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An Important Note for the Reader

The research detailed in this report was commissioned by Transfund New
Zealand.

Transfund New Zealand is a Crown entity established under the Transit New
Zealand Act 1989. Its principal objective is to aliocate resources to achieve a
safe and efficient roading system. Each vear, Transfund New Zealand invests a
portion of its funds on research that contributes to this objective.

While this report is believed to be correct at the time of publication, Transfund
New Zealand, and its employees and agents involved in the preparation and
publication, cannot accept any liability for its contents or for any consequences
arising from its use. People using the contents of the document should apply,
and rely upon, their own skill and judgement. They should not rely on its
contents in isolation from other sources of advice and information.

The report is only made available on the basis that all users of it, whether direct
or indirect, must take appropriate legal or other expert advice in relation to their
own circumstances. They must rely solely on their own judgement and seek
their own legal or other expert advice in relation to the use of this report.

The material contained in this report is the output of research and should not be
construed in any way as policy adopted by Transfund New Zealand but may
form the basis of future policy.
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EXECUTIVE SUMMARY

Executive Summary

Ruts are permanent deformations of the pavement structure. They are an important
indicator of the structural integrity of the pavement as well as having an impact on
road user safety. For these reasons, most road agencies regularly monitor the levels
of rut depths on their pavements.

Automated Rut Depth Systems

In NZ there are four different instruments used for automated measurement of rut
depths:

MWH 30-Sensor Ultrasonic System
WDM 16-Sensor Laser System
PMS 15-Sensor Laser System
ARRB 13-Sensor Laser System

OC OO0

Each system collects and processes data using proprietary algorithms, usually
reporting the rut depth under a simulated 2 m straight-edge to be consistent with
manual measurements.

Harmonising Rut Depths

This project considered the feasibility of harmonising the measurements of the
different automated measurement systems as well as other operational issues. The
goal was to confirm whether outputs from the different systems were compatible
with each other and could be referenced back to a single ‘standard’ value. This was
done by developing a computer simulation program which would predict the rut
measurements from profilometers on a series of road profiles. These profiles were
supplied by Transit NZ from their recent calibration section data collection project.

The software developed allows the following factors to be considered:

the number of sensors and their spacings;

the position of the vehicle relative to the kerb;

the effects of randomly varying the lateral placement along the road;

calculation of the rut depths using three different algorithms: user defined
straight-edge; wire model; and pseudo-ruts;

the effects of changing the datum for the rut depth measurements (measuring
perpendicular to the straight-edge or perpendicular to the elevation datum); and
0 smoothing the reference profiles using polynomial or spline curve fitting,

00o0D0o

O

Effect of Number of Sensors

Profilometers sample the transverse profile at discrete points. Since the ability to
correctly measure the rut depth depends upon the ability to locate the high and low
points of the profile, the number of sensors and their spacing—hereinafter referred to
as ‘sampling’—will have an impact on the results.
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The reference profiles were analysed using different numbers of sensors at even
spacings and the standard error of the measurements was calculated. As shown
below, this error was non-linearly related to the number of sensors.

Kerb ERROR = 14.39 SENSORS770 R%=0.94
Centre ERROR = 11.40 SENSORS?3%! R*=0.90
where ERROR is the standard error in mm

SENSORS 1s the number of sensors

The results indicate that there are significant improvements made in accuracy by
increasing the number of sensors, but the marginal benefits decline with increasing
sensor numbers. From 25 sensors there are much less benefits from adding additional
SENSsOrs.

An assessment of the mean rut depth showed that with less than approximately 15
sensors, there can be a significant under-estimation of the true rut depth. It is notable
that even with 60 sensors the rut depth would still be underestimated by
approximately 1 mm.

The accuracy of a profilometer measurement depends upon two operational factors:

O its position on the road (lateral placement); and
o its ability to locate the high and low points in the profile measured.

