, the signal delay
exceeds 1000 feet.

The sampling frequency, highpass frequency, and vehicle speed normally used by the Road
Profiler, the highpass integration accurately estimates the amplitude of vehicle motion at
wavelengths up to 1000 feet, but not without phase distortion and delay at longer
wavelengths. Because the vertical motion of the vehicle is restricted to frequencies below
SHz, the integrations overestimation at higher frequencies is insignificant.

Because the integration and filtering are time-based rather than distance-based, these
wavelengths and distances depend on vehicle speed.

Delays that appear in the data are removed by filtering the data down to wavelengths of 300
feet or less.
Vehicle Height Measurements

The distance between the accelerometer and the pavement surface in each wheel path is
measured by an ultrasonic or laser ranging device mounted on the instrumentation bumper.

The ultrasonic sensor uses an instrumentation quality version of the electrostatic transducer
used on auto focusing Polaroid cameras.
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Its principle of operation is relatively simple; a short burst of 50KHz sound waves is
generated by the transducer, travels downward to the pavement surface, and is reflected
back to the same transducer (FIGURE 2). The elapsed time t between sound generation
and echo detection is proportional to the distance h between the transducer and the
pavement surface, according to the relation

h= ct/2
where "¢c" is the velocity of sound in air, approximately 1125 feet per second. At the
transducer's equilibrium position, approximately one foot above the pavement surface, the

lapsed time is about 1.8 milliseconds. To prevent interference resulting from multiple
echoes, measurements must be performed at time intervals exceeding ten milliseconds.

f I

A
o o

h=1*c/2

FIGURE 2: Ultrasonic Ranging Principle
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Ultrasound generation, detection, and timing is provided by sensor electronics in the
bumper. The sensor is controlled by an interface board installed in the computer. When the
computer determines that the vehicle has traveled the specified sampling distance, software
commands the interface and sensor to generate the ultrasound transmission. When the
echo is detected, the system provides a count representing the elapsed time interval
accurate to one microsound.

The transducer's "footprint" on the pavement surface is approximately two inches in
diameter. Since timing stops upon receipt of the earliest echo, any large object (of cross
section area exceeding one square inch or so) which protrudes above the surrounding
surface may be detected instead of the background surface.

Coarse surface texture can affect the measurement in two ways. First, there is inherent
uncertainty in defining the distance between transducer and coarse pavements--which
surface elevation is the correct one? Secondly, randomly oriented aggregate surfaces
presented by coarse pavements may scatter the ultrasound or cause destructive
interference resulting in late echo detection. This problem occurs mainly on extremely
coarse--5/8 inch or greater aggregate size--chip seals. Smaller chips, cracks, open graded
asphalt mixes, and tined concrete will cause slight increases in signal variance. Although
timing accuracy allows measurement resolution of 0.005 feet, pavement surface effects limit
accuracy to 0.002 feet on smooth pavement surfaces and 0.006 feet on very coarse
surfaces.
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During the time between signal transmission and echo detection, a vehicle traveling 55 mph
moves forward approximately 1.7 inches, a distance approximately equal to the transducer's
diameter. No correction is made to compensate for the oblique sound path because
correction would be speed dependent and precise identification of the transmission,
reflection and reception surfaces is impossible.

The system provides a data entry parameter for ambient temperature to provide some
compensation to correct the distance measurement for effects of air temperature on sound
velocity. Each 10 degrees F change in ambient temperature effects the measurements about
1%. However, air temperatures may have a temperature gradient and vary as much as 30%
with height above heated pavement surfaces. Accurate temperature compensation for this
would be more difficult than the expected measurement improvement would justify.

Because vehicle height measurements are taken at specified intervals, profile features
shorter than twice that interval are inadequately sampled. As a result, short features are
incorrectly interpreted as features longer than twice the sample interval. This phenomenon--
termed "aliasing"--is most severe when the profile has a high short wavelength content. In
general, the computed International Roughness Index for such profiles will be higher than it
should be. Aliasing can only be eliminated by decreasing the sampling interval. Because the
ultrasonic sensors' sampling frequency is limited to 100Hz, the only way to shorten the
interval is to decrease vehicle speed. This allows sample intervals of approximately 1 foot
yielding wavelengths of 2 foot and higher. The system allows the operator to select a lower
interval of approximately 9" or 6" and indicates to what speed the vehicle must be kept to not
encounter errors due to previous echoes.

The laser sensor used in the wheelpath positions is a Selcom infrared laser with a 1 to 2 mm
footprint on the pavement. The laser samples at 32,000 or 16,000 times per second. This
provides a sample every 1mm at 60 miles per hour. The samples are averaged and stored
at a distance sensor interval selectable by the operator. The normal network and project
level selectable intervals are approximately 3".6".9".12", etc. Smaller intervals can be
supplied for research purposes. The laser height data allows wavelengths down to one-half
foot to be sampled. When laser and ultrasonic data are used together they are synchronized
on distance sensor intervals for rut depth measurements.

Several lasers are available. The normal profile laser has a static resolution of 0.002 inches
and a static inaccuracy of the laser measurement of plus or minus 0.010 inches. The
measurement range is + 3.9 inches about its center point. The measurements are not
affected by temperature in the operational range. Coarse surface textures will cause more
variation in the data than smooth surfaces. However, the high sampling rate vields height
accuracy's under .010 inches on many open grade surfaces while speeds of 40 to 50 MPH
are used. A second laser is available for profiling on research projects which has a 0.001
resolution, plus and minus 0.005 inaccuracy, and a plus and minus 2.5 inch measurement
range.

The software monitors the height measurements stored to verify that they are in an operator
selectable range. If errors are detected a warning message is sent to the operator and error
codes are stored with the individual height sensor readings. The post processing software
will replace bad readings with the last good reading while producing a profile, determining rut
depth or calculating a roughness index.
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Synchronized Profile Computation

Due to the electronics and software used, the times at which vehicle position and vehicle
height are measured generally do not match. The software must merge the two records and
compute the profile as their difference.

z) =u(t)- h¢)

The situation is complicated by delays--25 milliseconds in the analog lowpass filter and 16
milliseconds in the integration—-which are introduced into the vehicle displacement record.
These delays prevent the vehicle position from being available until approximately 40
milliseconds after the vehicle height measurement is completed.

The software overcomes this difficulty by saving vehicle height measurements, along with
their measurement times, in a buffer area. When vehicle displacement is computed, its time-
-minus the known delay time--is compared to the time of the older stored height
measurement. When the times match within one half integration period, the profile height
sensor value and integrated accelerometer data are stored for the distance interval. The
error introduced by the maximum mismatch of 4 milliseconds is negligible because of the low
frequency content of the vehicle displacement record. The data is combined into profile data
and rut depth data in post processing. When lasers are provided the intergration period is
decreased and the maximum mismatch is lowered to 1 millisecond.

Data Storage

The matched profile data is stored in memory during the run and saved on one of the
computer's disks after data collection is complete. The data to determine profiles and rut
depth is stored in one file. In addition, optional event data like comments and roadway
features may be entered by the operator and these are stored in a second file. A third
optional file may contain vehicle speed data which can be used to indicate where speeds
were too slow to rate roughness in post processing. Other optional sensor data is stored in
separate files and all of these files are linked together by a pulse count from the distance
sensor allowing data between files to be linked to within approximately 0.25 feet.

Profile Reconstruction

After the profile data is recorded on diskette, it may be plotted or further analyzed for
roughness ratings. For both processes, it is desirable to filter the profile further to remove
long wavelength components. Plotting and rating programs utilize a digital recursive filter
with the transfer function.

Hiw) = L

cotz(fr)—
w
cot? (;fz')i
Wo

1+

This filter is a spatial lowpass filter, where w denotes the wavelength, wg is the desired cutoff

wavelength, and h is the data interval. Its formulation, similar to that of the highpass filter
employed in the double integration, is of the form

P =Az,+ Bz, _,+Cz,_,+ DE_+EP_,
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That is, the filtered profile p is computed recursively as a linear combination of the unfiltered
profile z at the present location and the filtered and unfiltered profile two data intervals
previous. The coefficients A through E depend upon the data interval and cutoff

wavelength.

Because the filter is recursive, the signal phase and delay become exaggerated at
wavelengths near to and greater than the cutoff wavelength.

Computation of IR!

A post data collection report program is used to compute the International Roughness Index
as defined in the World Bank Technical Paper, number 46.

The calculation of IRl is accomplished by computing four variables as functions of the
measured profile. These four variables simulate the dynamic response of a reference
vehicle traveling over the measured profile. The equations for the four variables are solved
for each measured elevation point, except for the first point. The average slope over the first
11 m (0.5 sec at 80 km/h) is used for initializing the variables by assigning the following
values:

; - (F-7)
Fof Sy vgpaan ool 1
1 3 11 (1)
Za=Zs=0 (2)
11
- 3
& de+1 3)

where Y5 represents the "7 profile elevation point, Y1 is the first point, and dx is the
sample interval. Thus, for a sample interval of dx=0.25m, Equation 1 would use the
difference between the 45" elevation point and the first elevation point to establish an initial
slope for the IRl computation.

The following four recursive equations are then solved for each elevation point, from 2to n (
n= number of elevation measurements).

Z =8 T+ 8 E, 48 Y + 8, P, + BEY 4

2= 8, " Sy 48y T+ 8, M, + P YY (5)

2 =8y T+ 8y D, + 8 L 4 8y ¥, + B Y (6)

TR BT b B B BN R T By (7

where,

. T-r) .

¥ =2t "=V _dopeinput (8
T pemp

and

V4 .= Z j from previous position, j=1,4 (9
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and Sij and Pj are coefficients that are fixed for a given sample interval, dx. Thus, Equations
4-7 are solved for each position along the wheel track. After they are solved for one
position, Eqn. 9 is used to reset the values of Z,, Z,', Z,, and Z, for the next position.
Also for each position, the rectified slope (RS) of the filtered profile is computed as:

RS, =|Z,-Z,| (10)

The IRI statistic is the average of the RS variable over the length of the site. Thus after the
above equations have been solved for all of profile points, the IRI is calculated as:

(n

3
“‘“M .
B

=2

The above procedure is valid for any sample interval between dx=.25m and dx=.61m (2
ft.). For shorter sample intervals, the additional step of smoothing the profile with an
average value is recommended to better represent the way in which the tire of a vehicle
envelopes the ground. The base length for averaging is 0.25m long. The IRI can then be
calculated in either of two ways:

1) The elevation points falling within each .25m of length may be
averaged to obtain an equivalent profile point for the .25m interval.
Then the IRI is calculated from the above equations based on a
.25m interval using the coefficients for the .25m interval.

2) A "moving average" is obtained as the average of all points falling
within a .25m equations for each averaged point using coefficients
in the equations appropriate for the interval centered on the profile
elevation point. Then the IRI is calculated by solving the smaller
interval.

A half car simulation of IRI is also available when the dual accelerometer data is collected.
The half car simulation is attained by first taking the average of the left and right profiles,
point by point. Next, the averaged data points are used in the quarter car simulation and
rectified slope calculation as previously described for one wheel path.

RUT DEPTH MEASUREMENT AND ANALYSIS
Rut Depth Measurement

The Road Profiler's provides two methods of rut depth measurement using either 3 height
sensors or 5 height sensors. These are illustrated in Figure 3.
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Figure 3

Three ultrasonic ranging devices are positioned in the test vehicle's instrumentation bumper.
They are collinear and equidistant from each other, normally spaced 34.5 inches apart to
match highways' predominant rut spacings. At every other profile measurement point, the
three sensors measure the distance to the pavement surface. A quantity which approximates
the average of left and right rut depth is computed according to the relationship

pelihth)

where hq, ho and h3 are the respective distances between the pavement and the left,

center, and right sensors. R actually represents the height of the hump between the
wheelpaths.

The five sensor system makes the measurement more like that using a straight edge across
each wheelpath. This arrangement has the advantage of allowing separate left and right rut
depth measurements using sensors mounted outside the wheelpath sensors. The five
sensor system allows collection by either three sensors or five sensors. When data is
collected by five sensors it can be also reported like it was collected by three sensors for
comparison.

The basic accuracy of the 5 sensor rut depth measurement has been verified to be
approximately one-sixteenth of an inch where as the 3 sensor rut is one-€ighth of an inch if
the test vehicle maintains an accurate course with the sensors positioned above the
wheelpaths. Certain factors can affect this accuracy, however. The three-sensor system and
sometimes the five-sensor system cannot detect asphalt pavement which has shoved
upward adjacent to the rut, so rut depths may be underestimated. Measurements in "dual
wheel" ruts caused by heavy trucks on soft pavements are also less precise. Even though
the measured rut depth is slightly inaccurate, a rutting problem is still clearly indicated. The
three sensor measurement can report large errors where the center of the wheelpaths
contain a crown while the five sensor system will accurately determine the rut.

Although rut depths are typically measured at one foct intervals, the post processing report
program allows the user to give the average rut depth measurement at selected intervals of
50 ft or more.
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3 SENSOR RUT DEPTH CALCULATION
Reference Figures 4 and 5

B =h,+RD, —d sin6 (1)
RD, =h—h +dsin6 @)

By=hy+ Hy—(d +dy)sind - (3)

HazRDL*RDR (4)

Using eq.1,3,and 4

h +RD, —d siné = h,+RD, —RD,—(d, +d, sin 6
RD,=h—h, —d,siné

RD,

10

o = R0+ RO,
=h-h+dsinf+h—h —dsng
‘1 ) 1 3 2 2
=hy+h -2k +(d —d)sing
Since the center sensor is equally spaced between the outside sensors,
d —d, =0
RD,., =h+h,—2h

RD,y  M+h—2hy

RD,, = 5 -
hq ho hf
Figure 4
do e
d ]
11—
:]
h-| ho h3
~ RD RDp
Left Wheel Center Right Wheel
Path Sensor Sensor Path Sensor
E‘""’""‘m'::f:m:,a":
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Figure 5

5 SENSOR RUT DEPTH CALCULATION
Reference Figures 6 and 7

S

5 SENSOR CONFIGURATION
Figure 6

3
intarnational
E af cyhernetics
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5 SENSOR MEASUREMENT DIAGRAM
Figure 7

dih, + dyh
Left RD = b, — 12 T %l
d, +d,
substituting
hy for by, k Tor h,, and d, for d,

d.h +d kg

Right RD = = 2 -5
3+ dy

The profiler stores the field detected error information with the height sensor data and the
report program has features to check the point to point comparison on each height sensor.
The point to point data can also be used to detect faulting on concrete. The two outboard
sensors maybe placed in a transverse position to detect faulting while the remaining three
can be used for three sensor type rut depth.

4
intarnational cyharnetics
E corporation
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Introduction

The Walking Profiler G2 is an efficient, accurate and precise

instrument for collscting and presenting continuous paved

surface imformation. Cutputs include: Distancs, Profile, Grade

and International Roughness Index (IR)). The WP G2 mests
HO. ﬁd Op efCITG-O’ SU!‘Vey Pjoducfs Weorld Bank Class 1 Profilometry requirements.

This compact and sasy to use device is accepted by PIARC

. L} [2002), FHWA (2000) and TxDOT (2000) as a refersnce toaol
Wq I kl n g Prof I I e r for the calibration of roughness measuring equipment.
The WP G2 samplss the pavement surface of a walking pace.
Gz The built-in data acquisition module collects and stores the data

while displaying the results in real-time.
The WP G2 is supplied with Footworks software, which is @ fully
fectured data processing and reporting package. Reporting
utilitiss are available for Intemational Roughness Index (IRN),
Calfomia Profilograph (CPF) emulation and Straight Edge (55

simulation.

Features and Benefits Applications

+ A custom data acquisition module with high visibility *  Providss accurate measurements of frue profile,
LCD screen grade and level

+  Operatss in bright sunlight and is backlit for operation *  Reference tool for calibrating and assessing high
in poor light speed profilers

* Simple 5 butten operation with o user-friendly = Suitable for many surfaces, including: Paved roads
touchscreen that contrels all sstup and survey and footpaths, Airfields and rurweays, Building
functions slabs, Sporting surfaces, Bridges, Carparks ste.

s Light weight device is easily transparted

s Extended operation from rechargsable battery
(=8 hours operation)

+  Easy snap-in snap-out battery replacement

* Easy on-site setup procedures that minimise startup
times ar! !

® o @ arsb
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Authorised Agent:

Specification Summary

Precision profiling instrument

Condition

Outputs

Speed of Operation

Units

Data Format

Sampling interval (length)
Distance Accuracy

Height measurement precision
Height resalution

Profile accuracy

Prefilometry class

Output Parameters

IRl Accuracy

Correlation with rod and level derived IR

Wavelength measuring limifs

Faximum grade measurement
Minimum path curvature
Warm up time

Battery Life

Working surfaces

Qperating temperaturs

Compeonents
* Walking Profiler
*  Data Acquisition module

*  Footworks Data Processing and Reporting Utilities
software (*optional Advanced Reporting Utilities)

*  Data Download Cabls
*  Battery Charger

Requirement

True prefile height and grade against distance

800 metres/hour. Controlled walking pace, with audible speed prompt
Metric or Imperial

ASCI data, comma seperated

241.3 mm (2.50 inches)

typical error << £0.3% (texture dependent)

= 0.01 mm (£ 0.0004 inches) per step

< .005 mm (0.0002 inches) per step

=1.0 mm per 50 metres (=0.04 inches per 50 yds) of smooth surface (fypical)
‘World Bank Class 1

Imternational Roughness Index [IRl), California Prefilograph (CF) emulation® and
Straight Edge (SE) simulation*

= Q.1 metres per km (= 6.3 inches per mile) on high quality pavements

R2 = 0.999

0.5 metres to hundreds of metres (0.5 yds to hundreds of yds)
no defined upper limit

1in & or 2.5 degrees

15 metres (16 yds) radius

10-20 minutes

=8 hours (without LCD backlight activated)

Should be dry, firm, mud and dust free. Paved surfaces should be swept free of
stones and debris.

0-45°C or3Z - 113°F

Hand Operated Survey Products

Walking Profiler
G2

Wete: ARRE Group Ld reservesthe right fo chonge these spedfications wit hout
notice. Whilst every care {staken in preparing these spectiotians, ARRE
remgnisesthat there may be closses of surfoce and opplications for whichthe
device fing not been tested, and forwhich the deviee may not meet the stafed

speificaticns
ARRB Group Ltd T: +61 39881 1558
500 Burwood Hwy F: +61 3 9887 2820 ar
Yermont South VIC 3133 productinfo@arrb.com.au

AUSTRALLA www.arrb.com.au technology
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APPENDIX B:

WP CALCULATED WITH MANUFACTURER SOFTWARE
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Figure B1: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path

WP CALCULATED WITH MANUFACTURER SOFTWARE
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Figure B2: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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WP CALCULATED WITH MANUFACTURER SOFTWARE
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Figure B3: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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Figure B4:
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IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path




IRI (in/mile)

WP CALCULATED WITH MANUFACTURER SOFTWARE
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Figure B5: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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WP CALCULATED WITH ROADRUF
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Figure B6: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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WP CALCULATED WITH ROADRUF

900

800 -

700 -

600 -

500 -

400 —

300 ,@

200 i

100
0 T T T T T

0 100 200 300 400 500 600
Stations (ft)

IRI (in/mile)

—— S24L1 S24L2 —— S24L3

Figure B7: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B8: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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WP CALCULATED WITH ROADRUF
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Figure B9: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path

R&D CALCULATED WITH ROADRUF
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Figure B10: IRI, Route 18, Relatively Rough, Sections 23, 24, and 25 Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B11: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path

40 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B12: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B13: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path

40 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B14: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B15: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path

40 MPH: RT3000 IRI CALCULATED WITH
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Figure B16: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B17: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B18: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B19: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B20: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B21: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B22: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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40 MPH: RT3000 IRI CALCULATED WITH PROVAL
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Figure B23: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B24: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B25: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B26: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B27: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B28: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B29: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B30: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B31: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B32: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B33: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B34: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B35: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B36: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH PROVAL
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Figure B37: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B38: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B39: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B40: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B41: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path

60 MPH: RT3000 IRI CALCULATED WITH
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Figure B42: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B43: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B44: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B45: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B46: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B47: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B48: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B49: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B50: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH PROVAL
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Figure B51: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B52: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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40 MPH: Dynatest IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B53: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B54: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B55: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B56: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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Figure B57: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B58: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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40 MPH: Dynatest IRI CALCULATED WITH PROVAL
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Figure B59: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B60: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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40 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B61: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B62: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B63: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B64: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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40 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B65: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B66: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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Figure B67: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B68: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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50 MPH: Dynatest IRI CALCULATED WITH
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Figure B69: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B70: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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Figure B71: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B72: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path

211
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Figure B73: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B74: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B75: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B76: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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Figure B77: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B78: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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50 MPH: Dynatest IRI CALCULATED WITH PROVAL
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Figure B79: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B80: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B81: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B82: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B83: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B84: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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Figure B85: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B86: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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60 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B87: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path
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Figure B88: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B89: IRI, Route 18, Relatively Rough, Section 24, Left Wheel Path
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Figure B90: IRI, Route 18, Relatively Rough, Section 24, Right Wheel Path
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Figure B91: IRI, Route 18, Relatively Rough, Section 25, Left Wheel Path
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Figure B92: IRI, Route 18, Relatively Rough, Section 25, Right Wheel Path
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Figure B93: IRI, Route 18, Relatively Rough, Section 23, Left Wheel Path

IRI (in/mile)

900
800
700
600
500
400
300
200
100

60 MPH: Dynatest IRI CALCULATED WITH PROVAL

/N A

i A
BVANYA / N\
I/ \_
0 100 200 300 400 500
Stations (ft)
—e— S23R1 S23R2 —A— S23R3

600

Figure B94: IRI, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B95: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B96: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B97: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B98: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B99: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B100: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B101: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B102: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B103: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B104: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B105: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B106: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B107: IRI, Route 195, Smooth, Section 1, Left and Right Wheel Path
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Figure B108: IRI, Route 195, Smooth, Section 3 and 4, Right Wheel Path
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Figure B109: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B110: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B111: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B112: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B113: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B114: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B115: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B116: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B117: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B118: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B119: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B120: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B121: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B122: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B123: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B124: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B125: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B126: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B127: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B128: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B129: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B130: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B131: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B132: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B133: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B134: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B135: IRI, Route 195, Smooth, Section 3, Left Wheel Path

60 MPH: ARAN IRI CALCULATED WITH
MANUFACTURER SOFTWARE

400.00
—~ 300.00 -
C
£
= 200.00
z A’/“‘\\(/C:
= 100.00 - W

0.00 ‘ T T T \
0 100 200 300 400 500 600

Stations (ft)

—e—S3R1 S3R2 ——S3R3

Figure B136: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B137: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B138: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B139: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B140: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B141: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B142: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B143: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B144: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B145: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B146: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B147: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B148: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B149: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B150: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B151: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B152: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B153: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B154: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B155: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B156: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B157: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B158: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B159: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B160: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B161: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B162: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B163: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B164: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B165: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B166: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B167: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B168: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B169: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B170: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B171: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B172: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B173: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B174: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B175: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B176: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B177: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B178: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B179: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B180: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B181: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B182: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B183: IRI, Route 195, Smooth, Section 4, Left Wheel Path

60 MPH: RT3000 IRI CALCULATED WITH ROADRUF

400

300
Q)
£
E 200
= *«_
o A/N/-
~ 100 ™ /‘\g‘—‘ﬁi

o
0 ‘ ‘ ‘
0 100 200 300 400 500 600

Stations (ft)

—e— S4R1 S4R2 —a— S4R3

Figure B184: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B185: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B186: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B187: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B188: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B189: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B190: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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40 MPH: Dynatest IRI CALCULATED WITH
MANUFACTURER SOFTWARE

400

300

200

100 — ‘V“\ AN :/

IRI (in/mile)

0 100 200 300 400 500 600
Stations (ft)

—e—S4L1 S4L2 —a— S4L3

Figure B191: IRI, Route 195, Smooth, Section 4, Left Wheel Path

40 MPH: Dynatest IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B192: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B193: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B194: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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40 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B195: IRI, Route 195, Smooth, Section 3, Left Wheel Path

40 MPH: Dynatest IRI CALCULATED WITH ROADRUF
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Figure B196: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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40 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B197: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B198: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B199: IRI, Route 195, Smooth, Section 1, Left Wheel Path

40 MPH: Dynatest IRI CALCULATED WITH PROVAL
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Figure B200: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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IRI (in/mile)

50 MPH: Dynatest IRI CALCULATED WITH
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Figure B201: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B202: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B203: IRI, Route 195, Smooth, Section 3, Left Wheel Path

50 MPH: Dynatest IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B204: IRI, Route 195, Smooth, Section 3, Right Wheel Path

277




IRI (in/mile)

50 MPH: Dynatest IRI CALCULATED WITH
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Figure B205: IRI, Route 195, Smooth, Section 4, Left Wheel Path

50 MPH: Dynatest IRI CALCULATED WITH
MANUFACTURER SOFTWARE
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Figure B206: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B207: IRI, Route 195, Smooth, Section 1, Left Wheel Path

50 MPH:Dynatest IRI CALCULATED WITH ROADRUF

400

300
o)
£
E 200 /A\
@ /
- I — X /"\.k A

100 V- \V‘r \‘_7%-\‘

0 ‘ T T
0 100 200 300 400 500

Stations (ft)

—e—S1R1 S1R2 ——S1R3

600

Figure B208: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B209: IRI, Route 195, Smooth, Section 3, Left Wheel Path

50 MPH:Dynatest IRI CALCULATED WITH ROADRUF

400
300
o
£
= 200 o
= \‘/N
= 100 - —
Y//b(‘
0 : T T
0 100 200 300 400 500

Stations (ft)

—e—S3R1 S3R2 ——S3R3

600

Figure B210: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B211: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B212: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B213: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B214: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B215: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B216: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B217: IRI, Route 195, Smooth, Section 3, Left Wheel Path

400

300

200

IRI (in/mile)

100

60 MPH: Dynatest IRl CALCULATED WITH
MANUFACTURER SOFTWARE

Stations (ft)

—e—S3R1 S3R2 ——S3R3

600

Figure B218: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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Figure B219: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B220: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B221: IRI, Route 195, Smooth, Section 1, Left Wheel Path

60 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B222: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B223: IRI, Route 195, Smooth, Section 3, Left Wheel Path
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Figure B224: IRI, Route 195, Smooth, Section 3, Right Wheel Path
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60 MPH: Dynatest IRl CALCULATED WITH ROADRUF
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Figure B225: IRI, Route 195, Smooth, Section 4, Left Wheel Path
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Figure B226: IRI, Route 195, Smooth, Section 4, Right Wheel Path
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Figure B227: IRI, Route 195, Smooth, Section 1, Left Wheel Path
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Figure B228: IRI, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B229: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B230: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B231: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B232: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B233: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B234: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path

292




R&L CALCULATED WITH ROADRUF

120
100
80 -

60 | e
.0 /\-M

20

IRI (in/mile)

0 100 200 300 400 500 600
Stations (ft)

—e—S11L S11R

Figure B235: IRI, Route 55, Very Smooth, Section 11, Left and Right Wheel Path
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Figure B236: IRI, Route 55, Very Smooth, Section 12, Left and Right Wheel Path
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Figure B237: IRI, Route 55, Very Smooth, Section 13, Left and Right Wheel Path

WP CALCULATED WITH ROADRUF

120
100 -

2 80 4
£ /
£ ‘7‘\//‘\\\/
x 40 =
20 -
0 T T T T T
0 100 200 300 400 500 600

Stations (ft)

—o— S12R1 S12R2 —— S12R3

Figure B238: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B239: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B240: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B241: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B242: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B243: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B244: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B245: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B246: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B247: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B248: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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40 MPH: ARAN IRI CALCULATED WITH ROADRUF
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Figure B249: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B250: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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40 MPH: ARAN IRI CALCULATED WITH ROADRUF
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Figure B251: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B252: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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40 MPH: ARAN IRI CALCULATED WITH ROADRUF

120

100 |
80 -
60 N >

40 %W/ \k/:/v\:\—'—*

20

0 T T T T T
0 100 200 300 400 500 600

Stations (ft)

IRI (in/mile)

—— S13L1 S13L2 —— S13L3

Figure B253: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B254: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B255: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B256: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B257: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B258: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B259: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B260: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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50 MPH: ARAN IRI CALCULATED WITH ROADRUF
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Figure B261: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B262: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B263: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B264: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B265: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B266: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B267: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B268: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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60 MPH: ARAN IRl CALCULATED WITH
MANUFACTURER SOFTWARE

IRI (in/mile)
3

0 T T T T T
0 100 200 300 400 500 600

Stations (ft)

——S12L1 S12L2 —&— S12L3

Figure B269: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B270: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B271: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B272: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B273: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B274: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B275: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B276: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B277: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B278: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B279: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B280: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B281: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B282: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B283: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B284: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B285: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B286: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B287: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B288: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B289: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B290: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path

320




50 MPH: RT3000 IRl CALCULATED WITH MANUFACTURER SOFTWARE
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Figure B291: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B292: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B293: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B294: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B295: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B296: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B297: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B298: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B299: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B300: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B301: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B302: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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50 MPH: RT3000 IRI CALCULATED WITH PROVAL

120

100

80

60 N
~
=,

IRI (in/mile)

40

20 A

0 ‘ ‘ ‘ ‘
0 100 200 300 400 500 600

Stations (ft)

——S11L1 S11L2 —— S11L3

Figure B303: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B304: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH MANUFACTURER SOFTWARE
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Figure B305: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B306: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B307: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B308: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH MANUFACTURER SOFTWARE
120
100
~ 80
)
S
E 60 -
o4
= 404
20 -
0 ; ; ; ‘ ‘
0 100 200 300 400 500 600
Stations (ft)
—e—S13L1 S13L2 —— S13L3

Figure B309: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B310: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH ROADRUF
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Figure B311: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B312: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B313: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B314: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B315: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B316: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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60 MPH: RT3000 IRI CALCULATED WITH PROVAL
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Figure B317: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B318: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B319: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B320: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B321: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B322: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B323: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B324: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B325: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B326: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B327: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B328: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B329: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B330: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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Figure B331: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B332: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B333: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path

50 MPH: Dynatest IRI CALCULATED WITH MANUFACTURER SOFTWARE

120

100

80 1

60 -

IRI (in/mile)

40 4

20

100 200 300 400 500 600
Stations (ft)

——S11R1 S11R2 —a— S11R3

Figure B334: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B335: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B336: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B337: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B338: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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50 MPH: Dynatest IRI CALCULATED WITH ROADRUF
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Figure B339: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B340: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B341: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B342: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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50 MPH: Dynatest IRI CALCULATED WITH PROVAL
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Figure B343: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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120
100
—~ 80
Q
£
= 60
E/ A
g 40 A
20
0 ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600

Stations (ft)

——S11R1 S11R2 —a— S11R3

Figure B344: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B345: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B346: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B347: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B348: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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Figure B349: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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Figure B350: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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60 MPH: Dynatest IRI CALCULATED WITH ROADRUF
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Figure B351: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B352: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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60 MPH: Dynatest IRI CALCULATED WITH ROADRUF
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Figure B353: IRI, Route 55, Very Smooth, Section 12, Left Wheel Path
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Figure B354: IRI, Route 55, Very Smooth, Section 12, Right Wheel Path
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60 MPH: Dynatest IRI CALCULATED WITH ROADRUF
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Figure B355: IRI, Route 55, Very Smooth, Section 13, Left Wheel Path
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120

100

80 1

04 /\ \._/5

20

IRI (in/mile)

0 ‘ ‘ ‘
0 100 200 300 400 500 600

Stations (ft)

—— S13R1 S13R2 —a— S13R3

Figure B356: IRI, Route 55, Very Smooth, Section 13, Right Wheel Path
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60 MPH: Dynatest IRI CALCULATED WITH PROVAL
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Figure B357: IRI, Route 55, Very Smooth, Section 11, Left Wheel Path
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Figure B358: IRI, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B359: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B360: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B361: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B362: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path

356



RT3000

0.2
~ 01
g o
° (
O 01

-0.2

Stations (ft)
——RT3000 50-r1 RT3000 50-r2 —— RT3000 50-r3

Figure B363: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B364: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B365: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B366: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path

358



Dynatest

o
(V)

o
H

o

Profile (ft)

Stations (ft)

—— Dynatest 60-r1 Dynatest 60-r2 —— Dynatest 60-r3

Figure B367: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path

WP
0.2
~ 0.1-
g o
o ( 100 300 4 0 600
O 01-
-0.2
Stations (ft)
—WPr1l WP r2 —— WP r3

Figure B368: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B369: Profile, Route 18, Relatively Rough, Section 23, Right Wheel Path
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Figure B370: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B371: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B372: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B373: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B374: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B375: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B376: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B377: Profile, Route 195, Smooth, Section 1, Right Wheel Path

364




Dynatest

0.1
~ 0.05
= 0
o ( 2 300 400 600
O _0.05 |

-0.1

Stations (ft)

—— Dynatest 60-r1 Dynatest 60-r2 —— Dynatest 60-r3

Figure B378: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B379: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B380: Profile, Route 195, Smooth, Section 1, Right Wheel Path
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Figure B381: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B382: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B383: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B384: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B385: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B386: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B387: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B388: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B389: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B390: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Figure B391: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path

R&L

Profile (ft)

Stations (ft)

—R&L

Figure B392: Profile, Route 55, Very Smooth, Section 11, Right Wheel Path
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Table C1. IRI Runs - Route 55.

DISTANCE [FT]

WALKING PROFILER CALCULATED WITH ROADRUF

FROM |TO S11L1 [S11L2 |[S11L3 |Average |S11R2 |[S11R3 [Average |S12L1 |S12L2 |S12L3 [Average [S12R1 |S12R2 |S12R3 [Average [S13L1 |S13L2 |S13L3 |Average [S13R1 |S13R2 |S13R3 |Average
0 52.8 38.68 52.13 55.36 48.72 37.05 33.1 35.08 34.25 33.7 28.45 32.13 51.84 58.41 55.17 55.14 37.79 38.9 37.08 37.92 54.48 55.68 52.66 54.27
52.8 105.6 45.58 52.97 52.42 50.32 54.8 53.64 54.22 41.5 47.86 49.96 46.44 55.86 48.14 55.01 53.00 38.47 47.6 38.16 41.41 43.65 45.83 42.47 43.98
105.6 158.4 46.37 51.8 54.74 50.97 87.54 76.68 82.11 31.16 28.79 31.94 30.63 42.58 37.66 44.47 41.57 38.6 31.7 32.44 34.25 42.6 49.36 38.33 43.43
158.4 211.2 42.82 40.68 46.92 43.47 30.28 37.71 34.00 50.42 59.89 65.15 58.49 67.77 67.29 66.88 67.31 37.77 33.38 35.88 35.68 46.74 41.37 45.32 44.48
211.2 264 51.32 55.79 45.96 51.02 62.08 53.36 57.72 42 41.62 41.38 41.67 56.48 53.32 54.94 54.91 71.62 62.76 58.15 64.18 61.28 62.03 66.55 63.29
264 316.8 30.84 33.91 35.07 33.27 45.71 52.55 49.13 35.11 29.42 26.6 30.38 48.36 52.43 45.42 48.74 49.78 50.33 37.91 46.01 68.19 60.59 57.13 61.97
316.8 369.6 37.58 40.33 42.26 40.06 47.55 55.52 51.54 51.76 57.53 52.7 54.00 43.45 46.51 44.66 44.87 42.53 47.27 47.09 45.63 35.64 40.19 37.92 37.92
369.6 422.4 47.07 52.1 41.98 47.05 57.12 46.42 51.77 51.99 51.26 43.89 49.05 38.22 36.25 39.29 37.92 62.02 57.93 60.56 60.17 56.28 64.64 64.63 61.85
422.4 475.2 70.59 58.93 67.22 65.58 75.61 70.61 73.11 41.55 42.69 56.18 46.81 64.83 59.21 65.71 63.25 43.43 40.84 40.7 41.66 55.79 49.43 53.72 52.98
475.2 528 38.2 44.82 46.43 43.15 66.83 62.35 64.59 48.81 48.18 49.62 48.87 82.85 81.04 77.42 80.44 45.83 40.44 44.78 43.68 47.21 46.31 43.07 45.53
40 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM [TO S11L1 |Average |S11R1 |Average |S12L1 |S12L2 |Average |S12R1 |S12R2 |Average [S13L1 [S13L2 [Average [S13R1 |S13R2 |Average
0 52.8 44.44 44.44 37.54 37.54 46.04 42.44 44.24 65.63 64.98 65.31 46.52 37.18 41.85 48.82 45.63 47.23
52.8 105.6 52.8 52.80 57.27 57.27 49.14 50.23 49.69 54.04 45.23 49.64 42.95 48.8 45.88 54.03 49.9 51.97
105.6 158.4 60.35 60.35 85.2 85.20 35.37 36.92 36.15 43.36 38.57 40.97 36.97 39.05 38.01 41.15 36.75 38.95
158.4 211.2 38.9 38.90 29.4 29.40 56.2 51.34 53.77 66.46 67.84 67.15 32.3 39.04 35.67 38.59 44.76 41.68
211.2 264 52.3 52.30 60.45 60.45 46.22 34.62 40.42 43.24 39.17 41.21 61.67 60.48 61.08 60.67 62.93 61.80
264 316.8 47.2 47.20 82.18 82.18 35.43 32.38 33.91 49.24 41.85 45.55 42.38 42.18 42.28 57.23 56.46 56.85
316.8 369.6 35.84 35.84 50.28 50.28 61.14 48.27 54.71 32.25 36.12 34.19 39.85 49.84 44.85 40.2 43.71 41.96
369.6 422.4 46.73 46.73 56.77 56.77 42.94 52.25 47.60 38.74 41.83 40.29 58.74 67.17 62.96 64.93 61.79 63.36
422.4 475.2 58.64 58.64 81.45 81.45 41.96 41.45 41.71 67.04 63.11 65.08 43.9 54.36 49.13 48.26 39.41 43.84
475.2| 527.71 51.07 51.07 52.75 52.75 55.28 48.72 52.00 58.9 47.85 53.38 43.22 43.8 43.51 46.85 49.12 47.99
50 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S11L1 [S11L2 [S11L3 |Average |S11R1 |[S11R2 [Average |S12L1 |S12L2 |S12L3 [Average |[S12R1 |S12R2 |S12R3 [Average [S13L1 |S13L2 |S13L3 |Average [S13R1 |[S13R2 |S13R3 |Average
0 52.8 44.6 46.26 48.15 46.34 40.78 37.17 38.98 45.01 37.91 42.76 41.89 70.78 52.94 66.72 63.48 38.57 37.44 29.93 35.31 63.73 48.67 40.58 50.99
52.8 105.6 55.56 53.57 52.68 53.94 50.2 42.04 46.12 52.16 40.73 44.67 45.85 43.88 53.35 46.08 47.77 52.44 47.25 44.88 48.19 54.64 54.38 53.84 54.29
105.6 158.4 62.46 51.11 60.93 58.17 90.62 87.43 89.03 31.03 38.62 29.44 33.03 34.41 37.65 34.86 35.64 32.6 33.7 29.57 31.96 50.35 39.76 36.57 42.23
158.4 211.2 32.54 55.22 39.92 42.56 31.45 37.2 34.33 58.6 52.7 56.97 56.09 63.5 66.17 68.95 66.21 37.41 34.37 46.36 39.38 42.55 33.82 41.07 39.15
211.2 264 57.22 41.6 52.85 50.56 56.31 53.16 54.74 43.89 31.07 35.37 36.78 45.95 42.94 43.38 44.09 57.57 60.17 59.14 58.96 64.72 61.25 52.81 59.59
264 316.8 35.41 41.18 43.89 40.16 48.14 42.53 45.34 42.02 36.08 33.66 37.25 44.8 52.05 44.57 47.14 51.14 48.08 65.12 54.78 46.12 52.66 50.2 49.66
316.8 369.6 41.88 49.26 40.11 43.75 44.9 36.19 40.55 58.51 64.77 65 62.76 38.98 35.77 37.03 37.26 44.64 44.48 45.39 44.84 41.77 43.32 50.69 45.26
369.6 422.4 46.14 49.11 55.7 50.32 50.9 55.56 53.23 57.74 58.09 57.77 57.87 44.62 38.44 42.36 41.81 62 59.98 51.93 57.97 64.76 63.21 66.42 64.80
422.4 475.2 64.73 69.22 56.49 63.48 76.73 72.83 74.78 50.82 45.61 39.95 45.46 72.05 72.41 74.22 72.89 48.04 44.74 44.39 45.72 45.8 33.28 34.38 37.82
475.2| 527.71 54.74 49.43 47.24 50.47 57.59 52 54.80 51.64 45.06 53.76 50.15 73.9 65.7 45.49 61.70 46.51 50.41 49.07 48.66 51.18 47.6 47.87 48.88
60 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S11L1 [S11L2 [S11L3 |Average |S11R1 |S11R2 [S11R3 |Average |S12L1 |S12L2 [S12L3 [Average |S12R1 |S12R2 |S12R3 [Average [S13L1 |S13L2 |S13L3 |Average [S13R1 |S13R2 |S13R3 |Average
0 52.8 45.98 43.92 48.95 46.28 29.79 45.85 46.52 40.72 49.97 46.03 56.61 50.87 67.96 57.23 62.82 62.67 35.81 42.66 33.25 37.24 39.53 38.83 42.08 40.15
52.8 105.6 60.56 60.76 38.41 53.24 44.45 51.2 46.73 47.46 52.67 50.62 64.61 55.97 47.53 60.11 60.55 56.06 56.35 69.01 41.89 55.75 52.82 47.49 48.78 49.70
105.6 158.4 58.31 63.79 51.33 57.81 83.94 91.31 82.19 85.81 52.42 31.7 38.68 40.93 37.79 53.68 42.5 44.66 36.99 31.07 42.33 36.80 44.8 35.79 42.8 41.13
158.4 211.2 71.48 50.46 51.96 57.97 34.55 35.73 37.05 35.78 60.51 63.67 62.34 62.17 73.08 81.63 70.83 75.18 40.99 42.54 54.78 46.10 31.27 41.38 37.53 36.73
211.2 264 48.74 68.07 33.52 50.11 55.48 53.48 55.03 54.66 59.11 39.17 41.48 46.59 49.75 54.21 55.29 53.08 63.95 62.34 70.86 65.72 61.47 61.49 61.84 61.60
264 316.8 47.12 47.84 55.85 50.27 44.96 45.18 49.54 46.56 49.55 44.66 50.39 48.20 42.3 55.61 48.53 48.81 52.07 57.57 60.71 56.78 54.95 53.94 47.29 52.06
316.8 369.6 46.55 37.68 64.6 49.61 45.17 43.76 46.89 45.27 64.82 53.61 66.94 61.79 37.14 48.89 47.19 44.41 53.4 49.87 55.81 53.03 46.58 55.2 50.63 50.80
369.6 422.4 60.78 68.03 59.38 62.73 62.58 54.88 50.17 55.88 61.04 60.72 52.31 58.02 46.4 40.57 49.86 45.61 59.26 63.02 58.26 60.18 63.05 64.9 68.21 65.39
422.4 475.2 80.51 65.48 71.22 72.40 75.67 73.62 75.6 74.96 51.54 66.51 60.79 59.61 77.47 73.38 78.87 76.57 43.75 52.09 40.71 45.52 40.01 38.55 38.29 38.95
475.2| 527.71 59.63 46.74 56.14 54.17 60.74 53.28 49.73 54.58 54.69 64.76 59.9 59.78 46.54 80.41 60.71 62.55 49.75 47.67 47.56 48.33 51.83 53.82 50.32 51.99

374




DISTANCE [FT]

40 MPH: ICC IRI CALCULATED WITH ROADRUF

FROM |TO S11L1 [S1iL2 [S11L3 JAverage |[SI1IR1 |S11R2 |S11R3 |Average |[S12L1 |S12L2 |S12L3 |Average |S12R1 |S12R2 |S12R3 |Average |S13L1 |S13L2 |S13L3 JAverage |SI3R1 |S13R2 |S13R3 |Average
0 528| 47.29] 4473 4422 4541 39.9]  36.33 40.1| 38.78] 37.92| 39.84] 3455 3744 46.34] 4939] 64.41| 53.38] 28.17] 34.75| 30.86] 31.26] 34.03] 4163| 4115/ 38.94
52.8| 105.6| 4495 4353 49.83] 46.10] 43.04] 44.48| 47.73] 45.08 427 37.9] 4279 4113 50.9] 4755 4538 47.94] 43.41] 46.14 435| 4435 46.34] 49.65] 52.15| 49.38
105.6] 158.4] 5358 59.01] 56.24] 5628 84.18| 76.81] 78.47| 79.82 26.1] 25.25| 2642 2592| 5137 453 405| 45.72] 2451 24.46] 2535 24.77| 28.78] 33.88] 30.76] 31.14
158.4] 211.2] 29.78] 32.37| 37.66] 33.27| 34.17| 3547| 33.39] 3434] 67.18] 69.22] 63.77| 66.72] 68.74] 71.11| 67.49] 69.11] 4341 44.19] 4457| 4406 43.31] 43.26] 4409 4355
211.2 264  426| 4237| 41.34] 4210 47.47| 46.22| 47.67| 47.12] 36.86] 40.39 329 36.72] 5167 66.43| 5327 57.12] 5349] 5652] 5262] 54.21] 6039 6251] 59.88] 60.93
264] 316.8| 38.77| 36.41 37.1] 37.43] 5353 73.11 71.3|  65.98] 34.43 544 42.12| 4365 39.22| 59.92| 4154] 4689 4548| 46.39] 4681 46.23| 50.22| 4342 46.43| 46.69
316.8] 369.6 31.7] 34.14] 3551| 33.78] 40.63] 53.41 493| 47.78] 5027 37.83] 47.14] 4508 44.71] 4954] 36.86] 43.70] 44.04] 46.73] 4425 4501 35.4] 41.19] 4358 40.06
369.6] 4224 59094 56.1| 63.26] 59.77] 6518 73.79] 65.92] 6830 39.85] 50.01] 49.98] 4661] 39.09] 47.23] 41.34| 4255| 62.15] 57.52| 5559 58.42| 64.87] 56.43] 55.74] 59.01
4224 4752 5141 51.2| 46.47| 4969 59.71] 60.24] 60.95] 60.30| 4586| 51.96 44 47.27| 64.23] 66.38] 66.95| 6585 34.08] 3233 3256] 32.99] 43.77] 3653| 3565/ 38.65
4752| 527.71| 54.02] 54.99] 48.44| 5248 51.7| 51.07| 53.31] 52.03| 4589 52.11| 49.21| 49.07| 78.33] 86.11| 73.76] 79.40] 41.71| 37.37| 4157| 4022| 5033| 50.29| 46.77| 49.13
50 MPH: ICC IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S11L1 [S1iL2 [S11L3 JAverage |[SI1IR1 |S11R2 |S11R3 |Average |S12L1 |S12L2 |S12L3 |Average |S12R1 |S12R2 |S12R3 |Average |S13L1 |S13L2 |S13L3 JAverage |SI3R1 |S13R2 |S13R3 |Average
0 52.8] 40.49] 55.01 61| 52.17| 3294| 4838] 31.03] 3745 39.73] 48.83] 4084 43.13] 60.24] 52.66] 5531 56.07| 27.12 342| 3165 30.99] 3658 36.18] 37.51] 36.76
528| 1056 497 49.89] 4298 47.52] 39.28] 49.97 50.4]  46.55| 4523 39.71] 37.08] 40.67| 4515 4461| 43.37| 4438 5195] 49.33] 4814 4981] 5427| 5042 51.98] 5222
105.6] 158.4] 53.38] 51.22] 54.37| 5299 83.66 736| 7252 7659 2224 322| 27.02] 27.15] 32.04] 43.44] 40.91] 3880 3597] 29.77] 26.19] 3064] 24091 28.1] 30.84] 27.95
158.4] 211.2 36.3 423| 37.12| 3857| 32.44] 3526] 43.27| 36.99] 53.76] 6538 67.33] 62.16] 67.28] 69.88 70.8]  69.32] 4261 41.46 46.8| 43.62] 4152 46.72] 43.61] 43.95
211.2 264] 54.86] 36.18] 55.34] 48.79] 50.31] 43.09] 5343 4894 33.7| 35.73| 37.41] 3561 41.72| 53.41] 4449 4654] 5553] 59.19| 5455 56.42] 4645 49.75] 64.48] 53.56
264 316.8| 40.17| 43.27 37.7] 4038 481| 55.02] 5821 53.78] 38.07] 4181 39.95] 39.94] 39.05] 49.03| 44.48] 44.19] 5545 5215 4208] 4989 51.44] 5053] 4421 4873
316.8] 369.6] 4045 3529] 4263 3946 40.82] 4665 4538 4428] 4081 474 4783] 4535 34.95] 40.12] 3881 37.96] 3957| 47.01] 44.63| 43.74] 41.46] 4547| 39.74] 42.22
369.6] 422.4] 67.39] 5864] 5679 6094 60.4] 62.71] 7966] 6759 5095 50.82] 48.16| 49.98 37.2| 47.48] 4401 4290 5508| 53.71] 61.91] 56.90] 57.96] 5854 59.46| 58.65
422.4] 4752 57.49] 50.65] 5097 53.04 649 59.74] 6243 62.36 43| 51.96] 5175 48.90] 66.69] 6847] 6287] 66.01] 39.71] 3265 40.11] 37.49] 32.98 37.7] 33.65| 34.78
4752| 527.71| 49.74] 56.07] 51.14| 5232] 54.05] 6056 51.97| 5553 554 50.26] 45.12| 5026 76.26] 7852| 84.71| 79.83| 41.06 438| 4057| 41.81| 48.26] 50.88] 53.07| 50.74
60 MPH: ICC IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S11L1 [S1iL2 |S11L3 JAverage |[SI1IR1 |S11R2 |S11R3 |Average |S12L1 |S12L2 |S12L3 |Average |S12R1 |S12R3 |Average |S13L1 |S13L2 |S13L3 |Average |S13R1 |S13R2 |S13R3 |Average
0 528| 54.01| 5808 51.24| b54.44] 39.09] 42.72| 46.62] 42.81] 36.64] 47.44] 47.36] 43.81] 57.73] 58.07| 57.90] 31.39] 33.91] 32.89] 32.73] 30.18| 47.21] 3494 37.44
52.8| 1056| 42.16] 50.38 486| 47.05] 4536 b5558| 4757] 4950 40.71| 46.82] 41.74] 43.09] 42.04] 43.37| 42.71| 4458] 51.91] 56.75| 51.08] 44.11| 5825 5248 5161
105.6] 158.4] 5515 49.78] 46.39] 50.44] 7506] 70.03] 78.15| 7441| 2291| 3181 2946 28.06] 39.68] 40.77| 40.23] 30.78] 2684 2669 28.10] 29.82] 4851| 28.26] 3553
158.4] 211.2 332| 3956] 4192 3823 39.1] 43.09] 36.68] 39.62] 6501 58.1] 59.48] 60.86] 6952 72.19] 70.86] 49.66 416| 46.12| 4579 47.61] 47.78] 42.72] 46.04
211.2 264] 4559 45.05| 34.38] 4167| 46.64] 62.71] 47.35] 5223 348 34.78] 3013 3324] 39.67| 3837 39.02] 63.09] 56.77 549 5825 5959 61.99] 5516] 5891
264 316.8| 37.47| 39.68] 41.27| 39.47] 51.28] 6205 4897] 54.10] 34.17| 43.18 418| 39.72] 4611 44.05] 4508] 5298 57.23] 63.47| 57.89] 43.84] 54.39] 47.99] 48.74
316.8] 369.6] 4555 38.41| 38.24] 40.73 411 47.96] 47.29] 4545] 47.88] 3391 44.07] 4195 34.72] 3861 36.67 424 4842] 5216 47.66] 46.76] 48.74] 47.16] 47.55
369.6] 4224 737 57.64 58.1] 63.15| 66.02] 66.78] 6293] 65.24] 5223| 46.82] 56.66] 51.90] 39.64] 5109 4537| 56.21 53.2| 5955 56.32] 53.99] 56.63] 50.78] 53.80
422.4] 4752 50.77| 51.33] 46.63| 4958 57.7] 62.21] 63.19] 61.03] 51.29 486| 4808 49.32| 6852] 7243] 7048 36.45] 39.29] 4034 3869 4183] 38.15 3524 38.41
4752| 527.71 522| 58.11| 4582| 52.04| 47.21] 49.13] 47.88] 48.07| 51.04] 51.02| 52098 5168| 76.99] 82094 7997| 4159] 44.31| 4185 4258] 4955 5513| 49.46] 51.38
40 MPH: Dynatest IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S11L1 [S1iL2 [S11L3 JAverage |[SI1IR1 |S11R2 |S11R3 |Average |S12L1 |S12L2 |S12L3 |Average |S12R1 |S12R2 |S12R3 |Average |S13L1 |S13L2 |S13L3 JAverage |SI3R1 |S13R2 |S13R3 |Average
0 52.8 40.1] 4096] 4131 40.79] 33.46] 32.83] 32.81] 33.03] 4625 3856] 42.79] 4253 58.02| 63.11] 65.66] 62.26 454 42.76] 4539 4452] 5197 5244 5038 51.60
528| 1056| 50.17 298| 5143 5047| 41.97| 4179 425| 4209 40.75 415| 38.06] 4010 48.69] 5146/ 50.78] 50.31 46.6| 4588] 4761 46.70] 4881] 5515 4842 50.79
105.6] 158.4] 57.03] 57.47 56.4] 56.97| 79.22| 78.97| 77.14] 78.44] 2922 30.44] 28.41] 2936 4595] 45091| 4482 4556 36.81 37.7| 37.22] 37.24] 4055 40.48] 38.06] 39.70
158.4] 211.2] 3579] 34.49] 37.97] 36.08] 3054] 31.19] 30.87| 30.87| 6154] 5985 60.16| 6052] 68.04] 6655 6432] 66.30] 3655 33.06] 31.24] 33.62 38.8] 36.15 40.4] 38.45
211.2 264 47.15| 49.04] 46.74] 47.64] 5356] 53.57] 51.13| 52.75] 39.63] 4054] 37.67| 39.28] 49.26] 53.82| 54.03] 52.37] 5225 48.34] 50.83] 5047 61.23] 6242] 61.08] 6158
264 316.8] 36.91 353| 33.78] 35.33] 47.05] 46.47 46.1] 4654 403| 4231] 4002 40.88| 43.28] 43.05 472| 4451 4143 43.72 43| 42.72] 56.44] 50.92| 5355 53.64
316.8] 369.6 379 39.32] 4125 3949 48.11| 49.34] 4721 4822] 51.18] 51.39] 48.92] 5050] 4293 47.95 435| 44.79] 5249 51.36 513| 5172 37.13] 3598 36.25| 36.45
369.6] 4224] 4588 43.36] 4426] 4450 43.64] 4554] 47.14| 4544] 36.92] 52.16] 39.63] 42.90 411 39.6 431 41.27] 6328 6135 61.26] 61.96] 6223] 62.18] 63.73] 62.71
422.4] 4752 5463] 56.62] 57.33] 56.19] 77.92] 81.07| 79.13| 79.37| 37.16] 48.72| 38.39] 41.42] 6469 69.63] 6657] 6696 37.03] 38.69] 3482 3685 42.99 431 4933] 4514
4752| 527.71| 52.07| 51.37| 51.69] 5171 547| 5252| 5241 53.21| 60.44] 6449 5566 60.20 85.4] 8129| 8249] 83.06| 44.15| 43.45] 41.94| 43.18| 46.75| 4561| 5021 47.52