Even when the profile is being very accurately measured, if the vehicle is not
positioned in such a way that the true high and low points are being sampled, there
will be an error. Not surprisingly, the greater the number of sensors the greater the
probability of locating the high and low points so the lower the error. A continuous
sample (such as that provided by a scanning laser) would in theory give the same
results as the ‘true’ profile.

The findings suggest that there will be underestimation errors of 2-4 mm with
operational profilometers in New Zealand (13 to 30 sensors). They also show why
the 16, 15 and 13 laser systems have lasers at irregular spacings; this assists in
locating the high and low points by focusing the measurements where they are most
relevant,

Rut Depth Algorithms
A comparison of the pseudo-rut measurements with the 2 m straight-edge
measurements for the same profiles showed that pseudo-ruts are a very poor

descriptor of rut depths and should not be used.

The wire model and the 2 m straight-edge model will give the same results when the
high points are spaced at 2 m intervals or less. The reference profiles all fell into this
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category so it was not possible to compare the predictions of the two models.

When calculating rut depths it is possible to reference the rut depths as perpendicular
to the elevation datum - the standard method - or perpendicular to the straight-edge.
An analysis of the implications of these two methods showed that for rut depths
below 50 mm there is no impact on the result; and even for 250 mm rut depths the
difference is less than 3 per cent. Thus, this effect can be ignored.

Rut Depth Transfer Functions

The rut depths under a 2 m straight-edge predicted from the configuration of each
profilometer were compared to the rut depth for the reference profile as well as to
each other. It was found that there was a strong linear relationship in all instances,
with R? above 0.88 standard errors below 1.5 mm, and many below 1.0 mm.

This confirms that it is practicable to develop transfer functions to convert rut depths
from automated systems back to a reference standard.

Implications of Lateral Placement

When conducting a survey the lateral placement of the survey vehicle will have a
significant impact on the validity of the measurements, particularly when trying to
monitor rut depths between years. The impact will depend upon the shape of the
profile, the amount of lateral variation as the vehicle drives down the road, and the
number of sensors on the vehicle. The more sensors, and the closer they sample, the
less the impact of lateral variations in position.

The analysis showed that increasing the amount of lateral variation significantly
impacts on the accuracy of the predicted rut depth. There were different trends
observed with the four profilometer configurations tested, reflecting the positioning
of the sensors. The results suggested that the 16- and 15-sensor units may need to
reposition their sensors to take additional readings towards the kerb, due to the
potential for measurements to occur outside the pavement area. When this happens,
the spacing to the next sensor is so large that key profile data are missed.

The variable effects of lateral placement on rut depth measurement may be one
reason why it has not proved possible to use profilometer rut depth data for
monitoring pavement deterioration trends. The variation in rut depths due to different
lateral placement can be greater than the change in rut depth due to pavement
deterioration.

Extending the Results
The study showed that the objective of developing functions for harmonising
profilometer rut depth measurements could be realised. It was proposed to extend the

results by:

o measuring additional transverse profiles so that the full range of pavement shapes
in NZ are considered;
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u working with profilometer suppliers to test their algorithms. This would be done
by supplying a sample of profile data to them and analysing the resulting rut
depths;

o investigating the optimal spacings of sensors so that providers are given guidance
on how to configure their systems;

o considering the impact of measurement precision on the rut depth accuracy and
transfer functions.

The HRD software should also be enhanced so that it can form the basis of a stable
procedure that can continue to be used for harmonising rut depths. This procedure
would be applicable to future instruments and technologies that may be implemented
in NZ for measuring rut depths.