375




DISTANCE [FT]

50 MPH: Dynatest IRI CALCULATED WITH ROADRUF

FROM |TO S11L1 [S1iL2 [S11L3 JAverage |[SI1IR1 |S11R2 |S11R3 |Average |[S12L1 |S12L2 |S12L3 |Average |S12R1 |S12R2 |S12R3 |Average |S13L1 |S13L2 |S13L3 JAverage |SI3R1 |S13R2 |S13R3 |Average
0 528| 4525 4297 44.03| 44.08] 3529 31.97| 33.99] 33.75 449 3219] 39.36| 38.82] 57.17] 61.96] 6208] 60.40] 4024 46.13| 44.21| 4353 44.38] 4755 4548 4580
528| 1056| 5154 49.28] 50.08] 50.30] 41.29] 37.95] 38.98] 3941 37.74] 43.11| 3948 4011| 53.36] 47.61] 5149 50.82] 39.75] 37.17| 42.08] 39.67| 4151 4454] 4582] 43.96
105.6| 158.4] 59.83] 51.21] 53.81| 54.95] 83.02] 76.88] 76.07] 78.66| 30.56] 30.84] 26.83| 29.41] 4227| 42.84] 42.87| 42.66 335| 33.22] 33.14] 3329 37.26] 36.25| 39.38] 37.63
158.4]  211.2] 36.61] 39.63] 34.21] 36.82 32 32.1] 32.94] 3235 59.34] 56.63] 64.44] 6014| 68.17| 6653 66.3] 67.00] 33.27]| 3577| 34.08] 3437| 3279 3184 3482 33.15
211.2 264] 4529 46.8| 46.06] 46.05] 51.09 471] 50.38] 4952 40.96] 40.14] 4245 4118| 48.86] 46.82] 5157| 49.08] 56.03] 57.39] 5457] 56.00] 58.14] 5596] 5957| 57.89
264 316.8| 34.89] 37.77| 33.44] 3537| 47.22 445| 4598 4590 37.68] 34.11| 37.34] 36.38| 4583| 4521] 4166| 44.23] 4059] 49.14| 4156] 43.76] 51.98] 52.67| 5565 53.43
316.8] 369.6] 37.71] 39.61] 3826 3853 298| 4153] 4761 46.31] 56.97] 5895 57.11] 57.68] 38.03| 34.46] 3881 37.10] 48.63| 47.27| 49.49] 4846 37.96 405| 36.47| 3831
369.6] 4224] 4513 42.77| 4491 4427| 4753] 44.76] 4511 4580 52.27| 48.19 495  49.99 39.4]  36.77| 3845 3821| 60.18] 5957] 64.91] 6155 6537| 64.88] 63.88] 64.71
4224 4752 56.35| 59.86] 54.04] 56.75| 79.24] 77.34| 76.77| 77.78] 41.84] 4114] 3959] 40.86] 63.43| 63.79] 63.47] 6356 4043| 43.27| 3583 39.84] 4123 39.06] 4588 42.06
4752| 527.71| 52.73| 4869] 49.96| 50.46] 55.76] 54.08] 5298| 54.27|] 50.83| 51.33| 51.21| 51.12| 76.33| 77.75 722| 75.43| 42.76] 4299 43.32| 43.02 444 4612| 47.77| 46.10
60 MPH: Dynatest IRI CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM |TO S11L1 [SiiL2 [S11L3 JAverage |[SI1IR1 |S11R2 |S11R3 |Average |S12L1 |S12L2 |S12L3 |Average |S12R1 |S12R2 |S12R3 |Average |S13L1 |S13L2 |S13L3 JAverage |SI3R1 |S13R2 |S13R3 |Average
0 528| 43.83] 4249] 4234 42.89] 33.73] 3544 30.84] 33.34] 3807 40.86] 37.33] 38.75| 64.69] 67.13] 62.64] 64.82] 4023| 40.16] 4091 40.43| 40.14] 40.74] 42.86] 41.25
52.8| 1056 495| 4469] 4834 4751 40.44] 3538 4048] 38.77] 4089 38.85] 39.04] 3959 52.63] 51.36 53.2| 52.40| 39.87| 41.33| 43.41] 4154 424 4331 4503| 4358
105.6] 158.4] 60.12] 53.92 58.1| 57.38] 8153 7597| 78.18] 78.56] 31.78| 30.49] 3157| 3128 4413| 44.27 411 4317] 32.92| 33.73] 34.21] 3362 36.15| 36.64] 37.02] 36.60
158.4] 211.2] 3495 3574] 40.18] 36.96] 31.34] 33.19] 29.01] 31.18] 6032] 59.73] 63.22| 61.09] 67.53] 6685 6443] 66.27] 36.63] 3697| 31.71] 35.10 32.7] 3156| 3239 3222
211.2 264] 5069 48.82] 4518 4823 559 5456| 51.34] 5393 38.06] 39.49] 40.33| 39.29] 4888 50.83| 53.04] 50.92] 54.94] 5541] 5247| 54.27| 5534] 57.64] 63.86] 5895
264] 316.8| 35.62| 33.87| 37.65] 3571 43.29 46.4] 4751 4573 32.33] 3432 4127 3597| 4359] 4263 4346 43.23] 48.01] 4243| 42.76] 44.40] 51.96] 51.47| 54.26] 5256
316.8] 369.6] 4343 40.9 43| 4244 46.11] 48.11] 42.77| 4566] 54.23] 5554 61.12] 56.96] 37.54] 3584 39.18] 37.52 454 496| 5138 4879 40.09] 36.84] 37.28] 38.07
369.6] 422.4] 4124] 47.14] 4259 43.66| 46.62] 43.65 464 4556] 4944 48.98| 48.19] 4887| 34.61] 36.83] 36.15| 3586 59.94] 6165 63.8] 61.80] 63.94] 61.16] 6256| 6255
422.4] 4752 6158] 56.86] 61.15| 59.86] 79.85] 79.24| 77.03] 78.71] 43.14] 4253 40.96] 42.21] 60.72| 62.23] 66.69] 63.21| 38.35] 34.74] 37.63] 3691 40.23 433| 4594] 43.16
4752| 527.71| 50.73| 51.06] 50.71| 50.83| 54.11| 57.17| 56.44] 55.01| 48.33] 47.19 473| 4761] 67.61] 6865 705 68.92| 42.44] 4336 42.73| 42.84 43 446| 4504] 4451
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Table C2. IRl Runs - Route 195.

DISTANCE [FT]

WALKING PROFILER CALCULATED WITH ROADRUF

FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average
0 52.8 65.82 60.98 54.78 60.53 55.75 52.28 54.5 54.18 65.08 65.04 67.35 65.82 73.64 71.34 81.24 75.41 92.37 89.12 91.15 90.88| 113.43[ 121.15] 105.87| 113.48
52.8 105.6 79.44 86.52 86.6 84.19| 104.17 97.26 99.18] 100.20 88.56| 107.54 91.69 95.93 88.84 92.09 87.06 89.33] 122.34 127.3[ 137.08] 128.91| 138.45| 145.44 147.68| 143.86
105.6 158.4 63.72 79.27 70.19 71.06 92.54 97.34 94.44 94.77 57.72 64.52 68.9 63.71 77.87 71.81 71.72 73.80 97.4 97.49 98.83 97.91| 107.48( 107.76] 110.62| 108.62
158.4 211.2] 113.75 104.5 99.72| 105.99( 190.09] 185.08] 185.54| 186.90f 104.16 94.98| 100.36 99.83 83.71 87.59 80.63 83.98| 103.39( 118.88| 114.82| 112.36] 137.42| 141.79( 138.63| 139.28
211.2 264 96.76] 109.87 102.6[ 103.08 83.4 84.63 83.83 83.95 111.8[ 100.66] 102.22| 104.89 97.43| 103.34 113.82| 104.86 66.16 69.1 74 69.75 70.5 67.65 76.39 71.51
264 316.8 78.66 86.18 79.8 81.55 94.13 88.05 93.06 91.75 95.42 97.64 93.55 95.54| 108.84 111.6f 102.14| 107.53 158.1f 146.55| 156.33] 153.66] 140.47| 139.49( 146.23| 142.06
316.8 369.6] 135.99( 133.58| 134.21| 134.59| 139.48] 141.32( 135.45| 138.75| 110.81| 106.33[ 103.69| 106.94| 115.65 129.9( 126.37| 123.97| 137.72] 140.79 128.45| 135.65 80.4 87.18 80.6 82.73
369.6 422.4 92.98 86.24 86.66 88.63 84.68 77.89 73.97 78.85| 106.88f 109.54| 115.55| 110.66] 115.11| 102.46f 118.42| 112.00 93.27 91.97 86.76 90.67| 103.94 101 95.23|] 100.06
422.4 475.2 63.09 67.43 64.38 64.97 75.04 86.03 87.75 82.94 148.2 1474 151.74] 149.11] 152.22] 162.43| 160.07( 158.24] 114.08] 104.08] 110.37f 109.51 78.83 78.72 79.91 79.15
475.2 528 84.27 66.41 55.77 68.82 73.69 79.53 68.83 74.02| 153.79| 162.75| 153.51| 156.68| 153.02| 155.55 153.5| 154.02| 133.96| 136.61| 129.64| 133.40 80 80.59 80.81 80.47
40 MPH: ARAN IRI CALCULATED WITH ROADRUF

DISTANCE [FT]

FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average

0.00 52.80 79.78 83.02 67.63 76.81 62.22 68.75 69.92 66.96 59.01 78.87 72.84 70.24 72.39 60.73 52.04 61.72 89.73| 102.13| 104.96 98.94| 129.76{ 180.41] 139.29| 149.82
52.80| 105.60f 129.68| 121.76] 126.07] 125.84] 105.30( 111.56] 101.27| 106.04] 101.77| 107.15 103.3[ 104.07 96.22 81.79 88.27 88.76 99.33] 117.82 95.7] 104.28 129.6[ 127.19] 154.91| 137.23
105.60| 158.40| 119.15( 100.23[ 112.48| 110.62| 117.19 95.31] 107.50f 106.67 77.7 81.34 78.76 79.27 68.01 76.49 75.35 73.28| 103.29] 136.36 118.3[ 119.32 91.91] 108.84 113.82| 104.86
158.40| 211.20] 109.94 111.66 119.79] 113.80] 191.10] 191.37f 197.42| 193.30 94.21 87.02 81.98 87.74 74.68 66.32 72.73 71.24 104.9 87.67 106.6 99.72| 127.86 92.95| 128.59| 116.47
211.20f 264.00|] 102.66] 100.44f 101.92| 101.67 90.22| 108.73 91.87 96.94 90.53 97.46 96.04 94.68| 101.22| 107.46 98.06] 102.25 77.99 81.65 75.72 78.45 77.35 85.24 70.43 77.67
264.00f 316.80 91.42 95.67 88.27 91.79 97.63 87.02| 110.41 98.35| 135.78] 124.67 98.8] 119.75 98.64| 121.84 116.05( 112.18| 160.65| 165.07| 164.84 163.52| 130.07| 122.62] 134.59| 129.09
316.80f 369.60| 113.26] 112.12f 113.32| 112.90 94.04 84.50 89.46 89.33] 119.71| 102.26 94.26] 105.41| 127.52 91.15] 119.31f 112.66] 120.15 75.52 75.81 90.49 133 80.6 94.63| 102.74
369.60| 422.40 91.40 87.76 98.14 92.43 90.32 81.97 86.97 86.42 89.97| 120.31 94.7] 101.66| 148.77| 169.62 148.93| 155.77 81.73 91.91 88.23 87.29 127.5 82.53 96.3] 102.11
422.40 475.20 66.53 67.58 65.89 66.67 74.40 98.10 90.07 87.52| 160.69 148.15( 182.03| 163.62| 188.48| 172.19( 179.37| 180.01 137.6] 147.33| 144.72] 143.22] 103.98 94.75| 106.16] 101.63
475.20( 527.71| 113.78 89.68 95.04 99.50| 110.37 95.70| 103.01| 103.03| 164.67| 116.34| 148.35| 143.12 154.43| 143.47| 145.46| 147.79| 134.82 126| 134.04| 131.62 84.03| 108.38 90 94.14
50 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]

FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average

0.00 52.80 72.69 77.76 73.03 74.49 74.65 76.50 94.73 81.96 82.53| 111.12 62.95 85.53 60.61 84.71 65.44 70.25| 105.04 96.64| 112.57( 104.75| 149.51| 131.89] 147.68] 143.03
52.80| 105.60f 120.61| 124.73] 118.88] 121.41| 100.35 99.18| 114.76] 104.76] 112.79 95.99 98.46| 102.41 80.87| 118.62 91.64 97.04 99.87 86.06 93.64 93.19]| 142.68| 178.42] 173.24| 164.78
105.60| 158.40 95.94| 110.19f 111.83| 105.99 93.16] 104.81| 143.14| 113.70 73.19] 119.87 94.01 95.69 79.59| 103.45 73.7 85.58| 108.68f 103.09( 101.32|] 104.36] 111.46| 139.19( 107.46] 119.37
158.40| 211.20] 127.34f 107.55 150.18| 128.36] 191.45| 197.50f 258.97| 215.97 88.71| 136.47| 105.09] 110.09 62.23 95.07 73.67 76.99] 102.05( 101.57| 103.84| 102.49| 133.92| 128.82[ 126.25| 129.66
211.20f 264.00| 101.97 98.71 99.85| 100.18 82.78 90.36] 107.48 93.54 97.39] 131.87 89.76| 106.34] 106.46] 122.53 90.38| 106.46 74.34 80.26 76.3 76.97 52.85 57.8 60.76 57.14
264.00f 316.80 88.71 96.01 94.36 93.03 89.59 86.36] 105.13 93.69| 114.42 138.81 137.55| 130.26] 120.44 144.7( 136.69| 133.94| 130.86] 163.37 159.5[ 151.24| 159.51] 135.04] 135.86( 143.47
316.80f 369.60] 108.57] 111.84| 111.57( 110.66] 101.29 96.78 98.23 98.77 99.54| 118.85( 149.37| 122.59| 122.64] 107.49] 116.83[ 115.65| 113.02 78.81 78.49 90.11] 108.92 90.84 94.61 98.12
369.60| 422.40 96.30 92.65 97.77 95.57 98.21] 100.07f 106.95| 101.74| 103.32 90.08 98.2 97.20| 140.27( 115.41] 124.27| 126.65 75.69 84.58 90.64 83.64 96.24 88.82| 101.88 95.65
422.40 475.20 66.77 59.30 67.94 64.67 95.91 96.91| 101.42 98.08| 143.07f 178.36] 167.02] 162.82] 176.22| 185.88 199.24| 187.11| 144.63| 161.52f 152.18| 152.78 92.93| 102.96f 114.96] 103.62
475.20( 527.71| 105.97 89.91 96.80 97.56 88.87 97.38 93.86 93.37| 145.86| 158.36| 170.61| 158.28| 147.43| 149.05( 146.35| 147.61| 123.46| 130.62| 145.44| 133.17 79.82| 144.31 152.8| 125.64
60 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]

FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L.3 Average |S4R1 S4R2 S4R3 Average
0.00 52.80| 146.75 56.63 66.94 90.11 88.18 76.20 83.62 82.67 69.16] 121.91 87.84 92.97 52.45 64.83 72.11 63.13 97.03 98.85| 112.03[ 102.64| 136.87| 159.64| 132.23| 142.91
52.80] 105.60f 112.64| 101.93 94.86| 103.14| 102.47| 109.66 82.07 98.07 92.09 90.7 91.88 91.56] 100.12 97.99] 109.88] 102.66 96.5 77.02] 122.98 98.83] 160.01 153.2[ 205.54| 172.92

105.60| 158.40] 134.05[ 106.83[ 140.59| 127.16] 175.67| 185.06f 164.28| 175.00 90.88 82.73 90.57 88.06 88.03 69.53 89.22 82.26] 107.56] 135.58 89.72] 110.95 90.23| 126.09] 158.66] 124.99
158.40| 211.20] 157.96f 175.58 171.06] 168.20| 239.36] 280.25[ 248.07| 255.89 99.34| 104.01 84.04 95.80 67.29 81.24 89.66 79.40 100 75.67| 123.87 99.85| 130.95 90.4] 131.53] 117.63
211.20| 264.00 94.12| 112.94 92.70 99.92 94.56| 137.67| 107.18| 113.14 81.13] 100.89 87.46 89.83 90.82| 105.26 87.38 94.49 71.99 76.42 67.12 71.84 68.79] 133.64 65.05 89.16
264.00f 316.80 62.67 83.06 82.62 76.12 77.33 87.03 87.09 83.82] 141.19( 112.71] 121.09] 125.00 1429 117.68] 141.17| 133.92] 160.05[ 150.15( 113.62| 141.27| 125.25 95.33] 155.97| 125.52
316.80f 369.60| 114.82] 128.10f 115.93[ 119.62| 140.22| 135.91] 150.45[ 142.19| 105.54 90.12| 125.82( 107.16] 113.56| 102.79 131.5( 115.95| 118.16 88.98| 128.64] 111.93 80.04 106 97.59 94.54
369.60| 422.40 97.61| 130.10f 117.37| 115.03] 122.35] 130.59 120.69| 124.54 98.59| 180.04 84.01| 120.88f 130.26( 172.81| 124.14| 142.40 86.7 97.67 78.6 87.66 84.04 68.17| 112.83 88.35
422.40 475.20 75.28 76.69 94.30 82.09 95.86| 106.05[ 107.55| 103.15| 135.57| 103.29| 149.48 129.45| 162.23| 128.29] 19297 161.16 165.49| 152.15| 118.54| 145.39( 123.22| 157.47 89.03| 123.24
475.20| 527.71 60.08 77.73 59.92 65.91 78.78 69.97 87.79 78.85| 150.14| 118.45| 157.75| 142.11| 136.53| 133.69 152.2| 140.81| 138.31| 118.59 135.3| 130.73| 152.65| 147.57| 100.45| 133.56
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DISTANCE [FT]

40 MPH: ICC IRI CALCULATED WITH ROADRUF

FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average
0 52.8 73.42 68.48 79.3 73.73 88.81 91.99 71.27 84.02 53.46] 120.05 62.26 78.59 47.86 74.54 48.07 56.82| 103.53 107| 103.73] 104.75] 120.03] 139.85[ 148.37| 136.08
52.8 105.6f 113.47| 112.02] 114.22] 113.24f 113.23[ 115.08] 112.19] 113.50 96.2 65.37 62.36 74.64 80.33] 135.66 126.49| 114.16] 109.42| 101.87| 137.84 116.38] 145.15] 158.45] 119.87| 141.16
105.6 158.4 96.12 93.25 96.85 95.41| 143.59( 128.29] 132.35| 134.74 83.71 64.85 68.81 72.46 59.8 65.47 69.04 64.77 99.67 96.21 95.34 97.07| 111.65[ 115.76] 100.31] 109.24
158.4 211.2] 108.49( 126.09| 124.72| 119.77 264.4| 217.98| 218.24| 233.54 87.02 97.53| 102.36 95.64 68.83 71.87 78.64 73.11 1116 114.76 96.51| 107.62 134.99( 140.66] 126.45| 134.03
211.2 264| 103.16 89.94 94.38 95.83] 117.39( 103.89] 108.62| 109.97 94.47 96.47 99.93 96.96| 107.82( 120.02] 118.13| 115.32 75.44 74.99 74.52 74.98 73.67 64.88 71.75 70.10
264 316.8 87.74 94.19 91.31 91.08| 125.35( 116.26( 120.78] 120.80| 112.18 136.8[ 119.95| 122.98 95.84 94.45| 106.21 98.83| 164.13| 169.45| 147.88| 160.49| 136.48| 150.86( 141.84| 143.06
316.8 369.6] 118.72f 112.58| 114.46| 115.25] 135.63] 113.43 111.3[ 120.12 91.31 99.06 95.96 95.44| 138.65[ 116.41| 124.31| 126.46] 104.99 79.8] 128.05| 104.28 75.46 98.67 90.75 88.29
369.6 422.4 89.15 94.22 98.43 93.93 92.88| 100.06f 103.39 98.78 99.99 92.68 86.62 93.10] 115.11{ 126.44| 129.92| 123.82 83.08 75.55 82.69 80.44 79.54 82.48 96.86 86.29
422.4 475.2 66.95 58.99 57.21 61.05 89.85 94.62 85.59 90.02| 158.63| 146.34 160.3[ 155.09] 171.66| 180.78 171.7( 174.71] 132.09] 132.48] 125.26] 129.94 99.28| 110.56f 110.84| 106.89
475.2| 527.71 90.75| 102.56| 109.42| 100.91 91.04| 135.74 87.6] 104.79| 146.46| 15298 160.24 153.23| 151.14| 157.89| 151.22 153.42| 126.35| 119.16| 122.85| 122.79 96.45| 106.49| 107.26| 103.40
50 MPH: ICC IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L.3 Average |S4R1 S4R2 S4R3 Average
0 52.8 60.97 79.26 80.33 73.52 63.52 70.99 67.26 58.51 91.06 51.84 67.14 54.49 73 53.51 60.33 90.44 96.51 86.71 91.22 118.5[ 126.33 158| 134.28
52.8 105.6 97.42| 140.04f 130.23| 122.56| 101.72] 111.19| 106.46 65.15 72.86 72.82 70.28| 122.29 80 79.68 93.99| 121.64 119.18| 127.52| 122.78] 136.11| 148.07 145.7( 143.29
105.6 158.4 87.75 85.82 76.94 83.50| 106.71| 119.62| 113.17 54.47 89.42 80.82 74.90 63.02 63.6 74.11 66.91| 101.43 95.49 94.84 97.25| 109.31f 123.87|] 117.51] 116.90
158.4 211.2] 112.26{ 119.28] 117.05| 116.20 251.9] 214.62f 233.26] 102.71 86.31| 124.55] 104.52 79.44 68.65 79.63 75.91| 107.67| 114.47| 111.32] 111.15] 134.47 133.1f 129.53| 132.37
211.2 264 93.82 91.39 92.14 92.45| 118.16 93.47| 105.82 94.7 97.09] 105.86 99.22| 103.56f 105.96] 100.13| 103.22 71.69 71 74.24 72.31 68.25 66.08 71.22 68.52
264 316.8 88.16 83.85 90.44 87.48| 123.62| 123.08( 123.35| 140.76] 133.12 89.36] 121.08 98.27 92.09] 138.77| 109.71 146] 150.34| 142.52| 146.29 137.06/ 139.84 137.3[ 138.07
316.8 369.6| 114.52 126.73 122.02] 121.09] 138.69 153] 145.85| 103.73 96.76] 115.89( 105.46] 130.97 140.8 113.1 128.29] 117.23] 100.27| 124.04f 113.85 81.36] 102.45 77.98 87.26
369.6 422.4 89.28 93.58 91.96 91.61| 108.34f 105.22| 106.78 91.83| 100.28 114.02( 102.04| 122.83] 117.59 94.44| 111.62 82.99 84.78 86.07 84.61 78.23 85.98 76.3 80.17
422.4 475.2 58.36 71.52 71.16 67.01 86.4 93.48 89.94| 149.12 150.15| 141.86] 147.04] 181.08f 165.19( 184.77| 177.01] 115.94| 120.89( 115.03] 117.29| 100.75 98.69 95.83 98.42
475.2| 527.71] 108.56 83.38 71.45 87.80 84.88 97.3 91.09| 154.72| 148.36| 169.95| 157.68| 159.49| 144.05 170.63| 158.06| 129.23 131.4| 141.03| 133.89| 121.52| 116.17 97.15| 111.61
60 MPH: ICC IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average
0 52.8 64 69.39 78.14 70.51 77.1 49.06 61.49 62.55 59.6 42.67 51.04 51.10 47.46 57.65 64.99 56.70 90.66| 114.31 89.57 98.18 159.9( 137.94| 136.38| 144.74
52.8 105.6[ 106.66] 134.73] 138.22] 126.54| 104.04 119.79] 120.86] 114.90 60.23 70.8 66.91 65.98 101.4 80.76 78.87 87.01| 137.18f 106.75( 123.39| 122.44| 128.55 151.9( 143.19] 141.21
105.6 158.4 99.88 88.58 86.4 91.62| 124.14[ 141.98] 142.53| 136.22 57.43 96.97 84.76 79.72 73.45 65.16 72.44 70.35| 106.04 97.87 109.9 104.60] 108.36] 116.01] 109.75( 111.37
158.4 211.2] 134.66] 120.22( 125.05| 126.64| 220.38 295.8| 227.13| 247.77 89.17 86.1 82.99 86.09 75.29 77.62 70.09 74.33] 115.02f 111.82| 114.89] 113.91] 133.14| 136.59( 132.53| 134.09
211.2 264 90.81| 102.19 93.19 95.40| 102.31f 111.99] 112.96] 109.09 99.06 94.41| 100.08 97.85| 104.54 103.78] 103.91| 104.08 73.54 73.27 73.67 73.49 66.15 69.57 69.93 68.55
264 316.8 84.52 90.55 92.69 89.25| 104.33f 120.68| 121.75| 115.59| 131.22| 134.92( 131.43| 132.52 94.49 89.35 96.44 93.43| 142.58| 157.16| 144.12| 147.95| 141.06] 140.04f 139.93| 140.34
316.8 369.6] 125.57 118.52| 120.59| 121.56] 138.46] 136.13( 163.15] 145.91| 139.75] 105.26] 108.83( 117.95| 141.26] 134.54| 134.89( 136.90| 127.98 97.18| 133.94] 119.70 88.34 80.83 92.09 87.09
369.6 422.4 98.83 87.83 89.99 92.22 94.41| 104.61 95.57 98.20 88.15 94.38 83.39 88.64| 116.05( 114.39] 122.22| 117.55 83.93 85.22 91.57 86.91| 100.88 81.44| 100.89 94.40
422.4 475.2 61.3 69.27 78.74 69.77 88.89 84.73 95.52 89.71] 161.41 151] 156.44| 156.28 170 170.24| 177.48] 17257 128.79 128.02] 123.17| 126.66] 105.39( 113.31 98.63| 105.78
475.2| 527.71 82.37 95.52 92.59 90.16 75.17 85.22 92.04 84.14 155.3| 150.38| 149.49| 151.72| 156.28| 142.42 150.9 149.87 126.7 121.99| 102.81| 117.17| 113.19| 139.19 95.73| 116.04
40 MPH: Dynatest IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average
0 52.8 73.8 76.21 78.84 76.28 79.27 86.33 78.97 81.52 55.91 62.5 82.25 66.89 72.28 61.49] 116.04 83.27| 111.53| 113.44 88.22| 104.40 1242 158.65| 135.27| 139.37
52.8 105.6[ 149.61| 124.05] 149.44| 141.03] 115.31 106.86] 114.46] 112.21 93.32 80.58 58.62 77.51 87.59 68.92| 117.42 91.31| 118.44 119.14( 130.11] 122.56| 145.65 147.2( 132.06] 141.64
105.6 158.4 109.84| 117.41] 110.27| 11251 113.82( 108.28] 111.03] 111.04 85.3 70.8] 121.19 92.43 82.72 76.69 83.12 80.84 90.18 93.23] 111.11 98.17| 112.64f 113.79] 107.51] 111.31
158.4 211.2] 137.91f 120.26 140.26] 132.81] 212.39] 215.06f 213.63| 213.69 92.57 87.44 91.3 90.44 81.29 74.38 89.64 81.77| 136.49| 128.65 123.97| 129.70| 145.02] 142.05[ 130.88] 139.32
211.2 264 94.05 90.63 89.22 91.30 81.87 80.82 83.61 82.10 99.99] 106.38f 112.63| 106.33 96.25 95.41 90.08 93.91 72.15 72.07 71.86 72.03 76.59 80.58 79.18 78.78
264 316.8 68.08 68.87 67.94 68.30 94.76 92.64 90.71 92.70| 106.31 110.46] 149.12| 121.96 99.77| 107.89 155.97| 121.21| 141.42] 136.49| 146.54 141.48| 131.64| 131.98] 133.01| 132.21
316.8 369.6] 132.73| 130.07( 129.81| 130.87| 133.93| 133.94 132.09] 133.32 94.69| 106.08f 120.88 107.22| 140.62| 137.41| 146.88( 141.64| 104.87| 128.39] 104.89| 112.72 87.9] 106.62 84.17 92.90
369.6 422.4 99.04 93.45 92.01 94.83 93.13 92.74 94.84 93.57| 102.46] 103.68 105.5( 103.88] 113.78] 124.76] 108.98| 115.84 70.1 83.81 80.44 78.12 77.63| 157.08f 103.32| 112.68
422.4 475.2 72.45 74.73 74.84 74.01 96.61 95.6 97.62 96.61| 169.82f 155.56| 155.57| 160.32] 182.61| 181.64 172.11] 178.79| 107.19| 108.64f 104.43| 106.75 89.89| 100.64f 112.22| 100.92
475.2| 527.71 87.36 80.72 82.81 83.63 98.61 72.61 70.82 80.68| 156.49| 142.19| 163.05| 153.91| 171.01| 161.31| 176.42| 169.58| 131.58| 128.69| 144.51 134.93| 119.41| 106.38 93.96| 106.58
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DISTANCE [FT]