10



ABSTRACT

Abstract

A computer simulation study was conducted to investigate the viability of
harmonising rut depth measurements from different automated rut depth
measurement profilometers. A computer program was written which allowed for a
standard reference transverse profile to be analysed by any number of profilometer
sensors and spacings. The software generated a variety of rut depth statistics. The
software was used to investigate the effect of the number of sensors on the predicted
rut depth. It was found that the accuracy of the rut depth was proportional to the
number of sensors and that this sampling effect results in an underestimation of 2-4
mm for the profilometers used in NZ. The pseudo-rut model was found to be
inappropriate for predicting rut depth. It did not prove possible to test the wire model
due to the shape of the reference profiles. There are limited differences between the
rut depths when referencing perpendicular to the straight-edge as opposed to
perpendicular to the elevation datum, so this factor does not need to be considered.
Strong linear relationships were found between the rut depth measurements from all
instruments, both with each other and with the reference profiles. It is therefore
practicable to develop a standard methodology and transfer functions for rut depths.
The lateral variation of profilometers has a significant impact on the accuracy of rut
depth measurements. Some profilometer configurations appear to have inadequate
coverage towards the kerb and so may miss important data if the first sensor
measures outside the pavement area. The variation in rut depth which arises from
lateral placement can be greater than the change due to pavement deterioration
between years, which may account for the problems found when trying to use
profilometer rut depth data for monitoring pavement deterioration trends.

11
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1. INTRODUCTION

1. Introduction

Ruts are permanent deformations of the pavement structure. They are an important
indicator of the structural integrity of the pavement as well as having an impact on
road user safety. For these reasons, most road agencies regularly monitor the levels
of rut depths on their pavements.

As described in Chapter 2, rut depths are measured either manually or using non-
contact techniques. The latter involves an instrumented vehicle travelling over a
section of road using lasers or ultrasonics to measure the transverse profile of the
pavement. From this, the rut depths are estimated. Depending on the instrument used
and its analysis technique the resulting rut depths can vary significantly between
vehicles.

There is no standardisation of measurement or analysis techniques between
manufacturers. This results in measurements being made at different sampling
intervals longitudinally along the pavement, and with a different number of sensors
and spacings of locations across the pavement. The data are also analysed using
algorithms which, although they generally reference back to a 2 m straight-edge, may
in fact not be compatible.

The objective of the research was to investigate the feasibility of harmonising rut
depth measurements from different automated systems. The work was broken into
two phases:

o Phase I: Feasibility of Harmonising Measurements. Preliminary work aimed
at confirming that it was indeed possible to harmonise the measurements; and,

o Phase II: Development of Standard Procedures. Development of standard
procedures and functions to ensure measurements from different instruments can
be related to one another.

Phase I would depend upon the success of Phase 1.

This report presents the results of Phase I The feasibility of harmonising
measurements was investigated by developing a computer simulation program which
enabled the rut depths measured with different types of instrument configurations to
be compared as if they had all measured the same transverse profile. The data were
then analysed using the same algorithm to calculate the rut depths. This meant that
the only differences between the instrument outputs were due to the number of
sensors and their spacings.

An important consideration in any rut depth survey is the location of the vehicle on
the road. Often, data between successive runs may be poorly correlated. To consider
this an analysis was made, using the software, of the implications of lateral
placement on measurements.

The software also allowed for the implications of the number of sensors and their
spacings to be made. This provided valuable insight into the systematic

13
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underestimation of the ‘true’ rut depth caused by taking measurements at discrete
points across the transverse profile.

The outcome of this research is a set of preliminary transfer functions between four
different rut depth systems used in New Zealand.

As described in Chapter 9, additional work is required to enhance the range and
applicability of these values.

The authors would like to express their appreciation to the following individuals and
organisations whose support made the project possible:

o DCL’s software team at Captorsoft Software  Development
(www.captorsoft.com) who developed the initial version of the harmonisation
of rut depth software package;

o Transit New Zealand who provided a sample of transverse profile data from
their calibration sections for analysis;

o Mr. Theuns Henning of HTC Infrastructure Management Ltd. for his
technical reviews and comments; and

o Mr. Dave Robertson of Transit New Zealand for his technical reviews and
comments.
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2. MEASURING RUT DEPTHS

2. Measuring Rut Depths
2.1  Introduction

Regular data collection is essential for the proper monitoring of road condition, and
thus the asset value. Accordingly, many road controlling authorities have annual data
collection programmes. Data is collected using one of two methods:

0 Manual Data. This is a visual assessment of the pavement condition collected in
accordance with the RAMM Rating Guide (Transfund, 1997). The pavement
distresses are recorded along a ‘Rating Length’.

0 Automated Data. Roughness is collected either using a laser profilometer or a
response-type meter (¢.g. NAASRA meter). State Highways are only measured
with profilometers, while response-type meters or profilometers are used for
local authority roads. Rut depths are collected with lasers or ultrasonics. Texture
is collected with lasers, although mainly only on State Highways.

2.2 Manual Rut Depths

As illustrated in Figure 2.1, rutting in RAMM is defined as the length of individual
wheel path in metres where rutting (wheel tracking) exceeds 30 mm in depth
measured from a 2 m straight-edge laid transversely across the wheel path. Only the
length where rutting exceeds 30 mm is measured. Since there are 4 x 50 m lengths
over a 50 m rating section (that is, two wheel tracks in each direction on a 2-lane
road), there is a maximum possible value of 200 m for this measure.

11 L2 L3 L4
l - Wheaalpath
Iy 1
L |- ~— — i1
a
% [ - P2
z -
g |3
8
f —
Y.
L5
N 50 metres i

Figure 2.1 RAMM Rut Depth Rating

Instead of 30 mm, Transit New Zealand uses a 20 mm criteria for defining rut depth
on State Highways. Since 1998 rut depths have been measured using high speed data
acquisition vehicles (see Section 2.3) instead of manually. The RAMM criteria is
calcutated from the high speed measurements.

With the implementation of predictive modelling for pavement deterioration there
has been a shift of emphasis away from the RAMM approach (i.e., the length of

15
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profile which are analysed to estimate rut depths. These images may be produced

using various photographic techniques,

often supplemented by lasers. An

example of such a system is the INO rut system which uses two lasers to project
lines to the pavements and a special camera to measure deformations of the laser

line.

Since scanning lasers and optical systems are not in use in NZ, the focus of this
project was on ultrasonic and point laser systems.

different profilometers were considered;

30 Sensor MWH ultrasonic system;
16 Sensor WDM point laser system,
15 Sensor PMS point laser system; and,
13 Sensor ARRB TR point laser system.

CoQCO

2.3.2 Sensor Positioning

The configurations of four

Each profilometer has its own unique configuration for the positioning of the
elevation sensors. Figure 2.4 shows the positioning for the ARRB TR multilaser
profilometer where the sensors are positioned at different spacings. By comparison,
the MWH ROMDAS profilometer has 30 sensors at 100 mm equal spacings.

Passenger Side

]
1
/

L

Accelernme!er

Accelerometer

Driver Side

+

\

Mult| Laser Transducer Beam

&

// |

1120 850 7s0

Roughness

Texutura

1700 1200 450 o] 450

Roughnass

750

{All measurements in rmillimetres)

\

850 115C 1500

£350

Figure 2.4 ARRB TR Multilaser Profilometer Laser Positioning

Irrespective of the technology used and the sensor spacing, the analytical approach is
similar for all technologies. The elevations of each sensor result in the transverse
profile being established. The data are analysed to determine the rut depths.

2.3.3 Analytical Process

There are three basic algorithms used for calculating rut depths.

a The straight-edge model emulates the manual method of placing a straight-edge
across the pavement. Figure 2.5 is an example of the straight-edge model. In NZ

all profilometers report the straight-edge rut depth.