50 MPH:Dynatest IRI CALCULATED WITH ROADRUF

FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average
0 52.8 68.25 66.08 69.12 67.82 82.07 67.84 75.02 74.98 64.16 53.12 67.95 61.74 67.55 66.06 57.66 63.76] 112.96{ 113.34] 108.06] 111.45 128.2 136.49 127.3[ 130.66
52.8 105.6 84.9 89.56 107.3 93.92| 113.62| 116.81 98.93] 109.79 86.72 93.83 85.01 88.52| 104.01| 105.52 71.27 93.60| 117.76f 120.77| 117.85| 118.79 158.8] 152.34] 159.12| 156.75
105.6 158.4 108.53] 100.64 116.4 108.52 116.9 116.4f 101.86] 111.72] 100.34 90.66 70.5 87.17 83.4 75.36 89.78 82.85 86.57 89.78 91.78 89.38 133.3] 111.79] 103.84| 116.31
158.4 211.2] 114.61f 114.85] 127.91]| 119.12 208.4] 216.56f 207.82| 210.93 98.29 97.79 88.24 94.77 87.92 87.61 83.75 86.43| 129.78 138.05( 134.81| 134.21| 141.77| 147.09( 147.55| 14547
211.2 264 87.61 91.74 93.62 90.99 80.76 83.28 84.73 82.92 103.6 95.04 99.98 99.54 93.2] 102.07 97.6 97.62 74.23 74.06 73.92 74.07 73.54 75.99 73.93 74.49
264 316.8 71.14 70.01 70.47 70.54 92.78 90.52 91.34 91.55| 127.43 97.07 96.26| 106.92f 110.15( 100.69| 109.66| 106.83 136.4 142.01 1252 134.54| 136.22] 136.29] 141.55[ 138.02
316.8 369.6] 134.07 131.9( 135.92] 133.96| 128.84| 134.52f 135.77| 133.04 96.86 98.11 92.12 95.70| 136.14] 135.71 150.7 140.85 97.99] 104.26f 109.45| 103.90 90.41 88.56| 102.08 93.68
369.6 422.4 99.36 88.11 94.04 93.84| 100.35 97.16 88.39 95.30 96.49 98.24 96.21 96.98| 111.97( 115.69] 118.03] 115.23 82.64 74.73 65.44 74.27 96 80.03 82.28 86.10
422.4 475.2 76.12 72.88 75.27 74.76 98.39] 102.21 100.4[ 100.33] 171.85| 169.94 169| 170.26] 200.94| 179.52| 176.97( 185.81| 109.48| 113.05| 111.21| 111.25 99.98 98.09 98.4 98.82
475.2| 527.71 76.44 81.12 83.45 80.34 77.13 73.2 75 75.11| 153.16 155.81| 157.78| 155.58| 157.32| 151.82 177.77| 162.30| 128.81| 143.84 143.59| 138.75| 106.09| 136.33| 156.38| 132.93
60 MPH: Dynatest IRI CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM [TO S1L1 S1L2 S1L3 Average |S1R1 S1R2 S1R3 Average |S3L1 S3L2 S3L3 Average |S3R1 S3R2 S3R3 Average |S4L1 S4L2 S4L3 Average |S4R1 S4R2 S4R3 Average
0 52.8 65.52 73.23 71.99 70.25 70 54.96 78.84 67.93 69.2 62.07 71.65 67.64 74.78 95.08 82.91 84.26 99.91 94.89 97.02 97.27 169.1 136.5( 124.24| 143.28
52.8 105.6[ 100.07 96.6] 130.19] 108.95| 109.66( 100.51] 118.21] 109.46 69.26 67.12 59.32 65.23 92.65 98.89| 126.82 106.12| 128.18| 136.73| 138.47| 134.46] 150.65 127.6f 132.77] 137.01
105.6 158.4 98.78 91.3] 100.02 96.70| 110.01f 129.26] 109.87| 116.38 81.31 58.48| 107.12 82.30 89.68| 105.33 96.57 97.19] 110.22 91.77] 109.48( 103.82| 106.21] 109.91] 105.97| 107.36
158.4 211.2] 113.47{ 104.73| 114.32] 110.84| 199.45| 199.11| 217.15| 205.24 85.24| 132.12 98.14| 105.17f 112.95| 103.95 88.74| 101.88f 120.32| 119.39] 121.21] 120.31f 130.52 130.54 128.8[ 129.95
211.2 264 93.18 93.4 95.44 94.01 88.19 85.95 78.93 84.36| 115.27| 120.23 99.34] 111.61 93.11] 123.01 90.94| 102.35 70.36 70.38 71.33 70.69 84.66 82.96 81.64 83.09
264 316.8 74.44 73.91 72.32 73.56 102.8 95.6 95.41 97.94| 135.82( 123.02] 137.64| 132.16 126.2| 126.79] 138.28| 130.42 1412 141.57| 144.06] 142.28] 130.57| 134.98( 131.14| 132.23
316.8 369.6] 136.92 132.36] 133.37| 134.22] 129.68[ 129.46 130.68| 129.94| 137.24| 100.81 133.1 123.72] 131.54| 138.48| 144.94| 138.32( 129.45| 133.32] 120.82] 127.86[ 101.59 98.96| 107.09] 102.55
369.6 422.4] 104.73 91.62 95.55 97.30] 102.01 90.69 91.33 94.68| 104.55 97.51| 105.29 102.45| 116.77 109.5( 120.22| 115.50 85.88 87.03 81.3 84.74| 134.73[ 157.76] 130.14| 140.88
422.4 475.2 76.13 67.71 72.69 72.18 97.79 84.95| 107.13 96.62| 157.06] 156.44| 159.93] 157.81] 170.32 182.03[ 177.14| 176.50| 107.22 111.7 104.2f 107.71 107| 110.01] 108.09] 108.37
475.2| 527.71 80.96 88.97 88.3 86.08 72.3 79.04| 129.48 93.61| 163.17| 147.29| 164.23| 158.23| 174.04| 165.79( 170.49| 170.11| 138.74| 129.17 143.97| 137.29| 104.07| 108.93| 109.91| 107.64
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Table C3. IRl Runs - Route 18.

WALKING PROFILER CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM |TO S23R1 |S23R2 |S23R3 |Average |S24L1 |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |Average |S25R1 |S25R2 |S25R3  |Average
0 52.8| 128.97| 121.03] 124.22| 124.74] 329.56] 333.23| 330.26] 331.02] 294.9] 279.62] 220.99] 265.17| 323.83| 410.05] 366.94] 323.83| 410.05] 379.75] 371.21
528| 1056| 7093 66.81] 6465 67.46] 373.65| 376.27| 356.4] 368.77| 357.23] 370.46] 366.01| 364.57| 277.12| 288.64] 282.88] 277.12| 288.64] 273.3] 279.69
105.6] 158.4] 91.34| 103.11] 92.34] 95.60] 37521 405.87| 376.95| 386.01] 496.26] 450.26] 479.6] 47537 350.64] 307.99] 329.32] 350.64] 307.99] 276.72| 311.78
158.4]  211.2| 269.87| 273.48] 277.43] 27359] 279.63| 279.2| 2855| 281.44| 263.16] 278.61] 280.94| 274.24] 278.84] 301.39] 290.12| 278.84] 301.39] 292.7| 290.98
211.2 264] 184.04| 182.36] 177.63] 181.34| 312.79] 306.68] 329.18| 316.22] 504.7] 391.36| 438.87| 444.98] 260.52| 242.05] 251.29] 260.52| 242.05] 258.77| 253.78
264] 316.8| 275.47| 277.32]| 280.5| 277.76] 253.64] 247.17| 254.98] 251.93] 232.74| 219.9] 241.78] 231.47| 204.35] 200.57| 202.46] 204.35| 200.57| 210.97| 205.30
316.8] 369.6] 15661 151.62| 147.73] 151.99] 236.82] 248.97| 358.97| 28159 512.29] 365.49| 279.12| 385.63| 313.75| 447.76] 380.76] 313.75| 447.76] 307.3| 356.27
369.6] 422.4| 14524 137.35| 128.84] 137.14| 260.61] 245.15| 261.93| 255.90| 287.24] 254.75| 300.67| 280.89] 310.33| 543.77] 427.05] 310.33] 543.77| 719.57| 524.56
422.4] 4752 239.3| 232.7] 2214 231.13 261] 239.35| 309.43] 269.93] 254.22| 304.19] 304.59] 287.67| 139.38] 153.43| 146.41| 139.38| 153.43] 176.44] 156.42
4752 528 319.3| 363.82| 325.53| 336.22| 16564 154.62| 154.06] 158.11] 163.04] 180.53| 167.69] 170.42| 164.6] 170.65| 167.63| 164.6] 170.65| 157.15| 164.13
40 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3  |Average
0 52.8| 112.17| 180.49] 205.72| 166.13] 170.35] 227.17| 263.67] 220.40] 266.27| 259.21| 226.57| 250.68] 334.14| 276.06] 286.31] 298.84| 27547| 194.32] 177.11| 21563| 266.45] 224.45| 222.11| 237.67
528| 1056 74.67| 114.39] 102.86] 97.31] 97.73| 157.07] 149.14] 134.65| 218.68] 370.94] 373.21] 320.94| 213.33] 41451| 257.76] 29520| 262.95] 248.48| 240.43| 250.62| 221.76] 280.78| 310.88] 271.14
105.6] 158.4] 140.61| 120.18| 114.18] 124.99] 177.34] 101.63| 178.76] 152.58| 197.5| 240.87| 240.23| 226.20] 573.99] 284.72| 273.94] 377.55| 184.84| 274.1] 278.83| 245.92| 227.36] 149.86] 113.62| 163.61
158.4] 211.2] 249.91| 252.04] 248.98] 250.31| 248.49] 264.76] 247.53] 25359 244.03| 256.65| 238.52| 246.40| 236.63] 407.44| 24659 296.89] 156.39| 176.61] 161.27| 164.76] 164.75] 240.89] 240.4| 21535
211.2 264] 2943 190.85] 231.62| 238.92| 634.97| 272.13] 367.47| 424.86] 136.82] 12856] 129.77| 131.72| 161.36] 173.73| 182.44] 17251] 164.53| 153.97| 186.53| 168.34] 14192 150.04] 276.22| 189.39
264] 316.8| 314.03] 252.59] 244.61| 270.41] 321.75| 252.82| 172.57| 249.05] 372.96] 342.72| 3385| 351.39] 364.08] 263.98] 314.22] 314.09] 206.36] 175.91] 166.4| 182.89] 199.33] 139.44] 130.29] 156.35
316.8] 369.6] 40958 333.68] 317.08] 353.45| 467.31] 212.94] 267.11| 31579 331.4] 226.08] 189.16] 248.88] 429.55 282| 324.16] 345.24] 107.54| 200.05] 323.81] 210.47| 156.28] 246.35] 152.2| 184.94
369.6] 422.4| 45587| 547.22| 486.91] 496.67| 476.9] 586.99] 543.38| 535.76] 477.904] 365.23| 412.84] 418.67| 428.71] 387.86] 406.3| 407.62] 124.07| 100.93] 91.19] 105.40] 206.46| 186.45] 176.38] 189.76
422.4] 4752| 177.09] 285.42] 237.48| 233.33] 405.98] 284.73| 244.16] 311.62] 339.37| 548.46] 540.67| 476.17| 621.49| 686.85| 641.91] 650.08| 148.17| 153.11] 164.48| 15525| 230.04] 235.95| 242.45| 236.15
4752| 527.71| 238.89| 410.87| 353.86| 334.54] 590.09] 278.36| 316.76] 395.07| 240.21| 229.86| 258.24] 242.77| 794.14| 599.07| 625.78] 673.00] 531.12] 202.56| 367.05| 366.91| 167.3| 166.36] 200.49| 178.05
50 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3 |Average
0 52.8| 229.52| 235.05] 22534 229.97| 250.42] 253.11| 26057| 254.70] 269.39] 249.49| 257.88] 258.92| 236.34| 295.71| 259.96] 264.00] 232.96] 212.22] 194.66] 213.28] 233.68] 210.8] 247.29] 230.59
528| 1056| 78.24] 8119 88.7] 82.71| 145.15| 156.45| 146.81] 149.47| 181.13| 319.71] 172.5] 224.45| 360.84] 256.74] 430.07| 349.22] 227.76] 217.54] 232.32] 225.87| 284.09] 287.15| 288.23] 286.49
105.6] 1584 12678 117.93] 110.07| 118.26] 124.08] 113.33| 115.16] 117.52| 246.02] 253.56] 228.75| 242.78] 385.89] 288.02| 293.35] 322.42] 271.83| 276.19] 260.56] 269.53] 17558| 159.63| 152.22| 162.48
158.4] 211.2| 254.19] 253.75] 256.36] 254.77| 254.36] 256.41| 24561| 252.13| 208.23| 220.17| 272.92| 233.77| 249.13] 202.02| 476.38] 309.18] 14958 170.9] 159.91| 160.13] 196.42| 246.27| 230.54] 224.41
211.2 264] 227.48| 248.64] 261.29] 24580| 380.58| 383.18] 423.89| 39588 150.94] 154.07| 149.68| 15156| 147.6] 211.53| 196.82] 185.32] 200.11| 161.06] 172.93] 178.03] 291.35| 146.49] 219.4] 219.08
264] 316.8| 258.58| 247.77| 233.5| 246.62| 168.34] 170.88| 492.19] 277.14| 486.76] 317.86] 381.57| 395.40| 234.04| 288.29] 334.36] 28556| 182.67] 159.15] 162.35| 168.06] 119.03| 121.64] 14543 128.70
316.8] 369.6] 346.7] 335.94] 315.01| 332.55| 272.67| 281.18] 360.12| 304.66] 218.42] 200.42| 179.8] 199.55| 193.7]| 289.07| 282.24] 255.00] 312.03| 195.19] 216.79] 241.34] 159.84| 353.44] 242.89] 252.06
369.6] 422.4] 558.34| 524.89] 622.19] 568.47| 587.3] 571.8] 609.08] 589.39] 512.66] 477.33| 483.28] 491.09] 472.93] 434.73 412 439.89 97.1] 80.49] 89.37] 88.99] 211.31] 206.35] 188.93] 202.20
422.4] 4752| 284.08] 269.44] 241.34| 264.95| 254.49] 253.42| 332.04] 279.98] 424.06] 479.94| 427.29] 443.76] 656.76] 597.72| 576.27] 610.25| 173.84] 146.66] 138.51| 153.00] 186.69] 219.78] 230.1] 212.19
4752| 527.71| 382.84] 389.81| 299.21| 357.29] 371.2| 256.41| 42052 349.38] 246.08] 276.36| 260.99| 261.14] 605.04| 682.94] 667.05| 651.68| 161.47| 167.97| 343.39| 224.28] 154.21| 190.98] 200.16| 181.78
60 MPH: ARAN IRI CALCULATED WITH ROADRUF
DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3  |Average
0 52.8| 178.27| 168.17| 212.5| 186.31] 212.35] 221.67| 234.39] 222.80] 292.14] 280.53 260 277.56] 244.3] 26517 308| 272.49] 233.36] 256.73| 267.26] 252.45] 265.67| 276.86] 430.62| 324.38
52.8| 1056 109.31] 111.07| 130.12] 116.83] 197.39| 196.43] 207.16] 200.33| 206.95| 231.7| 242.17| 226.94| 567.13| 563.96] 578.45| 421.17| 271.56] 263.97| 288.13| 274.55| 28151] 337.58| 293.68] 304.26
105.6] 158.4] 107.44] 108.26] 76.88] 97.53| 12652 127.39] 9156] 11516| 280.91| 269.43] 284.66| 278.33| 278.31] 274.32| 250.76] 418.82] 329.07| 317.42] 327.75| 324.75| 189.88| 160.03] 202.73] 184.21
158.4] 211.2] 253.8] 238.06] 208.64] 23350 267.95] 256.53| 269.45] 264.64| 221.15| 265.69] 212.01] 232.95| 262.39] 348.26| 313.07] 287.85] 167.83| 152.38] 169.22| 163.14] 238.26] 228.67| 235.02| 233.98
211.2 264] 136.98| 152.19] 142.78] 143.98] 250.76] 259.81] 191.99| 234.19] 197.04] 193.18] 234.68| 208.30] 182.58] 191.65| 181.72] 246.61] 166.83| 186.44] 200.75| 184.67| 169.18| 286.48] 249.07| 234.91
264] 316.8] 281.67| 296.44] 301.84| 293.32] 296.32] 584.6] 363.78] 414.90] 377.63| 287.14| 300.77| 321.85| 267.75| 219.03] 152.46] 199.20| 173.74] 182.64] 180.26] 178.88] 148.49] 128.06] 143.64| 140.06
316.8] 369.6] 316.31| 334.33| 319.15| 323.26] 213.68] 365.15] 19523| 258.02] 562.04] 253.04] 204.95| 340.01| 193.6] 243.44| 401.76] 246.34] 177.34| 188.17| 217.43| 194.31| 227.62| 274.48] 233.55| 24522
369.6] 422.4] 467.08] 481.37| 358.23] 43556| 579.46] 626.23] 368.38| 524.69] 383.82| 428.6] 318.2] 376.87| 362.33] 380.26] 399.86] 330.21] 10501 89.49] 81.66] 92.05| 190.13| 191.64] 143.6| 17512
422.4] 4752| 348.7| 352.37| 446.91| 382.66] 355.61] 355.61] 508.35] 406.52| 450.23] 535.82| 581.04] 522.36] 562.03| 652.68] 514.65] 478.64| 138.61] 152.8] 137.91| 143.11| 238.64] 283.75| 296.5| 272.96
4752| 527.71| 282.19| 319.81| 398.17| 333.39] 431.34] 404.25| 26528| 366.96] 300.18] 299.85| 330.13| 310.05| 641.08] 625.17| 685.8| 613.57| 188.36] 434.67| 291.15| 304.73| 155.44| 184.33| 171.63| 170.47
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40 MPH: ICC IRI CALCULATED WITH ROADRUF

DISTANCE [FT]

FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3 |Average
0 52.8| 84.07| 96.94] 87.65] 8955 1253| 12053 110.04] 118.62] 307.21] 275.08| 273.56] 285.28] 290.18| 19555| 183.83] 223.19| 280.05] 223.3] 299.41| 267.59] 273.63| 441.48| 267.61] 327.57
52.8] 1056 772| 7327 73.36] 74.61] 60.73] 57.12 57.1| 58.32] 239.97| 515.12| 351.21| 368.77| 421.09] 336.2] 395.87| 384.39| 26587 264.11| 272.74| 267.57| 413.19] 547.52| 434.3| 465.00
105.6] 158.4] 82.04] 97.14] 95.33] 9150 81.8] 91.13] 87.61] 86.85] 393.39] 432.01] 404.28| 409.89] 455.07] 443.57| 468.81] 455.82| 296.84| 2465 285.04] 276.13] 340.98| 338.35] 369.49] 349.61
158.4] 211.2| 254.05| 264.43] 257.09] 25852| 265.81| 276.19] 254.23] 26541 218.97| 230.12| 24506| 231.38] 308.91] 435.37| 380.09] 374.79] 31158 287.64] 302.66] 300.63] 623.97| 706.8] 660.55] 663.77
211.2 264] 15591 161.85] 160.13] 159.30] 160.29| 161.68] 184.43| 168.80] 255.53| 194.58] 194.12| 214.74] 619.19] 383.86] 610.82] 537.96] 235.01| 232.86] 242.84] 236.90] 667.36] 657.41] 666.82] 663.86
264] 316.8] 231.93] 215.01] 231.65| 226.20] 272.35] 282.59| 27531 276.75| 298.42| 306.02| 325.99| 310.14] 233.13| 277.95] 209.03] 240.04| 19568 228.89] 226.76] 217.11] 223.97| 250.65| 254.98| 243.20
316.8] 369.6] 9363| 80.74] 78.01] 84.13| 138.19] 95.44] 137.73| 123.79] 359.48] 168.76] 206.7| 244.98| 413.89] 280.22| 353.3| 349.14] 208.84| 192.91] 167.71] 189.82| 235.74| 190.63] 214.83] 213.73
369.6] 422.4] 108.61] 106.21] 1056 106.81| 128.24] 162.12] 173.23| 15453 233.19] 199.91] 228.71] 220.60] 279.06] 338.69| 256.58| 291.44] 239.37| 205.9] 245.17| 230.15| 132.35] 201.38] 181.59] 171.77
422.4] 4752| 221.49] 214.34] 223.81| 219.88] 218.15] 177.3| 196.92| 197.46] 204.86] 251.17| 2315| 229.18] 180.5| 352.76] 274.32] 269.19| 143.74] 131.94] 127.89| 13452 169.76] 122.92| 147.17| 146.62
4752| 527.71| 209.18] 210.03] 217.05| 212.09] 382.99] 382.61| 351.14| 372.25| 136.98| 131.34| 133.04] 133.79] 172.19| 133.83| 166.67| 157.56| 159.68] 190.93| 171.26] 173.96] 233.48] 146.07| 151.65| 177.07
50 MPH: ICC IRI CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3  |Average
0 528| 87.71] 93.75| 106.97| 96.14] 113.28] 126.8] 114.11] 118.06] 304.48] 28567| 283.55| 291.23] 288.54| 192.81] 196.02] 225.79| 271.27| 305.73] 290.94| 289.31] 273.06] 454.05| 256.81| 327.97
528| 1056| 74.17| 7504] 86.21] 78.47] 5579 6193] 73.02] 6358 23541 508.98] 344.76] 363.05] 438.63] 332.82] 396.56| 389.34] 266.5] 272.24| 281.04] 273.26] 421.66] 51146 407.67| 446.93
105.6] 158.4] 93.86] 92.26] 69.97| 85.36 905 89.44 64| 81.31| 397.38| 429.23| 412.64] 413.08] 466.79] 417.82] 434.39| 439.67| 308.61] 207.21| 284.78] 266.87| 363.99] 387.47| 339.75| 363.74
158.4]  211.2| 247.56|] 243.92] 261.96] 251.15| 263.82] 251.66] 274.81] 263.43| 268.9] 190.59] 203.28| 220.92] 341.81] 37052 311.4] 34124] 297.14| 319.11] 298.39] 304.88] 614.05] 666.67| 673.74] 651.49
211.2 264] 167.63| 158.96] 160.15| 162.25| 173.68] 175.35] 150.87| 166.63] 207.55| 221.46] 23503| 221.35] 565.93] 491.64| 725.25| 594.27| 238.32| 223.92| 243.46] 235.23] 650.34] 687.51] 703.47| 680.44
264] 316.8] 232.57| 236.83] 214.49| 227.96] 262.59] 266.86] 283.1] 270.85] 413.93] 251.14] 205.67| 290.25] 229.62| 241.28] 207.05] 22598 222.48] 200.77] 193.79] 20568 261.88] 217.36] 219.11] 232.78
316.8] 369.6] 8233 82.96] 109.02] 91.44| 126.82] 131.31] 166.63| 14159 244.64] 232.22| 341.66| 272.84] 417.32| 339.04| 348.67| 368.34] 191.75| 182.46] 200.61] 191.61| 197.73| 238.38] 266.12| 234.08
369.6] 422.4] 10559 106.09] 105.19] 105.62| 149.87| 136.48] 148.82| 14506| 229.34] 219.75| 222.43| 223.84] 271.19] 243.57| 229.07| 247.94] 238.87| 24059 248.3] 24259] 159.36] 17851 155.39] 164.42
422.4]  4752| 224.12| 218.66] 213.75| 218.84] 196.06 207| 227.41| 210.16] 221.96] 221.02| 218.62] 220.53] 194.47| 423.43] 301.08] 306.33| 131.84] 13157| 132.37| 131.93] 139.67| 159.35] 180.98| 160.00
4752| 527.71| 215.69| 202.24] 168.94| 19562 462| 338.88] 261.1] 353.09| 134.39] 131.33| 131.83| 132.52| 164.62| 145.85| 147.31| 15250 166.64] 172.69| 15543 164.92| 239.3| 142.01| 137.48] 172.93