17



2. MEASURING RUT DEPTHS

AN A (A e R R T D N R RN N N NN N TN N 0 A S TN A N TR SR NN BN N
1 Sensor 30

Figure 2.5 Example of Straight-Edge Simulation

a  As described by Cenek, et al. (1994), the wire model is popular since it is very
fast in performing its calculations. Figure 2.6 is an example of the wire model
calculations. Unlike the straight-edge, the wire model expresses the rut depth
based on a wire ‘stretched’ over the high points. The distance to the pavement
from the wire is calculated, and the highest values constitute the rut depth. In NZ
the PMS profilometer reports the wire model rut depth in addition to the straight-
edge rut depth.

/—\M A
Rut Depth

A
\r

Rut Depth

Figure 2.6 Example of Wire Model

0 Pseudo-ruts are defined are as the difference (in mm) between the high point and
the fow points. It is used on systems with only a limited number of sensors and,
while common in the USA, has not been applied in NZ.

Low Paint 1 High Point Low Point 2
Pseudo-Rut 1 Pseudo-Rut 2
L I I e e e e
1 Sensor 30

Figure 2.7 Definition of Pseudo-Ruts

18
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2.4 Implications of Sampling

One feature of profilometer measurements of rut depth is that they always
underestimate the true rut depth. The reason for this can be readily visualised from
the straight-edge simulation example shown in Figure 2.5 above. For the measured
rut depth to correspond to the actual rut depth, the sensors would need to record the
high and low points in each wheelpath. Since the sensors are spaced at discrete
intervals across the road, this is impossible.

Bennett (1998) tested the implications of discrete sampling of rut depth. The results
are presented in Figure 2.8. The data were calculated by taking continuous transverse
profiles (horizontal axis) and then calculating the rut depth as if the profile had been
sampled at 100 mm intervals instead (vertical axis). The data clearly show the bias
introduced from having discrete samples over the continuous sample.

Kot Bepth from TRL Beam Sample Inmm .

a 5 10 15 0 23 0
Raut Dz pth from TRL Beam Profile in mm

Figure 2.8 Effect of Sampling on Rut Depth from Continuous Samples

Discrete sampling also results in differences in rut measurements between systems.
Figure 2.9 shows a hypothetical example of two different systems measuring the
same profile. Each will result in different high and low point elevations and, thus,
different estimates of rut depths.

b e o o et s T A )

/:///// LTSS LIS, ////7/71///// AR ////E

Figure 2.9: Example of Sensor Spacings on Transverse Profile

19
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Simpson (2001) considered the two scenarios shown in Figure 2.11 for lateral
placements. In the first there was no lateral variation in the position of the vehicle,
while in the second there was completely random variation along the section. A
value of 127 mm was used for the lateral standard deviation, a value determined
“from field data collected at a limited number of sites”. As shown in Chapter 8, this
lateral placement variation has a significant impact on the rut depths resulting from
any profilometer survey.

N N
£
[~
[
5
W
=
S
= 3
o
[=]
2 2
1 1
(a) “best case” (b} “worst case”

Figure 2.11: Simpson (2001) Lateral Placement Scenarios

2.6 Progressive Sampling

One feature of some ultrasonic profilometers (e.g. ROMDAS and ARAN) is their use
of ‘progressive sampling’. Unless ultrasonic sensors are placed at intervals of 300-
500 mm, there will be interference from the sound signals from adjacent sensors. To
get around this problem the measurements are made progressively along the road.
For example, the MWH 30-sensor system records five sensors sequentially which
results in a pattern such as that shown in Figure 2.12. Lasers are not influenced by
adjacent sensors and so sample simultaneously.

Progressive sampling means that the transverse profile used in the analysis is a
‘composite’ profile which is constructed from the measurements of the individual
sensors. This is illustrated in Figure 2.13. The profile is influenced by the speed at
which the sensors are fired and the speed of the vehicle. Typically, this takes 3 —~ 5 m
at speeds of 70 kim/h; up to 10 m at higher speeds. When there is limited [ongitudinal
variation in rut depths, there should not be a major difference between the laser and
ultrasonic systems. The providers of ultrasonic systems argue that while their
progressive sampling is inferior to lasers when there is a high degree of longitudinal
variation, their use of more sensors (typically twice the number of lasers) offers
improved results through better characterisation of the transverse profile.

21
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Firing 1: Sensor 1 in All Arrays
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Firing 2: Sensor 2 in All Arrays
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Firing 3: Sensor 3 in All Arrays
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Firing 4: Senser 4 in All Arrays
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Firing 5: Sensor 5 in All Arrays
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Figure 2.12: Progressive Sampling For 30 Sensor Ultrasonic System
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Figure 2.13: 30-Sensor Ultrasonic Progressive Sample Profile
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3. TRANSVERSE REFERENCE PROFILES
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Figure 3.2 TPB vs Manual Rut Depths

The slight difference between the measured manual rut depth and the TPB calculated
rut depth was ascribed to two factors:

o Precision. The TPB measurements were to the nearest 0.1 mm whereas the
straight-edge and wedge measurements were to the nearest 1.0 mm

o Measurements. There is a difference between the contact area of the
measurement wheel and the wedge used with the straight-edge. One observed
effect was that the wheel on the TPB could straddle the chips while the wedge
could fit between the chips when the chip size is sufficiently large.

Figure 3.3 shows the profile measurements between two forward and one reverse run
(HTC, 2001a). The 50 mm offset between the forward and reverse runs has no
impact on the rut depths. The correlation between the forward runs was 0.98.

3.3 Transit Calibration Surveys

 In 2001 HTC Infrastructure Management Ltd. (HTC) in association with DCL were
awarded a contract to collect data for Transit New Zealand on a series of calibration
sections around NZ. These data were to be used by Transit New Zealand to monitor
pavement deterioration rates. Figure 3.4 is an example of the site layout with lane
markings and safety cones at one of the sections.

The data collected at each site consisted of:

roughness using an ARRB TR Walking Profiler;
transverse profile using the DCL Transverse Profile Beam;
visual condition inspection;

video logging;

digital photographs; and

GPS co-ordinates.

oooooo
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4. Harmonisation of Rut Depth Software
4.1 Introduction

In order to provide a standard basis for comparing the transverse profiles a software
application was written which simulated the measurement of profilometers on a
reference transverse profile. Called the ‘Harmonisation of Rut Depth Software’, or
HRD, an evaluation version of the application can be downloaded from
www.ROMDAS com,

This chapter describes the principles and operation of the HRD.

4.2 Principles of Operation
4.2.1 Introduction

The HRD simulates a vehicle travelling along a road sampling the transverse profile
using any number of sensors. For each reference transverse profile, the elevations
are obtained for the particular configuration of the sensors. These elevations are then
analysed to determine the rut depth. As the baseline against which all profilometer
measurements are compared, the rut depth is calculated for the reference profile.

The factors which needed to be considered in the analysis were:

o rut depth calculation algorithms and implementation;

o profilometer sensor configuration;

o lateral placement; and

a reference profile smoothing.

The HRD software does not consider the ponding potential caused by rutting.
The features of the HRD software are addressed in the following sections.

4.2.2 Rut Depth Calculation Algorithms

As discussed in Section 2.3, the algorithms used for calculating rut depths from
profilometers are the straight-edge, wire and pseudo-rut models.

Straight-Edge Algorithm

The straight-edge rut depth algorithm was based on the SHRP algorithm in Hadley
and Myers (1991). The analysis starts at Sensor 1 which is the reading closest to the
kerb. It progresses until the rutting in one wheelpath is established. It is then repeated
for the second wheelpath starting at the right-most sensor and moving inwards
towards the kerb.