60 MPH: ICC IRI CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3  |Average
0 52.8]  90.37 98.9] 118.26] 102.51] 119.96] 120.43] 112.44] 117.61| 301.57| 274.87| 254.06] 276.83] 305.09| 196.16] 200.11| 233.79] 256.15] 223.03| 293.94] 257.71| 280.68] 443.41| 261.96] 328.68
528| 1056| 6481 73.19] 87.42] 75.14] 51.94] 5635 73.71] 60.67| 244.29] 516.82] 349.89] 370.33| 423.79] 339.58] 401.62| 388.33] 258.96] 264.48] 2745| 265.98| 393.01] 546.37| 313.09] 417.49
105.6] 158.4] 105.68 98.2| 67.95] 9061] 89.25| 91.11] 65.16] 81.84] 396.77| 432.28] 422.45| 417.17| 47556] 440.9] 42593| 447.46] 328.48] 247.32| 283.01] 286.27| 370.14] 338.85] 405.97| 371.65
158.4] 211.2| 263.13| 263.86] 251.19] 259.39] 286.17| 277.65| 251.73] 271.85| 291.97| 229.75| 201.72| 241.15| 471.53] 436.39] 307.4] 405.11] 280.41| 286.26] 28251| 283.06] 669.06] 706.64] 672.94] 682.88
211.2 264] 15597| 159.81] 159.88] 158.55| 151.49] 159.84] 162.8| 158.04] 198.73] 196.01] 237.03| 210.59| 436.47| 382.22| 690.79] 503.16] 250.6] 234.17| 254.9] 24656] 607.01] 652.97| 712.37| 657.45
264] 316.8| 218.71] 21559] 206.78] 213.69] 293.15] 285.24| 264.88] 281.09] 468.33] 303.68] 212.69| 328.23] 259.65| 279.99] 249.76] 263.13| 22091 227.84] 191.23| 213.33] 267.28] 252.41] 237.51] 252.40
316.8] 369.6] 8562 80.78] 126.72] 97.71] 87.87] 92.75| 196.62| 12575 181.08] 172.54] 342.16] 231.93] 367.4] 275.34| 350.31] 331.02] 247.77| 204.39] 215.23| 222.46] 180.74] 190.34] 264.58] 211.89
369.6] 422.4] 11114 108.31] 105.25| 108.23| 169.75| 164.14] 136.93| 156.94] 204.13| 19549] 22154| 207.05] 295.21] 349.71| 230.8] 291.91] 172.46| 194.37] 242.01] 202.95] 170.21] 200.72| 154.3] 175.08
422.4] 4752| 218.27| 212.9] 20538 212.18] 184.04] 174.89| 230.86] 196.60] 241.43| 253.66] 211.47| 235.52| 181.47| 347.89 301| 276.79| 145.12] 134.8| 131.11] 137.01] 196.47| 121.79] 181.15| 166.47
4752| 527.71| 223.54 210 146.22| 193.25] 489.22| 385.13| 22551| 366.62| 132.83| 129.81| 143.47| 13537| 157.56] 132.76] 148.06| 146.13| 173.51| 187.53| 161.66| 174.23| 154.98] 144.16| 14153| 146.89

40 MPH: Dynatest IRI CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3  |Average
0 52.8] 102.06] 106.02] 112.68] 106.92] 84.64] 8455 78.26] 82.48] 423.48| 457.75| 418.39] 433.21] 485.77| 509.75| 463.36] 486.29| 338.28] 450.41] 436.72| 408.47| 324.29| 437.53] 444.68| 402.17
52.8| 105.6| 284.76] 291.73| 292.63] 289.71] 316.41| 321.79] 321.97] 320.06| 281.36] 254.84] 298.28] 278.16] 294.04] 287.19] 274.6] 28528| 351.14] 337.5| 330.62] 339.75| 464.06] 602.78] 560.77| 542.54
105.6] 158.4] 149.91| 151.01] 147.66] 14953 174.35] 170.53| 168.84] 171.24] 204.1] 208.97| 212.02| 208.36 391 488.82] 370.6] 416.81| 258.64] 235.82] 306.58| 267.01] 745.98| 682.88] 665.56| 698.14
158.4] 211.2] 230.63| 233.95] 23351| 232.70] 322.56] 324.3] 321.95| 322.94| 283.02] 258.27| 24513| 262.14] 262.33] 250.09| 274.92] 262.45] 263.21| 256.08] 277.05|] 265.45] 292.69] 311.33] 282.94] 29565
211.2 264] 79.22| 75.85] 75.98] 77.02] 103.13] 101.48] 100.29| 101.63] 159.81] 174.67| 183.01] 172.50] 334.68] 396.87| 380.31] 370.62] 186.85| 222.15] 196.73] 201.91] 22651 202.83] 227.95| 219.10
264] 316.8| 126.61| 132.45] 12949 12952| 172.84] 182.18| 18567 180.23] 234.1| 224.85] 222.34] 227.10] 316.31| 342.68] 362.89] 340.63| 279.86] 252.96] 245.71| 25951 180.44| 187.01] 220.37| 195.94
316.8] 369.6| 222.38| 222.43] 226.89] 223.90| 193.25] 192.01] 19451| 193.26] 282.41] 291.04] 290.79] 288.08] 293.97| 21551| 198.84] 236.11] 136.65| 140.54] 142.04] 139.74| 143.87| 195.48| 191.96] 177.10
369.6] 422.4] 236.65| 248.37| 251.17| 24540 447.37| 440.83] 411.77| 433.32] 148.02] 149.09] 150.91| 149.34] 180.38] 159.34| 159.00] 166.27| 187.13| 171.54] 174.7] 177.79] 230.85] 260.65] 200.87| 230.79
4224 4752| 315.35| 323.56] 321.59| 320.17| 167.36] 205.2| 199.04] 190.53] 339.12| 339.24| 330.61| 336.32| 535.68| 482.28] 441.1] 486.35| 177.48] 179.79] 177.28| 178.18| 131.03] 143.59] 14698 14053
4752| 527.71| 329.39| 437.02| 322.09| 362.83] 356.92| 383.16| 353.31| 364.46] 210.05| 263.04] 271.84] 248.31| 19541| 219.6] 237.52| 217.51| 169.9] 127.2| 123.07| 140.06] 283.77| 178.61| 173.96] 212.11
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DISTANCE [FT]

50 MPH:Dynatest IRI CALCULATED WITH ROADRUF

FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3 |Average
0 52.8| 106.27| 107.89] 11552 109.89] 88.43] 91.61| 93.77] 91.27| 423.99] 42553 44592| 431.81] 517.03| 503.34] 467.75| 496.04| 414.73] 449.1] 444.26] 436.03] 399.36] 459.4] 437.59] 432.12
52.8| 1056 289.93] 292.95| 290.74] 291.21] 323.62| 318.33] 322.02] 321.32| 253.08] 260.63] 243.54] 252.42| 33451 324.25| 468.73| 375.83] 319.89] 321.88| 326.93] 322.90] 536.45] 627.6] 586.77| 583.61
105.6] 1584 149.78| 151.87| 147.69] 149.78] 157.6] 160.51| 165.8| 161.30| 21522 218.92] 239.08] 224.41| 473.64] 379.18| 563.11] 471.98] 238.43| 25571] 287.27| 260.47| 667.74] 616.49] 602.91] 629.05
158.4] 211.2| 23564| 23539 236.44| 235.82| 31552 322.48] 322.83] 320.28| 234.99] 219.24] 230.98| 228.40] 275.11] 317.86] 27551] 289.49] 25655 25548 264.47| 258.83] 317.19] 300.28] 289.76] 302.41
211.2 264] 76.35] 72.02] 76.39] 7492] 96.98] 101.21] 99.43| 99.21] 173.06] 184.69] 176.86] 178.20] 335.58] 418.19| 325.7| 359.82] 257.15| 243.84] 240.76] 247.25| 203.81] 202.42] 190.29] 198.84
264] 316.8] 127.92] 132.39] 129.06] 129.79] 150.09] 179.01] 169.58] 166.23] 199.84| 211.17| 198.45] 203.15] 361.27| 331.95 371 354.74] 207.38] 205.28| 199.46] 204.04] 187.29] 197.18| 206.27| 196.91
316.8] 369.6| 227.82| 220.23] 224.05] 224.03] 200.06] 201.87] 201.28] 201.07] 306.52] 297.64] 302.21] 302.12] 250.32| 225.34| 251.7| 242.45] 158.18| 158.13] 156.04] 157.45| 259.62| 268.78] 220.7] 249.70
369.6] 422.4] 255.8| 256.03| 268.21] 260.01| 398.99] 396.58] 509.34| 434.97| 142.01| 142.41| 14023 14155| 175.98] 174.1| 186.84] 178.97] 159.3| 162.06] 166.19] 162.52| 158.69] 164.08] 161.61] 161.46
422.4] 4752| 313.7| 317.27] 309.01| 313.33] 175.97] 163.35| 320.53| 219.95] 314.84] 324.97| 318.91| 319.57| 424.78] 349.96] 405.06] 393.27| 179.9] 182.09] 182.98] 181.66] 151.14| 154.84] 15451| 153.50
4752| 527.71| 304.14] 302.54] 444.28| 350.32] 353.88] 353.3| 397.83| 368.34| 276.28| 289.68| 283.08| 283.01| 260.07| 278.37| 269.43] 269.29| 12451 140.27| 137.58| 134.12| 153.18| 191.46] 172.86| 172.50
60 MPH: Dynatest IRI CALCULATED WITH ROADRUF

DISTANCE [FT]
FROM |TO S23L1 [S23L2 [S23L3 JAverage |[S23R1 |S23R2 |S23R3 |Average |S24L1  |S24L2 |S24L3 |Average |S24R1 |S24R2 |S24R3  |Average |S25L1 |S25L2 |S25L3 JAverage |S25R1 |S25R2 |S25R3  |Average
0 52.8| 125.07| 109.46] 107.23| 113.92] 9258] 94.77| 9451] 03.95] 41588 43569 438.05] 429.87| 443.76] 469.29] 478.09] 463.71| 369.54] 279.89] 433.49| 360.97| 358.09] 428.24] 44939 411.91
52.8| 1056 290.36] 283.8] 287.16] 287.11] 332.12| 31504 323.57| 32358 283.81] 257.39] 259.47| 266.89| 337.67| 313.23] 31593 322.28] 324.72] 332.91| 323.73] 327.12] 525.8| 608.99] 573.12] 569.30
105.6] 1584 151.14| 15191 147.19] 150.08] 153.68] 168.29] 161.17| 161.05| 218.79| 222.25| 219.83| 220.29] 373.59] 454.96| 462.26] 430.27] 24598 306.16] 255.34] 269.16] 670.53| 676.65| 650.78] 665.99
158.4] 211.2| 232.75| 235.36| 234.35| 234.15| 314.17| 324.35| 323.8] 320.77| 224.7| 215.18] 218.29| 219.39] 335.14] 262.52| 269.29] 288.98] 252.33| 268.11] 252.56| 257.67| 324.43| 285.36] 291.81] 300.53
211.2 264 73.24] 7032] 7191 7182 97.62] 93.96] 94.76] 9545 185.88] 176.68] 170.79] 177.78] 45156 392| 328.12] 390.56] 336.3| 261.69] 253.6] 283.86] 200.54| 203.17| 207.25] 203.65
264] 316.8] 119.66] 132.24| 128.63| 126.84] 147.44] 17562| 147.94] 157.00] 230.6] 227.09] 214.65] 224.11] 401.97| 338.45| 331.62] 357.35| 191.7] 197.19] 192.45| 193.78] 197.54] 193.35] 186.75] 192.55
316.8] 369.6] 232.36] 226.59| 222.35| 227.10| 214.79] 208.87] 204.31] 209.32] 281.84] 292.77| 297.57| 290.73| 184.59] 210.27| 228.23] 207.70] 154.04] 158.43] 159.12] 157.20] 263.84] 263.89] 232.15] 253.29
369.6] 422.4] 270.09] 259.31| 262.21] 263.87| 405.94| 411.26] 403.05| 406.75| 142.42| 141.01] 143.13| 142.19] 150.14] 220.03| 180.81] 183.66] 158.99| 162.21] 168.26] 163.15| 167.06] 165.26] 157.3] 163.21
422.4] 4752| 313.91] 315.07| 310.43| 313.14] 163.28] 223.11| 218.39] 201.59] 343.62| 349.99] 313.63| 335.75| 555.13| 332.67| 429.75] 439.18| 179.41] 185.05| 230.79| 198.42| 153.44] 164.73] 14059 152.92
4752| 527.71| 357.4] 407.83 416 393.74] 327.99] 365.71| 363.68] 352.46] 278.56| 309.75| 282.13| 290.15| 248.41| 297.95| 270.45| 272.27| 119.21| 154.71] 219.9| 164.61| 156.45| 288.79] 166.61| 203.95
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Table CA4. IRI Difference between Runs - Route 55

WALKING PROFILER Differencess

S111L1-L2S11L1-L3S11L2-L3Average |StdDev |S11R2-R{Average |S12L1-L2AS12L1-L3S12L2-L3Average |StdDev |S12R1-R]S12R1-R{S12R2-R{Average |StdDev |S13L1-L2S13L1-L3S13L2-L3Average |StdDev |S13R1-R{S13R1-R{S13R2-RjAverage |StdDev
13.45 16.68 3.23 11.12 7.02 3.95 3.95 0.55 5.8 5.25 3.87 2.89 6.57 3.33 3.24 4.38 1.90 1.11 0.71 1.82 1.21 0.56 1.2 1.82 3.02 2.01 0.93
7.39 6.84 0.55 4.93 3.80 1.16 1.16 6.36 8.46 2.1 5.64 3.24 7.72 0.85 6.87 5.15 3.75 9.13 0.31 9.44 6.29 5.18 2.18 1.18 3.36 2.24 1.09
5.43 8.37 2.94 5.58 2.72 10.86 10.86 2.37 0.78 3.15 2.10 1.21 4.92 1.89 6.81 4.54 2.48 6.9 6.16 0.74 4.60 3.36 6.76 4.27 11.03 7.35 3.42
2.14 4.1 6.24 4.16 2.05 7.43 7.43 9.47 14.73 5.26 9.82 4.74 0.48 0.89 0.41 0.59 0.26 4.39 1.89 2.5 2.93 1.30 5.37 1.42 3.95 3.58 2.00
4.47 5.36 9.83 6.55 2.87 8.72 8.72 0.38 0.62 0.24 0.41 0.19 3.16 1.54 1.62 211 0.91 8.86 13.47 4.61 8.98 4.43 0.75 5.27 4.52 3.51 2.42
3.07 4.23 1.16 2.82 1.55 6.84 6.84 5.69 8.51 2.82 5.67 2.85 4.07 2.94 7.01 4.67 2.10 0.55 11.87 12.42 8.28 6.70 7.6 11.06 3.46 7.37 3.81
2.75 4.68 1.93 3.12 141 7.97 7.97 5.77 0.94 4.83 3.85 2.56 3.06 1.21 1.85 2.04 0.94 4.74 4.56 0.18 3.16 2.58 4.55 2.28 2.27 3.03 1.31
5.03 5.09 10.12 6.75 2.92 10.7 10.70 0.73 8.1 7.37 5.40 4.06 1.97 1.07 3.04 2.03 0.99 4.09 1.46 2.63 2.73 1.32 8.36 8.35 0.01 5.57 4.82
11.66 3.37 8.29 7.77 4.17 5 5.00 1.14 14.63 13.49 9.75 7.48 5.62 0.88 6.5 4.33 3.02 2.59 2.73 0.14 1.82 1.46 6.36 2.07 4.29 4.24 2.15
6.62 8.23 1.61 5.49 3.45 4.48 4.48 0.63 0.81 1.44 0.96 0.43 1.81 5.43 3.62 3.62 1.81 5.39 1.05 4.34 3.59 2.26 0.9 4.14 3.24 2.76 1.67
ARAN Differences between runs- 40mph
S12L1-L2Average |S12R1-R]Average |S13L1-LAAverage |S13R1-R]Average
3.6 3.60 0.65 0.65 9.34 9.34 3.19 3.19
1.09 1.09 8.81 8.81 5.85 5.85 4.13 4.13
1.55 1.55 4.79 4.79 2.08 2.08 4.4 4.40
4.86 4.86 1.38 1.38 6.74 6.74 6.17 6.17
11.6 11.60 4.07 4.07 1.19 1.19 2.26 2.26
3.05 3.05 7.39 7.39 0.2 0.20 0.77 0.77
12.87 12.87 3.87 3.87 9.99 9.99 3.51 3.51
9.31 9.31 3.09 3.09 8.43 8.43 3.14 3.14
0.51 0.51 3.93 3.93 10.46 10.46 8.85 8.85
6.56 6.56 11.05 11.05 0.58 0.58 2.27 2.27
ARAN Differences between runs- 50mph
S11L1-L2S11L1-L3S11L2-L3Average |StdDev |S11R1-R{S12L1-L24S12L1-L3S12L2-L3Average [StdDev [S12R1-R]S12R1-R{S12R2-R{Average [StdDev [S13L1-L2AS13L1-L3S13L2-L3Average [StdDev |S13R1-R]S13R1-R{S13R2-R{Average |StdDev
1.66 3.55 1.89 2.37 1.03 3.61 7.1 2.25 4.85 4.73 2.43 17.84 4.06 13.78 11.89 7.08 1.13 8.64 7.51 5.76 4.05 15.06 23.15 8.09 15.43 7.54
1.99 2.88 0.89 1.92 1.00 8.16 11.43 7.49 3.94 7.62 3.75 9.47 2.2 7.27 6.31 3.73 5.19 7.56 2.37 5.04 2.60 0.26 0.8 0.54 0.53 0.27
11.35 1.53 9.82 7.57 5.28 3.19 7.59 1.59 9.18 6.12 4.00 3.24 0.45 2.79 2.16 1.50 1.1 3.03 4.13 2.75 1.53 10.59 13.78 3.19 9.19 5.43
22.68 7.38 15.3 15.12 7.65 5.75 5.9 1.63 4.27 3.93 2.15 2.67 5.45 2.78 3.63 1.57 3.04 8.95 11.99 7.99 4.55 8.73 1.48 7.25 5.82 3.83
15.62 4.37 11.25 10.41 5.67 3.15 12.82 8.52 4.3 8.55 4.26 3.01 2.57 0.44 2.01 1.37 2.6 1.57 1.03 1.73 0.80 3.47 11.91 8.44 7.94 4.24
5.77 8.48 2.71 5.65 2.89 5.61 5.94 8.36 2.42 5.57 2.99 7.25 0.23 7.48 4.99 4.12 3.06 13.98 17.04 11.36 7.35 6.54 4.08 2.46 4.36 2.05
7.38 1.77 9.15 6.10 3.85 8.71 6.26 6.49 0.23 4.33 3.55 3.21 1.95 1.26 2.14 0.99 0.16 0.75 0.91 0.61 0.40 1.55 8.92 7.37 5.95 3.89
2.97 9.56 6.59 6.37 3.30 4.66 0.35 0.03 0.32 0.23 0.18 6.18 2.26 3.92 4.12 1.97 2.02 10.07 8.05 6.71 4.19 1.55 1.66 3.21 2.14 0.93
4.49 8.24 12.73 8.49 4.13 3.9 5.21 10.87 5.66 7.25 3.15 0.36 2.17 1.81 1.45 0.96 3.3 3.65 0.35 2.43 1.81 12.52 11.42 1.1 8.35 6.30
5.31 7.5 2.19 5.00 2.67 5.59 6.58 2.12 8.7 5.80 3.36 8.2 28.41 20.21 18.94 10.16 3.9 2.56 1.34 2.60 1.28 3.58 3.31 0.27 2.39 1.84
ARAN Differences between runs- 60mph
S11L1-L2S11L1-L3S11L2-L3Average |StdDev |S11R1-R{S11R1-R{S11R2-RjAverage |StdDev [S12L1-L2S12L1-L3S12L2-L3Average |StdDev [S12R1-R]S12R1-R{S12R2-RjAverage [StdDev [S13L1-L2S13L1-L3S13L2-L3Average [StdDev |S13R1-R]S13R1-R3 |S13R2-R3 [Average StdDev
2.06 2.97 5.03 3.35 1.52 16.06 16.73 0.67 11.15 9.09 3.94 6.64 10.58 7.05 3.34 10.73 5.14 5.59 7.15 3.11 6.85 2.56 9.41 6.27 3.46 0.7 2.55 3.25 2.17 1.32
0.2 22.15 22.35 14.90 12.73 6.75 2.28 4.47 4.50 2.24 2.05 11.94 13.99 9.33 6.38 12.58 13.02 0.44 8.68 7.14 12.66 14.46 27.12 18.08 7.88 5.33 4.04 1.29 3.55 2.06
5.48 6.98 12.46 8.31 3.67 7.37 1.75 9.12 6.08 3.85 20.72 13.74 6.98 13.81 6.87 15.89 4.71 11.18 10.59 5.61 5.92 5.34 11.26 7.51 3.26 9.01 2 7.01 6.01 3.61
21.02 19.52 15 14.01 10.86 1.18 2.5 1.32 1.67 0.73 3.16 1.83 1.33 211 0.95 8.55 2.25 10.8 7.20 4.43 1.55 13.79 12.24 9.19 6.66 10.11 6.26 3.85 6.74 3.16
19.33 15.22 34.55 23.03 10.18 2 0.45 1.55 1.33 0.80 19.94 17.63 2.31 13.29 9.58 4.46 5.54 1.08 3.69 2.33 1.61 6.91 8.52 5.68 3.62 0.02 0.37 0.35 0.25 0.20
0.72 8.73 8.01 5.82 4.43 0.22 4.58 4.36 3.05 2.46 4.89 0.84 5.73 3.82 2.61 13.31 6.23 7.08 8.87 3.87 5.5 8.64 3.14 5.76 2.76 1.01 7.66 6.65 5.11 3.58
8.87 18.05 26.92 17.95 9.03 141 1.72 3.13 2.09 0.92 11.21 2.12 13.33 8.89 5.96 11.75 10.05 1.7 7.83 5.38 3.53 241 5.94 3.96 1.80 8.62 4.05 4.57 5.75 2.50
7.25 14 8.65 5.77 3.85 7.7 12.41 4.71 8.27 3.88 0.32 8.73 8.41 5.82 4.77 5.83 3.46 9.29 6.19 2.93 3.76 1 4.76 3.17 1.95 1.85 5.16 3.31 3.44 1.66
15.03 9.29 5.74 10.02 4.69 2.05 0.07 1.98 1.37 1.12 14.97 9.25 5.72 9.98 4.67 4.09 14 5.49 3.66 2.08 8.34 3.04 11.38 7.59 4.22 1.46 1.72 0.26 1.15 0.78
12.89 3.49 9.4 8.59 4.75 7.46 11.01 3.55 7.34 3.73 10.07 5.21 4.86 6.71 291 33.87 14.17 19.7 22.58 10.16 2.08 2.19 0.11 1.46 1.17 1.99 1.51 3.5 2.33 1.04
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ICC Difference Between Runs-40mph

S1111-12S11L1-L3S11L2-L3 Average StdDev S11R1-RIS11R1-R'S11R2-R:Average StdDev S12L1-12S12L1-L3S12L2-L3Average StdDev S12R1-R:S12R1-R:S12R2-R!Average StdDev S13L1-1L2S13L1-L3S13L2-L3Average StdDev S13R1-R:S13R1-R3 S13R2-R3 Average StdDev
2.56 3.07 0.51 2.05 1.36 3.57 0.2 3.77 2.51 2.01 1.92 3.37 5.29 3.53 1.38 3.05 18.07 15.02 12.05 7.94 6.58 2.69 3.89 4.39 1.99 7.6 7.12 0.48 5.07 3.98
1.42 4.88 6.3 4.20 2.51 1.44 4.69 3.25 3.13 1.63 4.8 0.09 4.89 3.26 2.24 3.35 5.52 2.17 3.68 1.70 2.73 0.09 2.64 1.82 1.50 3.31 5.81 2.5 3.87 1.73
5.43 2.66 2.77 3.62 1.57 7.37 5.71 1.66 4.91 2.94 0.85 0.32 1.17 0.78 0.35 6.07 10.87 4.8 7.25 3.20 0.05 0.84 0.89 0.59 0.47 5.1 1.98 3.12 3.40 1.58
2.59 7.88 5.29 5.25 2.65 1.3 0.78 2.08 1.39 0.65 2.04 3.41 5.45 3.63 1.40 2.37 1.25 3.62 241 1.19 0.78 1.16 0.38 0.77 0.39 0.05 0.78 0.83 0.55 0.44
0.23 1.26 1.03 0.84 0.54 1.25 0.2 1.45 0.97 0.67 3.53 3.96 7.49 4.99 1.77 14.76 1.6 13.16 9.84 7.18 3.03 0.87 3.9 2.60 1.56 2.12 0.51 2.63 1.75 1.11
2.36 1.67 0.69 1.57 0.84 19.58 17.77 1.81 13.05 9.78 19.97 7.69 12.28 13.31 5.07 20.7 2.32 18.38 13.80 10.01 0.91 1.33 0.42 0.89 0.46 6.8 3.79 3.01 4.53 2.00
2.44 3.81 1.37 2.54 1.22 12.78 8.67 4.11 8.52 4.34 12.44 3.13 9.31 8.29 3.87 4.83 7.85 12.68 8.45 3.96 2.69 0.21 2.48 1.79 1.38 5.79 8.18 2.39 5.45 291
3.84 3.32 7.16 4.77 2.08 8.61 0.74 7.87 5.74 4.35 10.16 10.13 0.03 6.77 4.77 8.14 2.25 5.89 5.43 2.97 4.63 6.56 1.93 4.37 2.33 8.44 9.13 0.69 6.09 4.69
0.21 4.94 4.73 3.29 2.67 0.53 1.24 0.71 0.83 0.37 6.1 1.86 7.96 5.31 2.55 2.15 2.72 0.57 1.81 1.11 1.75 1.52 0.23 1.17 0.82 7.24 8.12 0.88 5.41 3.95
0.97 5.58 6.55 4.37 2.98 0.63 1.61 2.24 1.49 0.81 6.22 3.32 2.9 4.15 1.48 7.78 4.57 12.35 8.23 3.91 4.34 0.14 4.2 2.89 2.39 0.04 3.56 3.52 2.37 2.02

ICC Difference Between Runs-50mph
S11L1-L2S11L1-L3S11L2-L3Average |StdDev [S11R1-R]S11R1-R{S11R2-R{Average |StdDev |S12L1-L2S12L1-L3S12L2-L3Average |StdDev [S12R1-R]S12R1-R{S12R2-R{Average [StdDev |S13L1-L2S13L1-L3S13L2-L3Average |StdDev [S13R1-R{S13R1-R3 |S13R2-R3 |Average StdDev
14.52 20.51 5.99 13.67 7.30 15.44 1.91 17.35 11.57 8.42 9.1 1.11 7.99 6.07 4.33 7.58 4.93 2.65 5.05 247 7.08 4.53 2.55 4.72 2.27 0.4 0.93 1.33 0.89 0.47
0.19 6.72 6.91 4.61 3.83 10.69 11.12 0.43 7.41 6.05 5.52 8.15 2.63 5.43 2.76 0.54 1.78 1.24 1.19 0.62 2.62 3.81 1.19 2.54 1.31 3.85 2.29 1.56 2.57 1.17
2.16 0.99 3.15 2.10 1.08 10.06 11.14 1.08 7.43 5.52 9.96 4.78 5.18 6.64 2.88 114 8.87 2.53 7.60 4.57 6.2 9.78 3.58 6.52 3.11 3.19 5.93 2.74 3.95 1.73
6 0.82 5.18 4.00 2.78 2.82 10.83 8.01 7.22 4.06 11.62 13.57 1.95 9.05 6.22 2.6 3.52 0.92 2.35 1.32 1.15 4.19 5.34 3.56 2.16 5.2 2.09 3.11 3.47 1.59
18.68 0.48 19.16 12.77 10.65 7.22 3.12 10.34 6.89 3.62 2.03 3.71 1.68 247 1.09 11.69 2.77 8.92 7.79 4.57 3.66 0.98 4.64 3.09 1.89 3.3 18.03 14.73 12.02 7.73
3.1 2.47 5.57 3.71 1.64 6.92 10.11 3.19 6.74 3.46 3.74 1.88 1.86 2.49 1.08 9.98 5.43 4.55 6.65 291 3.3 13.37 10.07 8.91 5.13 0.91 7.23 6.32 4.82 3.42
5.16 2.18 7.34 4.89 2.59 5.83 4.56 1.27 3.89 2.35 6.59 7.02 0.43 4.68 3.69 5.17 3.86 1.31 3.45 1.96 7.44 5.06 2.38 4.96 2.53 4.01 1.72 5.73 3.82 2.01
8.75 10.6 1.85 7.07 4.61 2.31 19.26 16.95 12.84 9.19 0.13 2.79 2.66 1.86 1.50 10.28 6.81 3.47 6.85 3.41 1.37 6.83 8.2 5.47 3.61 0.58 1.5 0.92 1.00 0.47
6.84 6.52 0.32 4.56 3.68 5.16 2.47 2.69 3.44 1.49 8.96 8.75 0.21 5.97 4.99 1.78 3.82 5.6 3.73 1.91 7.06 0.4 7.46 4.97 3.97 4.72 0.67 4.05 3.15 2.17
6.33 14 4.93 4.22 2.54 6.51 2.08 8.59 5.73 3.32 5.14 10.28 5.14 6.85 2.97 2.26 8.45 6.19 5.63 3.13 2.74 0.49 3.23 2.15 1.46 2.62 4.81 2.19 3.21 1.41
ICC Difference Between Runs-60mph

S11L1-L2S11L1-L3S11L2-L3Average |StdDev [S11R1-R]S11R1-R{S11R2-R{Average |StdDev |S12L1-L2S12L1-L3S12L2-L3Average |StdDev [S12R1-R{Average |S13L1-L2S13L1-L3S13L2-L3Average |StdDev [S13R1-R]S13R1-R{S13R2-RjAverage [StdDev
4.07 2.77 6.84 4.56 2.08 3.63 7.53 3.9 5.02 2.18 10.8 10.72 0.08 7.20 6.17 0.34 0.34 2.52 15 1.02 1.68 0.77 17.03 4.76 12.27 11.35 6.19
8.22 6.44 1.78 5.48 3.33 10.22 2.21 8.01 6.81 4.14 6.11 1.03 5.08 4.07 2.69 1.33 1.33 7.33 12.17 4.84 8.11 3.73 14.14 8.37 5.77 9.43 4.28
5.37 8.76 3.39 5.84 2.72 5.03 3.09 8.12 5.41 2.54 8.9 6.55 2.35 5.93 3.32 1.09 1.09 3.94 4.09 0.15 2.73 2.23 18.69 1.56 20.25 13.50 10.37
6.36 8.72 2.36 5.81 3.22 3.99 2.42 6.41 4.27 2.01 6.91 5.53 1.38 4.61 2.88 2.67 2.67 8.06 3.54 4.52 5.37 2.38 0.17 4.89 5.06 3.37 2.78
0.54 11.21 10.67 7.47 6.01 16.07 0.71 15.36 10.71 8.67 0.02 4.67 4.65 3.11 2.68 1.3 1.30 6.32 8.19 1.87 5.46 3.25 2.4 4.43 6.83 4.55 2.22
2.21 3.8 1.59 2.53 1.14 10.77 2.31 13.08 8.72 5.67 9.01 7.63 1.38 6.01 4.07 2.06 2.06 4.25 10.49 6.24 6.99 3.19 10.55 4.15 6.4 7.03 3.25
7.14 7.31 0.17 4.87 4.07 6.86 6.19 0.67 4.57 3.40 13.97 3.81 10.16 9.31 5.13 3.89 3.89 6.02 9.76 3.74 6.51 3.04 1.98 0.4 1.58 1.32 0.82

16.06 15.6 0.46 10.71 8.88 0.76 3.09 3.85 2.57 1.61 5.41 4.43 9.84 6.56 2.88 11.45 11.45 3.01 3.34 6.35 4.23 1.84 2.64 3.21 5.85 3.90 171
0.56 4.14 4.7 3.13 2.25 4.51 5.49 0.98 3.66 2.37 2.69 3.21 0.52 2.14 1.43 3.91 3.91 2.84 3.89 1.05 2.59 1.44 3.68 6.59 2.91 4.39 1.94
5.91 6.38 12.29 8.19 3.56 1.92 0.67 1.25 1.28 0.63 0.02 1.94 1.96 1.31 111 5.95 5.95 2.72 0.26 2.46 1.81 1.35 5.58 0.09 5.67 3.78 3.20

Dynatest Difference Between Runs-40mph

S11L1-L2S11L1-L3S11L2-L3Average |StdDev [S11R1-R]S11R1-R{S11R2-R{Average |StdDev |S12L1-L2S12L1-L3S12L2-L3Average |StdDev [S12R1-R]S12R1-R{S12R2-R{Average [StdDev |S13L1-L2S13L1-L3S13L2-L3Average |StdDev [S13R1-R{S13R1-R3 |S13R2-R3 |Average StdDev
0.86 1.21 0.35 0.81 0.43 0.63 0.65 0.02 0.43 0.36 7.69 3.46 4.23 5.13 2.25 5.09 7.64 2.55 5.09 2.55 2.64 0.01 2.63 1.76 1.52 0.47 1.59 2.06 1.37 0.82
0.37 1.26 1.63 1.09 0.65 0.18 0.53 0.71 0.47 0.27 0.75 2.69 3.44 2.29 1.39 2.77 2.09 0.68 1.85 1.07 0.72 1.01 1.73 1.15 0.52 6.34 0.39 6.73 4.49 3.55
0.44 0.63 1.07 0.71 0.32 0.25 2.08 1.83 1.39 0.99 1.22 0.81 2.03 1.35 0.62 0.04 1.13 1.09 0.75 0.62 0.89 0.41 0.48 0.59 0.26 0.07 2.49 242 1.66 1.38

1.3 2.18 3.48 2.32 1.10 0.65 0.33 0.32 0.43 0.19 1.69 1.38 0.31 1.13 0.72 1.49 3.72 2.23 2.48 1.14 3.49 5.31 1.82 3.54 1.75 2.65 1.6 4.25 2.83 1.33
1.89 0.41 2.3 1.53 0.99 0.01 2.43 2.44 1.63 1.40 0.91 1.96 2.87 1.91 0.98 4.56 4.77 0.21 3.18 2.57 3.91 1.42 2.49 2.61 1.25 1.19 0.15 1.34 0.89 0.65
1.61 3.13 1.52 2.09 0.90 0.58 0.95 0.37 0.63 0.29 2.01 0.28 2.29 1.53 1.09 0.23 3.92 4.15 2.77 2.20 2.29 1.57 0.72 1.53 0.79 5.52 2.89 2.63 3.68 1.60
1.42 3.35 1.93 2.23 1.00 1.23 0.9 2.13 1.42 0.64 0.21 2.26 2.47 1.65 1.25 5.02 0.57 4.45 3.35 242 1.13 1.19 0.06 0.79 0.64 1.15 0.88 0.27 0.77 0.45
2.52 1.62 0.9 1.68 0.81 1.9 3.5 1.6 2.33 1.02 15.24 2.71 12.53 10.16 6.59 1.5 2 3.5 2.33 1.04 1.93 2.02 0.09 1.35 1.09 0.05 1.5 1.55 1.03 0.85
1.99 2.7 0.71 1.80 1.01 3.15 1.21 1.94 2.10 0.98 11.56 1.23 10.33 7.71 5.64 4.94 1.88 3.06 3.29 1.54 1.66 2.21 3.87 2.58 1.15 0.11 6.34 6.23 4.23 3.57

0.7 0.38 0.32 0.47 0.20 2.18 2.29 0.11 1.53 1.23 4.05 4.78 8.83 5.89 2.58 4.11 2.91 1.2 2.74 1.46 0.7 2.21 1.51 1.47 0.76 1.14 3.46 4.6 3.07 1.76
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Dynatest Difference Between Runs-50mph

S11L1-LAS11L1-L3S11L2-L3Average |StdDev [S11R1-R]S11R1-R{S11R2-R{Average |StdDev |S12L1-LAS12L1-L3S12L2-L3Average |StdDev [S12R1-R]S12R1-R{S12R2-R{Average |StdDev |S13L1-LS13L1-L3S13L2-L3Average |StdDev [S13R1-R]S13R1-R3 |S13R2-R3 |Average |StdDev
2.28 1.22 1.06 1.52 0.66 3.32 1.3 2.02 2.21 1.02 12.71 5.54 7.17 8.47 3.76 4.79 4.91 0.12 3.27 2.73 5.89 3.97 1.92 3.93 1.99 3.17 1.1 2.07 2.11 1.04
2.26 1.46 0.8 1.51 0.73 3.34 2.31 1.03 2.23 1.16 5.37 1.74 3.63 3.58 1.82 5.75 1.87 3.88 3.83 1.94 2.58 2.33 4.91 3.27 1.42 3.03 4.31 1.28 2.87 1.52
8.62 6.02 2.6 5.75 3.02 6.14 6.95 0.81 4.63 3.34 0.28 3.73 4.01 2.67 2.08 0.57 0.6 0.03 0.40 0.32 0.28 0.36 0.08 0.24 0.14 1.01 2.12 3.13 2.09 1.06
3.02 2.4 5.42 3.61 1.60 0.1 0.94 0.84 0.63 0.46 2.71 5.1 7.81 5.21 2.55 1.64 1.87 0.23 1.25 0.89 2.5 0.81 1.69 1.67 0.85 0.95 2.03 2.98 1.99 1.02
1.51 0.77 0.74 1.01 0.44 3.99 0.71 3.28 2.66 1.73 0.82 1.49 2.31 1.54 0.75 2.04 2.71 4.75 3.17 1.41 1.36 1.46 2.82 1.88 0.82 2.18 1.43 3.61 241 1.11
2.88 1.45 4.33 2.89 1.44 2.72 1.24 1.48 1.81 0.79 3.57 0.34 3.23 2.38 1.77 0.62 4.17 3.55 2.78 1.90 8.55 0.97 7.58 5.70 4.12 0.69 3.67 2.98 2.45 1.56

1.9 0.55 1.35 1.27 0.68 8.27 2.19 6.08 5.51 3.08 1.98 0.14 1.84 1.32 1.02 3.57 0.78 4.35 2.90 1.88 1.36 0.86 2.22 1.48 0.69 2.54 1.49 4.03 2.69 1.28
2.36 0.22 2.14 1.57 1.18 2.77 2.42 0.35 1.85 1.31 4.08 2.77 1.31 2.72 1.39 2.63 0.95 1.68 1.75 0.84 0.61 4.73 5.34 3.56 2.57 0.49 1.49 1 0.99 0.50
3.51 2.31 5.82 3.88 1.78 1.9 2.47 0.57 1.65 0.98 0.7 2.25 1.55 1.50 0.78 0.36 0.04 0.32 0.24 0.17 2.84 4.6 7.44 4.96 2.32 2.17 4.65 6.82 4.55 2.33
4.04 2.77 1.27 2.69 1.39 1.68 2.78 1.1 1.85 0.85 0.5 0.38 0.12 0.33 0.19 1.42 4.13 5.55 3.70 2.10 0.23 0.56 0.33 0.37 0.17 1.72 3.37 1.65 2.25 0.97

Dynatest Difference Between Runs-60mph

S11L1-LAS11L1-L3S11L2-L3Average |StdDev [S11R1-R]S11R1-R{S11R2-R{Average |StdDev |S12L1-LAS12L1-L3S12L2-L3Average |StdDev [S12R1-R]S12R1-R{S12R2-R{Average |StdDev |S13L1-LS13L1-L3S13L2-L3Average |StdDev [S13R1-R]S13R1-R3 |S13R2-R3 |Average |StdDev
1.34 1.49 0.15 0.99 0.73 1.71 2.89 4.6 3.07 1.45 2.79 0.74 3.53 2.35 1.45 2.44 2.05 4.49 2.99 1.31 0.07 0.68 0.75 0.50 0.37 0.6 2.72 2.12 1.81 1.09
4.81 1.16 3.65 3.21 1.86 5.06 0.04 5.1 3.40 2.91 2.04 1.85 0.19 1.36 1.02 1.27 0.57 1.84 1.23 0.64 1.46 3.54 2.08 2.36 1.07 0.91 2.63 1.72 1.75 0.86

6.2 2.02 4.18 4.13 2.09 5.56 3.35 2.21 3.71 1.70 1.29 0.21 1.08 0.86 0.57 0.14 3.03 3.17 2.11 1.71 0.81 1.29 0.48 0.86 0.41 0.49 0.87 0.38 0.58 0.26
0.79 5.23 4.44 3.49 2.37 1.85 2.33 4.18 2.79 1.23 0.59 2.9 3.49 2.33 1.53 0.68 3.1 2.42 2.07 1.25 0.34 4.92 5.26 3.51 2.75 1.14 0.31 0.83 0.76 0.42
1.87 5.51 3.64 3.67 1.82 1.34 4.56 3.22 3.04 1.62 1.43 2.27 0.84 1.51 0.72 1.95 4.16 2.21 2.77 1.21 0.47 2.47 2.94 1.96 1.31 2.3 8.52 6.22 5.68 3.14
1.75 2.03 3.78 2.52 1.10 3.11 4.22 1.11 2.81 1.58 1.99 8.94 6.95 5.96 3.58 0.96 0.13 0.83 0.64 0.45 5.58 5.25 0.33 3.72 2.94 0.49 2.3 2.79 1.86 1.21
2.53 0.43 2.1 1.69 1.11 2 3.34 5.34 3.56 1.68 1.31 6.89 5.58 4.59 2.92 1.7 1.64 3.34 2.23 0.96 4.2 5.98 1.78 3.99 2.11 3.25 2.81 0.44 2.17 1.51

5.9 1.35 4.55 3.93 2.34 2.97 0.22 2.75 1.98 1.53 0.46 1.25 0.79 0.83 0.40 2.22 1.54 0.68 1.48 0.77 1.71 3.86 2.15 2.57 1.14 2.78 1.38 1.4 1.85 0.80
4.72 0.43 4.29 3.15 2.36 0.61 2.82 2.21 1.88 1.14 0.61 2.18 1.57 1.45 0.79 1.51 5.97 4.46 3.98 2.27 3.61 0.72 2.89 2.41 1.50 3.07 5.71 2.64 3.81 1.66
0.33 0.02 0.35 0.23 0.19 3.06 2.33 0.73 2.04 1.19 1.14 1.03 0.11 0.76 0.57 1.04 2.89 1.85 1.93 0.93 0.92 0.29 0.63 0.61 0.32 1.6 2.94 1.34 1.96 0.86
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Table C5. IRI Difference between Runs - Route 195

WALKING PROFILER Differences

S1L1-S11S1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3lS3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3S3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev
4.84 11.04 6.2 7.36 3.26 3.47 1.25 2.22 2.31 1.11 0.04 2.27 2.31 1.54 1.30 2.3 7.6 9.9 6.60 3.90 3.25 1.22 2.03 2.17 1.02 7.72 7.56 15.28 10.19 4.41
7.08 7.16 0.08 4.77 4.06 6.91 4.99 1.92 4.61 2.52 18.98 3.13 15.85 12.65 8.39 3.25 1.78 5.03 3.35 1.63 4.96 14.74 9.78 9.83 4.89 6.99 9.23 2.24 6.15 3.57

15.55 6.47 9.08 10.37 4.67 4.8 1.9 2.9 3.20 1.47 6.8 11.18 4.38 7.45 3.45 6.06 6.15 0.09 4.10 3.47 0.09 1.43 1.34 0.95 0.75 0.28 3.14 2.86 2.09 1.58
9.25 14.03 4.78 9.35 4.63 5.01 4.55 0.46 3.34 2.50 9.18 3.8 5.38 6.12 2.77 3.88 3.08 6.96 4.64 2.05 15.49 11.43 4.06 10.33 5.79 4.37 1.21 3.16 291 1.59
13.11 5.84 7.27 8.74 3.85 1.23 0.43 0.8 0.82 0.40 11.14 9.58 1.56 7.43 5.14 5.91 16.39 10.48 10.93 5.25 2.94 7.84 4.9 5.23 247 2.85 5.89 8.74 5.83 2.95
7.52 1.14 6.38 5.01 3.40 6.08 1.07 5.01 4.05 2.64 2.22 1.87 4.09 2.73 1.19 2.76 6.7 9.46 6.31 3.37 11.55 1.77 9.78 7.70 5.21 0.98 5.76 6.74 4.49 3.08
241 1.78 0.63 1.61 0.90 1.84 4.03 5.87 3.91 2.02 4.48 7.12 2.64 4.75 2.25 14.25 10.72 3.53 9.50 5.46 3.07 9.27 12.34 8.23 4.72 6.78 0.2 6.58 4.52 3.74
6.74 6.32 0.42 4.49 3.53 6.79 10.71 3.92 7.14 3.41 2.66 8.67 6.01 5.78 3.01 12.65 3.31 15.96 10.64 6.56 1.3 6.51 5.21 4.34 2.71 2.94 8.71 5.77 5.81 2.89
4.34 1.29 3.05 2.89 1.53 10.99 12.71 1.72 8.47 5.91 0.8 3.54 4.34 2.89 1.86 10.21 7.85 2.36 6.81 4.03 10 3.71 6.29 6.67 3.16 0.11 1.08 1.19 0.79 0.59
17.86 28.5 10.64 19.00 8.98 5.84 4.86 10.7 7.13 3.13 8.96 0.28 9.24 6.16 5.09 2.53 0.48 2.05 1.69 1.07 2.65 4.32 6.97 4.65 2.18 0.59 0.81 0.22 0.54 0.30
ARAN Differences between runs-40mph

S1L1-S11S1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3lS3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3S3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev
3.24 12.15 15.39 10.26 6.29 6.53 7.7 1.17 5.13 3.48 19.86 13.83 6.03 13.24 6.93 11.66 20.35 8.69 13.57 6.06 124 15.23 2.83 10.15 6.50 50.65 9.53 41.12 33.77 21.52
7.92 3.61 4.31 5.28 2.31 6.26 4.03 10.29 6.86 3.17 5.38 1.53 3.85 3.59 1.94 14.43 7.95 6.48 9.62 4.23 18.49 3.63 22.12 14.75 9.80 241 25.31 27.72 18.48 13.97

18.92 6.67 12.25 12.61 6.13 21.88 9.69 12.19 14.59 6.44 3.64 1.06 2.58 2.43 1.30 8.48 7.34 1.14 5.65 3.95 33.07 15.01 18.06 22.05 9.67 16.93 21.91 4.98 14.61 8.70
1.72 9.85 8.13 6.57 4.28 0.27 6.32 6.05 4.21 3.42 7.19 12.23 5.04 8.15 3.69 8.36 1.95 6.41 5.57 3.29 17.23 1.7 18.93 12.62 9.50 34.91 0.73 35.64 23.76 19.95
2.22 0.74 1.48 1.48 0.74 18.51 1.65 16.86 12.34 9.29 6.93 5.51 1.42 4.62 2.86 6.24 3.16 9.4 6.27 3.12 3.66 2.27 5.93 3.95 1.85 7.89 6.92 14.81 9.87 4.30
4.25 3.15 7.4 4.93 2.21 10.61 12.78 23.39 15.59 6.84 11.11 36.98 25.87 24.65 12.98 23.2 17.41 5.79 15.47 8.87 4.42 4.19 0.23 2.95 2.36 7.45 4.52 11.97 7.98 3.75
1.14 0.06 1.2 0.80 0.64 9.54 4.58 4.96 6.36 2.76 17.45 25.45 8 16.97 8.74 36.37 8.21 28.16 24.25 14.48 44.63 44.34 0.29 29.75 25.52 52.4 38.37 14.03 34.93 19.41
3.64 6.74 10.38 6.92 3.37 8.35 3.35 5 5.57 2.55 30.34 4.73 25.61 20.23 13.63 20.85 0.16 20.69 13.90 11.90 10.18 6.5 3.68 6.79 3.26 44.97 31.2 13.77 29.98 15.64
1.05 0.64 1.69 1.13 0.53 23.7 15.67 8.03 15.80 7.84 12.54 21.34 33.88 22.59 10.72 16.29 9.11 7.18 10.86 4.80 9.73 7.12 2.61 6.49 3.60 9.23 2.18 1141 7.61 4.82
24.1 18.74 5.36 16.07 9.65 14.67 7.36 7.31 9.78 4.23 48.33 16.32 32.01 32.22 16.01 10.96 8.97 1.99 7.31 4.71 8.82 0.78 8.04 5.88 4.43 24.35 5.97 18.38 16.23 9.38

ARAN Differences between runs-50mph

S1L1-S11S1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3US3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3S3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev
5.07 0.34 4.73 3.38 2.64 1.85 20.08 18.23 13.39 10.03 28.59 19.58 48.17 32.11 14.62 24.1 4.83 19.27 16.07 10.03 8.4 7.53 15.93 10.62 4.62 17.62 1.83 15.79 11.75 8.64
4.12 1.73 5.85 3.90 2.07 1.17 14.41 15.58 10.39 8.00 16.8 14.33 2.47 11.20 7.66 37.75 10.77 26.98 25.17 13.58 13.81 6.23 7.58 9.21 4.04 35.74 30.56 5.18 23.83 16.35

14.25 15.89 1.64 10.59 7.80 11.65 49.98 38.33 33.32 19.65 46.68 20.82 25.86 31.12 13.71 23.86 5.89 29.75 19.83 12.43 5.59 7.36 1.77 4.91 2.86 27.73 4 31.73 21.15 14.99
19.79 22.84 42.63 28.42 12.40 6.05 67.52 61.47 45.01 33.88 47.76 16.38 31.38 31.84 15.70 32.84 11.44 21.4 21.89 10.71 0.48 1.79 2.27 1.51 0.93 5.1 7.67 2.57 5.11 2.55
3.26 2.12 1.14 2.17 1.06 7.58 24.7 17.12 16.47 8.58 34.48 7.63 42.11 28.07 18.11 16.07 16.08 32.15 21.43 9.28 5.92 1.96 3.96 3.95 1.98 4.95 7.91 2.96 5.27 2.49

7.3 5.65 1.65 4.87 2.91 3.23 15.54 18.77 12.51 8.20 24.39 23.13 1.26 16.26 13.01 24.26 16.25 8.01 16.17 8.13 32.51 28.64 3.87 21.67 15.54 24.47 23.65 0.82 16.31 13.42
3.27 3 0.27 2.18 1.66 4.51 3.06 1.45 3.01 1.53 19.31 49.83 30.52 33.22 15.44 15.15 5.81 9.34 10.10 4.72 34.21 34.53 0.32 23.02 19.66 18.08 14.31 3.77 12.05 7.42
3.65 1.47 5.12 3.41 1.84 1.86 8.74 6.88 5.83 3.56 13.24 5.12 8.12 8.83 4.11 24.86 16 8.86 16.57 8.02 8.89 14.95 6.06 9.97 4.54 7.42 5.64 13.06 8.71 3.87
7.47 1.17 8.64 5.76 4.02 1 5.51 4.51 3.67 2.37 35.29 23.95 11.34 23.53 11.98 9.66 23.02 13.36 15.35 6.90 16.89 7.55 9.34 11.26 4.96 10.03 22.03 12 14.69 6.44
16.06 9.17 6.89 10.71 4.77 8.51 4.99 3.52 5.67 2.56 12.5 24.75 12.25 16.50 7.15 1.62 1.08 2.7 1.80 0.82 7.16 21.98 14.82 14.65 7.41 64.49 72.98 8.49 48.65 35.04

ARAN Differences between runs-60mph

S1L1-S11S1L1-S1S1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3lS3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3S3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev

90.12 79.81 10.31 60.08 43.41 11.98 4.56 7.42 7.99 3.74 52.75 18.68 34.07 35.17 17.06 12.38 19.66 7.28 13.11 6.22 1.82 15 13.18 10.00 7.14 22.77 4.64 27.41 18.27 12.03

10.71 17.78 7.07 11.85 5.45 7.19 20.4 27.59 18.39 10.35 1.39 0.21 1.18 0.93 0.63 2.13 9.76 11.89 7.93 5.13 19.48 26.48 45.96 30.64 13.72 6.81 45.53 52.34 34.89 24.56

27.22 6.54 33.76 22.51 14.21 9.39 11.39 20.78 13.85 6.08 8.15 0.31 7.84 5.43 4.44 18.5 1.19 19.69 13.13 10.35 28.02 17.84 45.86 30.57 14.18 35.86 68.43 32.57 45.62 19.82

17.62 13.1 4.52 11.75 6.65 40.89 8.71 32.18 27.26 16.64 4.67 15.3 19.97 13.31 7.84 13.95 22.37 8.42 14.91 7.02 24.33 23.87 48.2 32.13 13.92 40.55 0.58 41.13 27.42 23.25

18.82 1.42 20.24 13.49 10.48 43.11 12.62 30.49 28.74 15.32 19.76 6.33 13.43 13.17 6.72 14.44 3.44 17.88 11.92 7.54 4.43 4.87 9.3 6.20 2.69 64.85 3.74 68.59 45.73 36.41

20.39 19.95 0.44 13.59 11.39 9.7 9.76 0.06 6.51 5.58 28.48 20.1 8.38 18.99 10.10 25.22 1.73 23.49 16.81 13.09 9.9 46.43 36.53 30.95 18.89 29.92 30.72 60.64 40.43 17.51

13.28 1.11 12.17 8.85 6.73 4.31 10.23 14.54 9.69 5.14 15.42 20.28 35.7 23.80 10.59 10.77 17.94 28.71 19.14 9.03 29.18 10.48 39.66 26.44 14.78 25.96 17.55 8.41 17.31 8.78

32.49 19.76 12.73 21.66 10.02 8.24 1.66 9.9 6.60 4.36 81.45 14.58 96.03 64.02 43.43 42.55 6.12 48.67 32.45 23.00 10.97 8.1 19.07 12.71 5.69 15.87 28.79 44.66 29.77 14.42
1.41 19.02 17.61 12.68 9.79 10.19 11.69 1.5 7.79 5.50 32.28 13.91 46.19 30.79 16.19 33.94 30.74 64.68 43.12 18.74 13.34 46.95 33.61 31.30 16.92 34.25 34.19 68.44 45.63 19.76

17.65 0.16 17.81 11.87 10.14 8.81 9.01 17.82 11.88 5.15 31.69 7.61 39.3 26.20 16.54 2.84 15.67 18.51 12.34 8.35 19.72 3.01 16.71 13.15 8.91 5.08 52.2 47.12 34.80 25.86

386




ICC Differences between runs-40mph

S1L1-S11S1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3lS3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3S3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev
4.94 5.88 10.82 7.21 3.16 3.18 17.54 20.72 13.81 9.34 66.59 8.8 57.79 44.39 31.14 26.68 0.21 26.47 17.79 15.22 3.47 0.2 3.27 2.31 1.83 19.82 28.34 8.52 18.89 9.94
1.45 0.75 2.2 1.47 0.73 1.85 1.04 2.89 1.93 0.93 30.83 33.84 3.01 22.56 17.00 55.33 46.16 9.17 36.89 24.44 7.55 28.42 35.97 23.98 14.72 13.3 25.28 38.58 25.72 12.65
2.87 0.73 3.6 2.40 1.49 15.3 11.24 4.06 10.20 5.69 18.86 14.9 3.96 12.57 7.72 5.67 9.24 3.57 6.16 2.87 3.46 4.33 0.87 2.89 1.80 4.11 11.34 15.45 10.30 5.74
17.6 16.23 1.37 11.73 9.00 46.42 46.16 0.26 30.95 26.58 10.51 15.34 4.83 10.23 5.26 3.04 9.81 6.77 6.54 3.39 3.16 15.09 18.25 12.17 7.96 5.67 8.54 14.21 9.47 4.35

13.22 8.78 4.44 8.81 4.39 13.5 8.77 4.73 9.00 4.39 2 5.46 3.46 3.64 1.74 12.2 10.31 1.89 8.13 5.49 0.45 0.92 0.47 0.61 0.27 8.79 1.92 6.87 5.86 3.54
6.45 3.57 2.88 4.30 1.89 9.09 4.57 4.52 6.06 2.62 24.62 7.77 16.85 16.41 8.43 1.39 10.37 11.76 7.84 5.63 5.32 16.25 21.57 14.38 8.28 14.38 5.36 9.02 9.59 4.54
6.14 4.26 1.88 4.09 2.13 22.2 24.33 2.13 16.22 12.25 7.75 4.65 3.1 5.17 2.37 22.24 14.34 7.9 14.83 7.18 25.19 23.06 48.25 32.17 13.97 23.21 15.29 7.92 15.47 7.65
5.07 9.28 4.21 6.19 2.71 7.18 10.51 3.33 7.01 3.59 7.31 13.37 6.06 8.91 3.91 11.33 14.81 3.48 9.87 5.80 7.53 0.39 7.14 5.02 4.01 2.94 17.32 14.38 11.55 7.60
7.96 9.74 1.78 6.49 4.18 4.77 4.26 9.03 6.02 2.62 12.29 1.67 13.96 9.31 6.67 9.12 0.04 9.08 6.08 5.23 0.39 6.83 7.22 4.81 3.84 11.28 11.56 0.28 7.71 6.43

11.81 18.67 6.86 12.45 5.93 44.7 3.44 48.14 32.09 24.87 6.52 13.78 7.26 9.19 4.00 6.75 0.08 6.67 4.50 3.83 7.19 3.5 3.69 4.79 2.08 10.04 10.81 0.77 7.21 5.59

ICC Differences between runs-50mph

S1L1-S11S1L1-S1S1L2-S1lAverage |StdDev [S1R1-S1jAverage |S3L1-S3US3L1-S3LS3L2-S3UAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average |StdDev |S3L1-S3S3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3[S3R1-S3|S3R2-S3|Average [StdDev

18.29 19.36 1.07 12.91 10.26 7.47 7.47 32.55 6.67 39.22 26.15 17.19 18.51 0.98 19.49 12.99 10.42 6.07 3.73 9.8 6.53 3.06 7.83 39.5 31.67 26.33 16.50

42.62 32.81 9.81 28.41 16.84 9.47 9.47 7.71 7.67 0.04 5.14 4.42 42.29 42.61 0.32 28.41 24.32 2.46 5.88 8.34 5.56 2.95 11.96 9.59 2.37 7.97 5.00
1.93 10.81 8.88 7.21 4.67 12.91 12.91 34.95 26.35 8.6 23.30 13.44 0.58 11.09 10.51 7.39 5.91 5.94 6.59 0.65 4.39 3.26 14.56 8.2 6.36 9.71 4.30
7.02 4.79 2.23 4.68 2.40 37.28 37.28 16.4 21.84 38.24 25.49 11.37 10.79 0.19 10.98 7.32 6.18 6.8 3.65 3.15 4.53 1.98 1.37 4.94 3.57 3.29 1.80
2.43 1.68 0.75 1.62 0.84 24.69 24.69 2.39 11.16 8.77 7.44 4.53 24 3.43 5.83 3.89 1.76 0.69 2.55 3.24 2.16 1.32 2.17 2.97 5.14 3.43 1.54
4.31 2.28 6.59 4.39 2.16 0.54 0.54 7.64 51.4 43.76 34.27 23.37 6.18 40.5 46.68 31.12 21.82 4.34 3.48 7.82 5.21 2.30 2.78 0.24 2.54 1.85 1.40

12.21 7.5 4.71 8.14 3.79 14.31 14.31 6.97 12.16 19.13 12.75 6.10 9.83 17.87 27.7 18.47 8.95 16.96 6.81 23.77 15.85 8.53 21.09 3.38 24.47 16.31 11.33

4.3 2.68 1.62 2.87 1.35 3.12 3.12 8.45 22.19 13.74 14.79 6.93 5.24 28.39 23.15 18.93 12.14 1.79 3.08 1.29 2.05 0.92 7.75 1.93 9.68 6.45 4.03

13.16 12.8 0.36 8.77 7.29 7.08 7.08 1.03 7.26 8.29 5.53 3.93 15.89 3.69 19.58 13.05 8.32 4.95 0.91 5.86 3.91 2.63 2.06 4.92 2.86 3.28 1.48

25.18 37.11 11.93 24.74 12.60 12.42 12.42 6.36 15.23 21.59 14.39 7.65 15.44 11.14 26.58 17.72 7.97 2.17 11.8 9.63 7.87 5.05 5.35 24.37 19.02 16.25 9.81
ICC Differences between runs-60mph

S1L1-S11S1L1-S1S1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3lS3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3S3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev

5.39 14.14 8.75 9.43 4.41 28.04 15.61 12.43 18.69 8.25 16.93 8.56 8.37 11.29 4.89 10.19 17.53 7.34 11.69 5.26 23.65 1.09 24.74 16.49 13.35 21.96 23.52 1.56 15.68 12.25

28.07 31.56 3.49 21.04 15.30 15.75 16.82 1.07 11.21 8.80 10.57 6.68 3.89 7.05 3.36 20.64 22.53 1.89 15.02 11.41 30.43 13.79 16.64 20.29 8.90 23.35 14.64 8.71 15.57 7.36
11.3 13.48 2.18 8.99 5.99 17.84 18.39 0.55 12.26 10.14 39.54 27.33 12.21 26.36 13.69 8.29 1.01 7.28 5.53 3.94 8.17 3.86 12.03 8.02 4.09 7.65 1.39 6.26 5.10 3.29
14.44 9.61 4.83 9.63 4.81 75.42 6.75 68.67 50.28 37.85 3.07 6.18 3.11 4.12 1.78 2.33 5.2 7.53 5.02 2.60 3.2 0.13 3.07 2.13 1.74 3.45 0.61 4.06 2.71 1.84
11.38 2.38 9 7.59 4.66 9.68 10.65 0.97 7.10 5.33 4.65 1.02 5.67 3.78 2.44 0.76 0.63 0.13 0.51 0.33 0.27 0.13 0.4 0.27 0.14 3.42 3.78 0.36 2.52 1.88
6.03 8.17 2.14 5.45 3.06 16.35 17.42 1.07 11.61 9.15 3.7 0.21 3.49 2.47 1.96 5.14 1.95 7.09 4.73 2.59 14.58 1.54 13.04 9.72 7.13 1.02 1.13 0.11 0.75 0.56
7.05 4.98 2.07 4.70 2.50 2.33 24.69 27.02 18.01 13.63 34.49 30.92 3.57 22.99 16.92 6.72 6.37 0.35 4.48 3.58 30.8 5.96 36.76 24.51 16.34 7.51 3.75 11.26 7.51 3.76
11 8.84 2.16 7.33 4.61 10.2 1.16 9.04 6.80 4.92 6.23 4.76 10.99 7.33 3.26 1.66 6.17 7.83 5.22 3.19 1.29 7.64 6.35 5.09 3.36 19.44 0.01 19.45 12.97 11.22
7.97 17.44 9.47 11.63 5.09 4.16 6.63 10.79 7.19 3.35 10.41 4.97 5.44 6.94 3.01 0.24 7.48 7.24 4.99 4.11 0.77 5.62 4.85 3.75 2.61 7.92 6.76 14.68 9.79 4.28
13.15 10.22 2.93 8.77 5.26 10.05 16.87 6.82 11.25 5.13 4.92 5.81 0.89 3.87 2.62 13.86 5.38 8.48 9.24 4.29 4.71 23.89 19.18 15.93 10.00 26 17.46 43.46 28.97 13.25

Dynatest Differences between runs-40mph

S1L1-S11S1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1|S1R2-S1jAverage |StdDev |S3L1-S3lS3L1-S3l{S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3|S3R2-S3|Average [StdDev |S3L1-S3US3L1-S3lS3L2-S3lAverage |StdDev |S3R1-S3[S3R1-S3R3|S3R2-S3R3|Average StdDev

241 5.04 2.63 3.36 1.46 7.06 0.3 7.36 4.91 3.99 6.59 26.34 19.75 17.56 10.06 10.79 43.76 54.55 36.37 22.80 1.91 23.31 25.22 16.81 12.94 34.45 11.07 23.38 22.97 11.70
25.56 0.17 25.39 17.04 14.61 8.45 0.85 7.6 5.63 4.16 12.74 34.7 21.96 23.13 11.03 18.67 29.83 48.5 32.33 15.07 0.7 11.67 10.97 7.78 6.14 1.55 13.59 15.14 10.09 7.44
7.57 0.43 7.14 5.05 4.00 5.54 2.79 2.75 3.69 1.60 145 35.89 50.39 33.59 18.05 6.03 0.4 6.43 4.29 3.37 3.05 20.93 17.88 13.95 9.56 1.15 5.13 6.28 4.19 2.69
17.65 2.35 20 13.33 9.58 2.67 1.24 1.43 1.78 0.78 5.13 1.27 3.86 3.42 1.97 6.91 8.35 15.26 10.17 4.46 7.84 12.52 4.68 8.35 3.94 2.97 14.14 11.17 9.43 5.79
3.42 4.83 1.41 3.22 1.72 1.05 1.74 2.79 1.86 0.88 6.39 12.64 6.25 8.43 3.65 0.84 6.17 5.33 4.11 2.87 0.08 0.29 0.21 0.19 0.11 3.99 2.59 1.4 2.66 1.30
0.79 0.14 0.93 0.62 0.42 2.12 4.05 1.93 2.70 1.17 4.15 42.81 38.66 28.54 21.22 8.12 56.2 48.08 37.47 25.74 4.93 5.12 10.05 6.70 2.90 0.34 1.37 1.03 0.91 0.52
2.66 2.92 0.26 1.95 1.47 0.01 1.84 1.85 1.23 1.06 11.39 26.19 14.8 17.46 7.75 3.21 6.26 9.47 6.31 3.13 23.52 0.02 23.5 15.68 13.56 18.72 3.73 22.45 14.97 9.91
5.59 7.03 1.44 4.69 2.90 0.39 1.71 2.1 1.40 0.90 1.22 3.04 1.82 2.03 0.93 10.98 4.8 15.78 10.52 5.50 13.71 10.34 3.37 9.14 5.27 79.45 25.69 53.76 52.97 26.89
2.28 2.39 0.11 1.59 1.29 1.01 1.01 2.02 1.35 0.58 14.26 14.25 0.01 9.51 8.22 0.97 10.5 9.53 7.00 5.24 1.45 2.76 4.21 2.81 1.38 10.75 22.33 11.58 14.89 6.46
6.64 4.55 2.09 4.43 2.28 26 27.79 1.79 18.53 14.52 14.3 6.56 20.86 13.91 7.16 9.7 5.41 15.11 10.07 4.86 2.89 12.93 15.82 10.55 6.79 13.03 25.45 12.42 16.97 7.35

387




Dynatest Differences between runs-50mph

S1L1-S1lS1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1§S1R2-S1fAverage |StdDev |S3L1-S3IS3L1-S3S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3[S3R2-S3|Average |StdDev |S3L1-S3US3L1-S3S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3R3|S3R2-S3R3|Average  |StdDev
2.17 0.87 3.04 2.03 1.09 14.23 7.05 7.18 9.49 4.11 11.04 3.79 14.83 9.89 5.61 1.49 9.89 8.4 6.59 4.48 0.38 4.9 5.28 3.52 2.73 8.29 0.9 9.19 6.13 4.55
4.66 22.4 17.74 14.93 9.20 3.19 14.69 17.88 11.92 7.73 7.11 1.71 8.82 5.88 3.71 1.51 32.74 34.25 22.83 18.48 3.01 0.09 2.92 2.01 1.66 6.46 0.32 6.78 4.52 3.64
7.89 7.87 15.76 10.51 4.55 0.5 15.04 14.54 10.03 8.25 9.68 29.84 20.16 19.89 10.08 8.04 6.38 14.42 9.61 4.24 3.21 5.21 2 3.47 1.62 21.51 29.46 7.95 19.64 10.88
0.24 13.3 13.06 8.87 7.47 8.16 0.58 8.74 5.83 4.55 0.5 10.05 9.55 6.70 5.38 0.31 4.17 3.86 2.78 2.14 8.27 5.03 3.24 5.51 2.55 5.32 5.78 0.46 3.85 2.95
4.13 6.01 1.88 4.01 2.07 2.52 3.97 1.45 2.65 1.26 8.56 3.62 4.94 5.71 2.56 8.87 4.4 4.47 5.91 2.56 0.17 0.31 0.14 0.21 0.09 2.45 0.39 2.06 1.63 1.09
1.13 0.67 0.46 0.75 0.34 2.26 1.44 0.82 1.51 0.72 30.36 31.17 0.81 20.78 17.30 9.46 0.49 8.97 6.31 5.04 5.61 11.2 16.81 11.21 5.60 0.07 5.33 5.26 3.55 3.02
2.17 1.85 4.02 2.68 1.17 5.68 6.93 1.25 4.62 2.98 1.25 4.74 5.99 3.99 2.46 0.43 14.56 14.99 9.99 8.28 6.27 11.46 5.19 7.64 3.35 1.85 11.67 13.52 9.01 6.27

11.25 5.32 5.93 7.50 3.26 3.19 11.96 8.77 7.97 4.44 1.75 0.28 2.03 1.35 0.94 3.72 6.06 2.34 4.04 1.88 7.91 17.2 9.29 11.47 5.01 15.97 13.72 2.25 10.65 7.36
3.24 0.85 2.39 2.16 1.21 3.82 2.01 1.81 2.55 1.11 1.91 2.85 0.94 1.90 0.96 21.42 23.97 2.55 15.98 11.70 3.57 1.73 1.84 2.38 1.03 1.89 1.58 0.31 1.26 0.84
4.68 7.01 2.33 4.67 2.34 3.93 2.13 1.8 2.62 1.15 2.65 4.62 1.97 3.08 1.38 5.5 20.45 25.95 17.30 10.58 15.03 14.78 0.25 10.02 8.46 30.24 50.29 20.05 33.53 15.39

Dynatest Differences between runs-60mph

S1L1-S1lS1L1-S1lS1L2-S1lAverage |StdDev [S1R1-S1|S1R1-S1§S1R2-S1fAverage |StdDev |S3L1-S3lS3L1-S3S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3[S3R2-S3|Average |StdDev |S3L1-S3US3L1-S3S3L2-S3lAverage |StdDev [S3R1-S3|S3R1-S3R3|S3R2-S3R3|Average  |StdDev
7.71 6.47 1.24 5.14 3.43 15.04 8.84 23.88 15.92 7.56 7.13 2.45 9.58 6.39 3.62 20.3 8.13 12.17 13.53 6.20 5.02 2.89 2.13 3.35 1.50 32.6 44.86 12.26 29.91 16.47
3.47 30.12 33.59 22.39 16.48 9.15 8.55 17.7 11.80 5.12 2.14 9.94 7.8 6.63 4.03 6.24 34.17 27.93 22.78 14.66 8.55 10.29 1.74 6.86 4.52 23.05 17.88 5.17 15.37 9.20
7.48 1.24 8.72 5.81 4.01 19.25 0.14 19.39 12.93 11.07 22.83 25.81 48.64 32.43 14.12 15.65 6.89 8.76 10.43 4.61 18.45 0.74 17.71 12.30 10.02 3.7 0.24 3.94 2.63 2.07
8.74 0.85 9.59 6.39 4.82 0.34 17.7 18.04 12.03 10.12 46.88 12.9 33.98 31.25 17.15 9 24.21 15.21 16.14 7.65 0.93 0.89 1.82 1.21 0.53 0.02 1.72 1.74 1.16 0.99
0.22 2.26 2.04 1.51 1.12 2.24 9.26 7.02 6.17 3.59 4.96 15.93 20.89 13.93 8.15 29.9 2.17 32.07 21.38 16.67 0.02 0.97 0.95 0.65 0.54 1.7 3.02 1.32 2.01 0.89
0.53 2.12 1.59 1.41 0.81 7.2 7.39 0.19 4.93 4.10 12.8 1.82 14.62 9.75 6.92 0.59 12.08 11.49 8.05 6.47 0.37 2.86 2.49 1.91 1.34 4.41 0.57 3.84 2.94 2.07
4.56 3.55 1.01 3.04 1.83 0.22 1 1.22 0.81 0.53 36.43 4.14 32.29 24.29 17.57 6.94 13.4 6.46 8.93 3.88 3.87 8.63 12.5 8.33 4.32 2.63 5.5 8.13 5.42 2.75

13.11 9.18 3.93 8.74 4.61 11.32 10.68 0.64 7.55 5.99 7.04 0.74 7.78 5.19 3.87 7.27 3.45 10.72 7.15 3.64 1.15 4.58 5.73 3.82 2.38 23.03 4.59 27.62 18.41 12.19
8.42 3.44 4.98 5.61 2.55 12.84 9.34 22.18 14.79 6.64 0.62 2.87 3.49 2.33 1.51 11.71 6.82 4.89 7.81 3.52 4.48 3.02 7.5 5.00 2.28 3.01 1.09 1.92 2.01 0.96
8.01 7.34 0.67 5.34 4.06 6.74 57.18 50.44 38.12 27.38 15.88 1.06 16.94 11.29 8.88 8.25 3.55 4.7 5.50 2.45 9.57 5.23 14.8 9.87 4.79 4.86 5.84 0.98 3.89 2.57
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Table C6. IRI Difference between Runs - Route 18

WALKING PROFILER Differences

S23R1-R{S23R1-R{S23R2-RjAverage [StdDev [S24L1-L2AS24L1-L3S24L2-L3Average |StdDev |S24R1-R|{S24R1-R{S24R2-RjAverage [StdDev |S25L1-L2S25L1-L3S25L2-L3Average |StdDev |S25R1-RjAverage
7.94 4.75 3.19 5.29 2.42 3.67 0.7 2.97 2.45 1.55 15.28 73.91 58.63 49.27 30.41 86.22( 323.83] 410.05| 273.37| 167.71 86.22 86.22
4.12 6.28 2.16 4.19 2.06 2.62 17.25 19.87 13.25 9.30 13.23 8.78 4.45 8.82 4.39 11.52| 277.12| 288.64| 192.43| 156.78 11.52 11.52
11.77 1 10.77 7.85 5.95 30.66 1.74 28.92 20.44 16.22 46 16.66 29.34 30.67 14.71 42.65| 350.64 307.99] 233.76| 166.87 42.65 42.65
3.61 7.56 3.95 5.04 2.19 0.43 5.87 6.3 4.20 3.27 15.45 17.78 2.33 11.85 8.33 22.55( 278.84] 301.39| 200.93| 154.89 22.55 22.55
1.68 6.41 4.73 4.27 2.40 6.11 16.39 225 15.00 8.28| 113.34 65.83 47.51 75.56 33.98 18.47| 260.52| 242.05| 173.68 134.73 18.47 18.47
1.85 5.03 3.18 3.35 1.60 6.47 1.34 7.81 5.21 3.42 12.84 9.04 21.88 14.59 6.60 3.78| 204.35| 200.57| 136.23| 114.72 3.78 3.78
4.99 8.88 3.89 5.92 2.62 12.15] 122.15 110 81.43 60.31 146.8] 233.17 86.37[ 155.45 73.78[ 134.01| 313.75| 447.76] 298.51| 157.43| 134.01| 134.01
7.89 16.4 8.51 10.93 4.74 15.46 1.32 16.78 11.19 8.57 32.49 13.43 45.92 30.61 16.33| 233.44| 310.33] 543.77| 362.51| 161.61| 233.44 233.44
6.6 17.9 11.3 11.93 5.68 21.65 48.43 70.08 46.72 24.26 49.97 50.37 0.4 33.58 28.74 14.05| 139.38] 153.43| 102.29 76.74 14.05 14.05
44.52 6.23 38.29 29.68 20.55 11.02 11.58 0.56 7.72 6.21 17.49 4.65 12.84 11.66 6.50 6.05 164.6] 170.65| 113.77 93.33 6.05 6.05
ARAN Differences between runs-40mph
S23L1-LYS23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-LAS24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average |StdDev |S25L1-L3S25L1-L3S25L2-L3Average |StdDev [S25R1-R]S25R1-R3 |S25R2-R3 |Average |StdDev
68.32 93.55 25.23 62.37 34.55 56.82 93.32 36.5 62.21 28.79 7.06 39.7 32.64 26.47 17.17 58.08 47.83 10.25 38.72 25.18 81.15 98.36 17.21 65.57 42.76 42 44.34 2.34 29.56 23.60
39.72 28.19 11.53 26.48 14.17 59.34 51.41 7.93 39.56 27.68[ 152.26] 154.53 2.27| 103.02 87.26[ 201.18 44.43| 156.75[ 134.12 80.79 14.47 22.52 8.05 15.01 7.25 59.02 89.12 30.1 59.41 29.51
20.43 26.43 6 17.62 10.50 75.71 1.42 77.13 51.42 43.31 43.37 42.73 0.64 28.91 24.49( 289.27| 300.05 10.78| 200.03| 163.99 89.26 93.99 4.73 62.66 50.22 775 113.74 36.24 75.83 38.78
2.13 0.93 3.06 2.04 1.07 16.27 0.96 17.23 11.49 9.13 12.62 5.51 18.13 12.09 6.33] 170.81 9.96] 160.85| 113.87 90.13 20.22 4.88 15.34 13.48 7.84 76.14 75.65 0.49 50.76 43.54
103.45 62.68 40.77 68.97 31.81 362.84 267.5 95.34[ 241.89| 135.58 8.26 7.05 1.21 5.51 3.77 12.37 21.08 8.71 14.05 6.35 10.56 22 32.56 21.71 11.00 8.12 134.3 126.18 89.53 70.62
61.44 69.42 7.98 46.28 33.41 68.93[ 149.18 80.25 99.45 43.43 30.24 34.46 4.22 22.97 16.38 100.1 49.86 50.24 66.73 28.90 30.45 39.96 9.51 26.64 15.58 59.89 69.04 9.15 46.03 32.26
75.9 925 16.6 61.67 39.90( 254.37 200.2 54.17( 169.58| 103.55| 105.32| 142.24 36.92 94.83 53.44 147.55| 105.39 42.16 98.37 53.04 92,51 216.27| 123.76| 144.18 64.36 90.07 4.08 94.15 62.77 50.87
91.35 31.04 60.31 60.90 30.16{ 110.09 66.48 43.61 73.39 33.77( 112.71 65.1 47.61 75.14 33.69 40.85 22.41 18.44 27.23 11.96 23.14 32.88 9.74 21.92 11.62 20.01 30.08 10.07 20.05 10.01
108.33 60.39 47.94 72.22 31.89( 121.25| 161.82 40.57| 107.88 61.72( 209.09 201.3 7.79] 139.39| 114.04 65.36 20.42 44.94 43.57 22.50 4.94 16.31 11.37 10.87 5.70 5.91 12.41 6.5 8.27 3.59
171.98( 114.97 57.01( 114.65 57.49 311.73| 273.33 38.4| 207.82| 147.97 10.35 18.03 28.38 18.92 9.05| 195.07| 168.36 26.71 130.05 90.48 328.56| 164.07| 164.49| 219.04 94.85 0.94 33.19 34.13 22.75 18.90
ARAN Differences between runs-50mph
S23L1-LYS23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-LAS24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average |StdDev |S25L1-L3S25L1-L3S25L2-L3Average |StdDev [S25R1-R]S25R1-R3 |S25R2-R3 |Average |StdDev
5.53 4.18 9.71 6.47 2.88 2.69 10.15 7.46 6.77 3.78 19.9 11.51 8.39 13.27 5.95 59.37 23.62 35.75 39.58 18.18 20.74 38.3 17.56 25.53 11.17 22.88 13.61 36.49 24.33 11.51
2.95 10.46 7.51 6.97 3.78 11.3 1.66 9.64 7.53 5.15] 138.58 8.63| 147.21 98.14 77.64 104.1 69.23[ 173.33] 115.55 52.99 10.22 4.56 14.78 9.85 5.12 3.06 4.14 1.08 2.76 1.55
8.85 16.71 7.86 11.14 4.85 10.75 8.92 1.83 7.17 4.71 7.54 17.27 24.81 16.54 8.66 97.87 92.54 5.33 65.25 51.96 4.36 11.27 15.63 10.42 5.68 15.95 23.36 7.41 15.57 7.98
0.44 2.17 2.61 1.74 1.15 2.05 8.75 10.8 7.20 4.58 11.94 64.69 52.75 43.13 27.66 47.11| 227.25( 274.36] 182.91| 119.94 21.32 10.33 10.99 14.21 6.16 49.85 34.12 15.73 33.23 17.08
21.16 33.81 12.65 22.54 10.65 2.6 43.31 40.71 28.87 22.79 3.13 1.26 4.39 2.93 1.57 63.93 49.22 14.71 42.62 25.27 39.05 27.18 11.87 26.03 13.63| 144.86 71.95 72.91 96.57 41.82
10.81 25.08 14.27 16.72 7.44 2.54| 323.85| 321.31| 215.90( 184.78 168.9] 105.19 63.71[ 112.60 52.99 54.25( 100.32 46.07 66.88 29.25 23.52 20.32 3.2 15.68 10.93 2.61 26.4 23.79 17.60 13.05
10.76 31.69 20.93 21.13 10.47 8.51 87.45 78.94 58.30 43.33 18 38.62 20.62 25.75 11.23 95.37 88.54 6.83 63.58 49.27| 116.84 95.24 21.6 77.89 49.93 193.6 83.05 110.55 129.07 57.55
33.45 63.85 97.3 64.87 31.94 155 21.78 37.28 24.85 11.21 35.33 29.38 5.95 23.55 15.53 38.2 60.93 22.73 40.62 19.21 16.61 7.73 8.88 11.07 4.83 4.96 22.38 17.42 14.92 8.98
14.64 42.74 28.1 28.49 14.05 1.07 77.55 78.62 52.41 44.47 55.88 3.23 52.65 37.25 29.51 59.04 80.49 21.45 53.66 29.89 27.18 35.33 8.15 23.55 13.95 33.09 43.41 10.32 28.94 16.93
6.97 83.63 90.6 60.40 46.40| 114.79 49.32| 164.11 109.41 57.58 30.28 14.91 15.37 20.19 8.74 77.9 62.01 15.89 51.93 32.21 6.5| 181.92| 175.42| 121.28 99.46 36.77 45.95 9.18 30.63 19.14
ARAN Differences between runs-60mph
S23L1-LYS23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-LAS24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average |StdDev |S25L1-L3S25L1-L3S25L2-L3Average |StdDev [S25R1-R]S25R1-R3 |S25R2-R3 |Average  |StdDev
10.1 34.23 44.33 29.55 17.59 9.32 22.04 12.72 14.69 6.59 11.61 32.14 20.53 21.43 10.29 20.87 63.7 42.83 42.47 21.42 23.37 33.9 10.53 22.60 11.70 11.19 164.95 153.76 109.97 85.73
1.76 20.81 19.05 13.87 10.53 0.96 9.77 10.73 7.15 5.39 24.75 35.22 10.47 23.48 12.42 3.17 11.32 14.49 9.66 5.84 7.59 16.57 24.16 16.11 8.29 56.07 12.17 43.9 37.38 22.66
0.82 30.56 31.38 20.92 17.41 0.87 34.96 35.83 23.89 19.94 11.48 3.75 15.23 10.15 5.85 3.99 27.55 23.56 18.37 12.61 11.65 1.32 10.33 7.77 5.62 29.85 12.85 42.7 28.47 14.97
15.74 45.16 29.42 30.11 14.72 11.42 1.5 12.92 8.61 6.21 44.54 9.14 53.68 35.79 23.52 85.87 50.68 35.19 57.25 25.97 15.45 1.39 16.84 11.23 8.55 9.59 3.24 6.35 6.39 3.18
15.21 5.8 9.41 10.14 4.75 9.05 58.77 67.82 45.21 31.64 3.86 37.64 415 27.67 20.71 9.07 0.86 9.93 6.62 5.01 19.61 33.92 14.31 22.61 10.14 117.3 79.89 37.41 78.20 39.97
14.77 20.17 5.4 13.45 7.47| 288.28 67.46( 220.82| 192.19| 113.16 90.49 76.86 13.63 60.33 41.01 48.72| 115.29 66.57 76.86 34.46 8.9 6.52 2.38 5.93 3.30 20.43 4.85 15.58 13.62 7.97
18.02 2.84 15.18 12.01 8.07| 151.47 18.45| 169.92| 113.28 82.64 309 357.09 48.09| 238.06 166.27 49.84| 208.16( 158.32| 138.77 80.95 10.83 40.09 29.26 26.73 14.79 46.86 5.93 40.93 31.24 22.12
14.29] 108.85| 123.14 82.09 59.15 46.77| 211.08f 257.85] 171.90| 110.86 44.78 65.62 110.4 73.60 33.53 17.93 37.53 19.6 25.02 10.87 15.52 23.35 7.83 15.57 7.76 1.51 46.53 48.04 32.03 26.44
3.67 98.21 94.54 65.47 53.55 0| 152.74| 152.74 101.83 88.18 85.59( 130.81 45.22 87.21 42.82 90.65 47.38| 138.03 92.02 45.34 14.19 0.7 14.89 9.93 8.00 45.11 57.86 12.75 38.57 23.25
37.62 115.98 78.36 77.32 39.19 27.09( 166.06] 138.97| 110.71 73.67 0.33 29.95 30.28 20.19 17.20 15.91 44.72 60.63 40.42 22.67| 246.31| 102.79| 143.52| 164.21 73.96 28.89 16.19 12.7 19.26 8.52
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ICC Differences between runs-40mph

S23L1-L2S23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-L2S24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average [StdDev |S25L1-L2S25L1-L3S25L2-L3Average |StdDev |S25R1-R]{S25R1-R3 |S25R2-R3 |Average StdDev
12.87 3.58 9.29 8.58 4.69 4.77 15.26 10.49 10.17 5.25 32.13 33.65 1.52 22.43 18.13 94.63| 106.35 11.72 70.90 51.59 56.75 19.36 76.11 50.74 28.85| 167.85 6.02 173.87 115.91 95.22
3.93 3.84 0.09 2.62 2.19 3.61 3.63 0.02 242 2.08| 275.15( 111.24| 163.91| 183.43 83.68 84.89 25.22 59.67 56.59 29.95 1.76 6.87 8.63 5.75 3.57| 134.33 21.11 113.22 89.55 60.21
15.1 13.29 1.81 10.07 7.21 9.33 5.81 3.52 6.22 2.93 38.62 10.89 27.73 25.75 13.97 11.5 13.74 25.24 16.83 7.37 50.34 11.8 38.54 33.56 19.75 2.63 28.51 31.14 20.76 15.76
10.38 3.04 7.34 6.92 3.69 10.38 11.58 21.96 14.64 6.37 11.15 26.09 14.94 17.39 7.77| 126.46 71.18 55.28 84.31 37.36 23.94 8.92 15.02 15.96 7.55 82.83 36.58 46.25 55.22 24.39
5.94 4.22 1.72 3.96 2.12 1.39 24.14 22.75 16.09 12.75 60.95 61.41 0.46 40.94 35.06] 235.33 8.37| 226.96/ 156.89| 128.69 2.15 7.83 9.98 6.65 4.05 9.95 0.54 9.41 6.63 5.28
16.92 0.28 16.64 11.28 9.53 10.24 2.96 7.28 6.83 3.66 7.6 27.57 19.97 18.38 10.08 44.82 24.1 68.92 45.95 22.43 33.21 31.08 2.13 22.14 17.36 26.68 31.01 4.33 20.67 14.32
12.89 15.62 2.73 10.41 6.79 42.75 0.46 42.29 28.50 24.28| 190.72| 152.78 37.94| 127.15 79.55| 133.67 60.59 73.08 89.11 39.09 15.93 41.13 25.2 27.42 12.75 45.11 20.91 24.2 30.07 13.13
24 3.01 0.61 2.01 1.25 33.88 44.99 11.11 29.99 17.27 33.28 4.48 28.8 22.19 15.50 59.63 22.48 82.11 54.74 30.11 33.47 5.8 39.27 26.18 17.89 69.03 49.24 19.79 46.02 24.78
7.15 2.32 9.47 6.31 3.65 40.85 21.23 19.62 27.23 11.82 46.31 26.64 19.67 30.87 13.82| 172.26 93.82 78.44| 114.84 50.32 11.8 15.85 4.05 10.57 6.00 46.84 22.59 24.25 31.23 13.55
0.85 7.87 7.02 5.25 3.83 0.38 31.85 31.47 21.23 18.06 5.64 3.94 1.7 3.76 1.98 38.36 5.52 32.84 25.57 17.58 31.25 11.58 19.67 20.83 9.89 87.41 81.83 5.58 58.27 45.72

ICC Differences between runs-50mph

S23L1-L2S23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-L2S24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average [StdDev |S25L1-L2S25L1-L3S25L2-L3Average |StdDev [S25R1-R]{S25R1-R3 |S25R2-R3 |Average StdDev
6.04 19.26 13.22 12.84 6.62 13.52 0.83 12.69 9.01 7.10 18.81 20.93 2.12 13.95 10.30 95.73 92.52 3.21 63.82 52.51 34.46 19.67 14.79 22.97 10.24| 180.99 16.25 197.24 131.49 100.13
0.87 12.04 11.17 8.03 6.21 6.14 17.23 11.09 11.49 5.56| 273.57 109.35| 164.22| 182.38 83.60| 105.81 42.07 63.74 70.54 32.41 5.74 14.54 8.8 9.69 4.47 89.8 13.99 103.79 69.19 48.32
1.6 23.89 22.29 15.93 12.43 1.06 26.5 25.44 17.67 14.39 31.85 15.26 16.59 21.23 9.22 48.97 32.4 16.57 32.65 16.20 101.4 23.83 77.57 67.60 39.73 23.48 24.24 47.72 31.81 13.78
3.64 14.4 18.04 12.03 7.49 12.16 10.99 23.15 15.43 6.71 78.31 65.62 12.69 52.21 34.81 28.71 30.41 59.12 39.41 17.09 21.97 1.25 20.72 14.65 11.62 52.62 59.69 7.07 39.79 28.56
8.67 7.48 1.19 5.78 4.02 1.67 22.81 24.48 16.32 12.71 13.91 27.48 13.57 18.32 7.93 74.29| 159.32] 233.61| 155.74 79.72 144 5.14 19.54 13.03 7.30 37.17 53.13 15.96 35.42 18.65
4.26 18.08 22.34 14.89 9.45 4.27 20.51 16.24 13.67 8.42| 162.79 208.26 45.47| 138.84 84.00 11.66 22.57 34.23 22.82 11.29 21.71 28.69 6.98 19.13 11.08 44.52 42.77 1.75 29.68 24.20
0.63 26.69 26.06 17.79 14.87 4.49 39.81 35.32 26.54 19.23 12.42 97.02] 109.44 72.96 52.80 78.28 68.65 9.63 52.19 37.17 9.29 8.86 18.15 12.10 5.24 40.65 68.39 27.74 45.59 20.77
0.5 0.4 0.9 0.60 0.26 13.39 1.05 12.34 8.93 6.84 9.59 6.91 2.68 6.39 3.48 27.62 42.12 14.5 28.08 13.82 1.72 9.43 7.71 6.29 4.05 19.15 3.97 23.12 1541 10.11
5.46 10.37 4.91 6.91 3.01 10.94 31.35 20.41 20.90 10.21 0.94 3.34 24 2.23 1.21 228.96] 106.61] 122.35| 152.64 66.56 0.27 0.53 0.8 0.53 0.27 19.68 41.31 21.63 27.54 11.96
13.45 46.75 33.3 31.17 16.75| 123.12 200.9 77.78| 133.93 62.27 3.06 2.56 0.5 2.04 1.36 18.77 17.31 1.46 12.51 9.60 6.05 11.21 17.26 11.51 5.61 97.29 101.82 4.53 67.88 54.91

ICC Differences between runs-60mph

S23L1-L2S23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-L2S24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average [StdDev |S25L1-L2S25L1-L3S25L2-L3Average |StdDev [S25R1-R]{S25R1-R3 |S25R2-R3 |Average StdDev
8.53 27.89 19.36 18.59 9.70 0.47 7.52 7.99 5.33 4.21 26.7 47.51 20.81 31.67 14.03] 108.93| 104.98 3.95 72.62 59.50 33.12 37.79 70.91 47.27 20.60| 162.73 18.72 181.45 120.97 89.04
8.38 22.61 14.23 15.07 7.15 4.41 21.77 17.36 1451 9.02| 272.53 105.6] 166.93| 181.69 84.44 84.21 22.17 62.04 56.14 31.44 5.52 15.54 10.02 10.36 5.02| 153.36 79.92 233.28 155.52 76.70
7.48 37.73 30.25 25.15 15.76 1.86 24.09 25.95 17.30 13.40 35.51 25.68 9.83 23.67 12.96 34.66 49.63 14.97 33.09 17.38 81.16 45.47 35.69 54.11 23.93 31.29 35.83 67.12 44.75 19.51
0.73 11.94 12.67 8.45 6.69 8.52 34.44 25.92 22.96 13.21 62.22 90.25 28.03 60.17 31.16 35.14| 164.13] 128.99| 109.42 66.68 5.85 2.1 3.75 3.90 1.88 37.58 3.88 33.7 25.05 18.44
3.84 3.91 0.07 2.61 2.20 8.35 11.31 2.96 7.54 4.23 2.72 38.3 41.02 27.35 21.37 54.25| 254.32] 308.57| 205.71| 133.95 16.43 4.3 20.73 13.82 8.52 45.96 105.36 59.4 70.24 31.15
3.12 11.93 8.81 7.95 4.47 7.91 28.27 20.36 18.85 10.26] 164.65| 255.64 90.99| 170.43 82.48 20.34 9.89 30.23 20.15 10.17 6.93 29.68 36.61 24.41 15.53 14.87 29.77 14.9 19.85 8.59
4.84 41.1 45.94 30.63 22.46 4.88| 108.75| 103.87 72.50 58.61 8.54| 161.08( 169.62| 113.08 90.63 92.06 17.09 74.97 61.37 39.29 43.38 32.54 10.84 28.92 16.57 9.6 83.84 74.24 55.89 40.38
2.83 5.89 3.06 3.93 1.70 5.61 32.82 27.21 21.88 14.37 8.64 17.41 26.05 17.37 8.71 54.5 64.41] 118.91 79.27 34.68 21.91 69.55 47.64 46.37 23.85 30.51 15.91 46.42 30.95 15.26
5.37 12.89 7.52 8.59 3.87 9.15 46.82 55.97 37.31 24.82 12.23 29.96 42.19 28.13 15.06| 166.42 119.53 46.89( 110.95 60.23 10.32 14.01 3.69 9.34 5.23 74.68 15.32 59.36 49.79 30.82
13.54 77.32 63.78 51.55 33.60| 104.09| 263.71| 159.62| 175.81 81.03 3.02 10.64 13.66 9.11 5.48 24.8 9.5 15.3 16.53 7.72 14.02 11.85 25.87 17.25 7.55 10.82 13.45 2.63 8.97 5.64

Dynatest Differences between runs-60mph

S23L1-L2S23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-L2S24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average [StdDev |S25L1-L2S25L1-L3S25L2-L3Average |StdDev [S25R1-R]{S25R1-R3 |S25R2-R3 |Average StdDev
3.96 10.62 6.66 7.08 7.08 0.09 6.38 6.29 4.25 3.61 34.27 5.09 39.36 26.24 18.49 23.98 22.41 46.39 30.93 13.41] 112.13 98.44 13.69 74.75 53.32] 113.24 120.39 7.15 80.26 63.42
6.97 7.87 0.9 5.25 5.25 5.38 5.56 0.18 3.71 3.06 26.52 16.92 43.44 28.96 13.43 6.85 19.44 12.59 12.96 6.30 13.64 20.52 6.88 13.68 6.82| 138.72 96.71 42.01 92.48 48.49
1.1 2.25 3.35 2.23 2.23 3.82 5.51 1.69 3.67 1.91 4.87 7.92 3.05 5.28 2.46 97.82 20.4| 118.22 78.81 51.61 22.82 47.94 70.76 47.17 23.98 63.1 80.42 17.32 53.61 32.60
3.32 2.88 0.44 2.21 2.21 1.74 0.61 2.35 1.57 0.88 24.75 37.89 13.14 25.26 12.38 12.24 12.59 24.83 16.55 7.17 7.13 13.84 20.97 13.98 6.92 18.64 9.75 28.39 18.93 9.32
3.37 3.24 0.13 2.25 2.25 1.65 2.84 1.19 1.89 0.85 14.86 23.2 8.34 15.47 7.45 62.19 45.63 16.56 41.46 23.10 35.3 9.88 25.42 23.53 12.81 23.68 1.44 25.12 16.75 13.28
5.84 2.88 2.96 3.89 3.89 9.34 12.83 3.49 8.55 4.72 9.25 11.76 2.51 7.84 4.78 26.37 46.58 20.21 31.05 13.79 26.9 34.15 7.25 22.77 13.92 6.57 39.93 33.36 26.62 17.67
0.05 4.51 4.46 3.01 3.01 1.24 1.26 2.5 1.67 0.72 8.63 8.38 0.25 5.75 4.77 78.46 95.13 16.67 63.42 41.34 3.89 5.39 1.5 3.59 1.96 51.61 48.09 3.52 34.41 26.81
11.72 14.52 2.8 9.68 9.68 6.54 35.6 29.06 23.73 15.24 1.07 2.89 1.82 1.93 0.91 21.04 21.29 0.25 14.19 12.08 15.59 12.43 3.16 10.39 6.46 29.8 29.98 59.78 39.85 17.26
8.21 6.24 1.97 5.47 5.47 37.84 31.68 6.16 25.23 16.80 0.12 8.51 8.63 5.75 4.88 53.4 94.58 41.18 63.05 27.98 2.31 0.2 2.51 1.67 1.28 12.56 15.95 3.39 10.63 6.50
107.63 7.3] 114.93 76.62 76.62 26.24 3.61 29.85 19.90 14.22 52.99 61.79 8.8 41.19 28.40 24.19 42.11 17.92 28.07 12.55 42.7 46.83 4.13 31.22 23.55| 105.16 109.81 4.65 73.21 59.42
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Dynatest Differences between runs-60mph

S23L1-LYS23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-LAS24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average |StdDev |S25L1-L3S25L1-L3S25L2-L3Average |StdDev [S25R1-R]S25R1-R3 |S25R2-R3 |Average |StdDev
1.62 9.25 7.63 6.17 4.02 3.18 5.34 2.16 3.56 1.62 1.54 21.93 20.39 14.62 11.35 13.69 49.28 35.59 32.85 17.95 34.37 29.53 4.84 22.91 15.84 60.04 38.23 21.81 40.03 19.18
3.02 0.81 2.21 2.01 1.12 5.29 1.6 3.69 3.53 1.85 7.55 9.54 17.09 11.39 5.03 10.26| 134.22| 144.48 96.32 74.71 1.99 7.04 5.05 4.69 2.54 91.15 50.32 40.83 60.77 26.74
2.09 2.09 4.18 2.79 1.21 2.91 8.2 5.29 5.47 2.65 3.7 23.86 20.16 15.91 10.73 94.46 89.47 183.93| 122.62 53.15 17.28 48.84 31.56 32.56 15.80 51.25 64.83 13.58 43.22 26.55
0.25 0.8 1.05 0.70 0.41 6.96 7.31 0.35 4.87 3.92 15.75 4.01 11.74 10.50 5.97 42.75 0.4] 4235 28.50 24.34 1.07 7.92 8.99 5.99 4.30 16.91 27.43 10.52 18.29 8.54
4.33 0.04 4.37 2.91 2.49 4.23 2.45 1.78 2.82 1.27 11.63 3.8 7.83 7.75 3.92 82.61 9.88 92.49 61.66 45.11 13.31 16.39 3.08 10.93 6.97 1.39 13.52 12.13 9.01 6.64
4.47 1.14 3.33 2.98 1.69 28.92 19.49 9.43 19.28 9.75 11.33 1.39 12.72 8.48 6.18 29.32 9.73 39.05 26.03 14.93 2.1 7.92 5.82 5.28 2.95 9.89 18.98 9.09 12.65 5.49
7.59 3.77 3.82 5.06 2.19 1.81 1.22 0.59 1.21 0.61 8.88 4.31 4.57 5.92 2.57 24.98 1.38 26.36 17.57 14.04 0.05 2.14 2.09 1.43 1.19 9.16 38.92 48.08 32.05 20.35
0.23 12.41 12.18 8.27 6.97 2.41| 110.35| 112.76 75.17 63.03 0.4 1.78 2.18 1.45 0.93 1.88 10.86 12.74 8.49 5.80 2.76 6.89 4.13 4.59 2.10 5.39 2.92 2.47 3.59 1.57
3.57 4.69 8.26 5.51 2.45 12.62| 144.56| 157.18| 104.79 80.07 10.13 4.07 6.06 6.75 3.09 74.82 19.72 55.1 49.88 27.92 2.19 3.08 0.89 2.05 1.10 3.7 3.37 0.33 2.47 1.86

1.6| 140.14 141.74 94.49 80.45 0.58 43.95 44.53 29.69 25.21 13.4 6.8 6.6 8.93 3.87 18.3 9.36 8.94 12.20 5.29 15.76 13.07 2.69 10.51 6.90 38.28 19.68 18.6 25.52 11.06

Dynatest Differences between runs-60mph
S23L1-LYS23L1-L3S23L2-L3Average |StdDev [S23R1-R]S23R1-R{S23R2-R{Average |StdDev |S24L1-LAS24L1-L3S24L2-L3Average |StdDev [S24R1-R]S24R1-R{S24R2-R{Average |StdDev |S25L1-L3S25L1-L3S25L2-L3Average |StdDev [S25R1-R]S25R1-R3 |S25R2-R3 |Average |StdDev

15.61 17.84 2.23 11.89 8.44 2.19 1.93 0.26 1.46 1.05 19.81 22.17 2.36 14.78 10.82 25.53 34.33 8.8 22.89 12.97 89.65 63.95 153.6] 102.40 46.16 70.15 91.3 21.15 60.87 35.98
6.56 3.2 3.36 4.37 1.90 17.08 8.55 8.53 11.39 4.93 26.42 24.34 2.08 17.61 13.49 24.44 21.74 2.7 16.29 11.85 8.19 0.99 9.18 6.12 4.47 83.19 47.32 35.87 55.46 24.69
0.77 3.95 4.72 3.15 2.09 14.61 7.49 7.12 9.74 4.22 3.46 1.04 2.42 2.31 1.21 81.37 88.67 7.3 59.11 45.02 60.18 9.36 50.82 40.12 27.05 6.12 19.75 25.87 17.25 10.11
2.61 1.6 1.01 1.74 0.81 10.18 9.63 0.55 6.79 5.41 9.52 6.41 3.11 6.35 3.21 72.62 65.85 6.77 48.41 36.22 15.78 0.23 15.55 10.52 8.91 39.07 32.62 6.45 26.05 17.27
2.92 1.33 1.59 1.95 0.85 3.66 2.86 0.8 2.44 1.48 9.2 15.09 5.89 10.06 4.66 59.56 123.44 63.88 82.29 35.70 74.61 82.7 8.09 55.13 40.94 2.63 6.71 4.08 4.47 2.07
12.58 8.97 3.61 8.39 4.51 28.18 0.5 27.68 18.79 15.84 3.51 15.95 12.44 10.63 6.41 63.52 70.35 6.83 46.90 34.87 5.49 0.75 4.74 3.66 2.55 4.19 10.79 6.6 7.19 3.34
5.77 10.01 4.24 6.67 2.99 5.92 10.48 4.56 6.99 3.10 10.93 15.73 4.8 10.49 5.48 25.68 43.64 17.96 29.09 13.18 4.39 5.08 0.69 3.39 2.36 0.05 31.69 31.74 21.16 18.28
10.78 7.88 2.9 7.19 3.99 5.32 2.89 8.21 5.47 2.66 1.41 0.71 2.12 1.41 0.71 69.89 30.67 39.22 46.59 20.62 3.22 9.27 6.05 6.18 3.03 1.8 9.76 7.96 6.51 4.17
1.16 3.48 4.64 3.09 1.77 59.83 55.11 4.72 39.89 30.55 6.37 29.99 36.36 24.24 15.80] 222.46| 125.38 97.08( 148.31 65.76 5.64 51.38 45.74 34.25 24.94 11.29 12.85 24.14 16.09 7.01
50.43 58.6 8.17 39.07 27.07 37.72 35.69 2.03 25.15 20.05 31.19 3.57 27.62 20.79 15.02 49.54 22.04 275 33.03 14.56 35.5| 100.69 65.19 67.13 32.64 132.34 10.16 122.18 88.23 67.80
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