To illustrate the analysis process consider Figure 4.1-A which shows a set of
hypothetical transverse profile elevations. The algorithm places the end of the
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4. HARMONISATION OF RUT DEPTH SOFTWARE

straight-edge at a starting point. For each start point, the slopes are calculated
between it and all successive points which would fall within the span of the straight-

edge. Figure 4.1-B illustrates this using Sensor 3 as the start point. The maximum of
these slopes is identified (Sensor 5 in Figure 4.1-B).
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Figure 4.1 Example of Calculating Rut Depth

30
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Two criteria are used to establish whether or not this is a viable placement point for
calculating a rut depth. If either of these criteria are met, the current starting point
will not produce a rut depth and the analysis moves on to the next starting point.
These criteria are;

o if the maximum slope is less than the slope between the start point and the
preceding sensor; or
o if the maximum point arises for the point adjacent to the starting point,

Once a viable placement point has been established, the vertical distance of all
intermediate placement points are established. In Figure 4.1-C the start point is
Sensor 5 and the maximum slope point is Sensor 13. Here, the maximum slope is that
closest to the horizontal plane since all elevations are below that of Sensor 5. Figure
4.1-D shows the various possible rut depths for these two points.

For that starting point, the rut depth is the maximum of the vertical distances of all
intermediate points. It should be noted that in calculating the rut depth the change in
horizontal span due to tilting is assumed not to be significant,

For each possible starting point a maximum rut depth is derived. The largest of these
values is taken as the rut depth for the wheelpath in question.

Wire Model Algorithm

The wire model algorithm connected the high points on the profile and established
the rut depth under these points.

Pseudo-Rut Algorithm

As described in Section 2.3, pseudo-ruts are calculated as the difference in elevation
between the high and low points in the profile. In developing the pseudo-rut
algorithm it was found that the results were very sensitive to the slope of the
reference profile and that unless the data were ‘normalised’, so that the reference
profile slope was eliminated, the statistic was not appropriate.

To illustrate this, consider Figure 4.2 which compares the pseudo-rut estimates with
and without slope correction. The rut depth estimates are [25/16] vs [43/7] for the
two cases. Given the basis for the pseudo-rut statistic, the analysis was done using
normalised profiles. These were created by adjusting the elevation readings,
hereinafter referred to as ‘normalisation’, so that the end elevation had the same
value as the initial elevation—usually 0.

It should be noted that the nature of the straight-edge and wire model rut depth
calculations do not necessitate normalisation.

The HRD software can display either the normalised (default) or standard profile.
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4.2.4 Profilometer Sensor Configuration

Each profilometer has its own unique configuration of sensors. The analysis here
considered four configurations:

a ROMDAS Ultrasonics. The ROMDAS ultrasonic profilometer has sensors
spaced at 100 mm intervals across a 3 m measurement area.

a WDM Profilometer. The WDM profilometer has 16 point lasers spaced at
irregular intervals across a 3.2 m measurement area. The manufacturer declined
to provide the current spacings as it was considered commercially sensitive, so a
configuration was assumed based on DCL’s understanding of the system

a PMS Profilometer. The PMS profilometer has 15 point lasers spaced at irregular
intervals. The system is supplied by Greenwood Engineering from Denmark and
the configuration of the sensors was supplied by PMS.

o ARRB TR Profilometer. The ARRB profilometer has 13 point lasers at
irregular spacings. The standard configuration was supplied by ARRB TR,
although this may be modified for some customers.

4.2.5 Lateral Placement

As discussed in Section 2.5, the lateral
placement (or position) of the vehicle impacts
on the location of the sensors and, thus, the
rut depth that is calculated for a given profile.

This was considered in the analysis by e
treating the lateral placement as a random Position
variable drawn from a Normal distribution )
(see Figure 4.4). Using a Monte-Carlo Figure 4.4 Treatment of Lateral
simulation, for a given standard deviation of Placement

lateral placement the position of the vehicle

was simulated as it traversed a profile.

It should be noted that in some instances the lateral placement simulation resulted in
some sensors being outside of the 3.0 m width of the reference profile. However, this
also happens during field surveys and was not specifically corrected for in the
analysis. Thus, for example, there were instances when only 15 of the 16 sensors of
the WDM profilometer were measuring on the pavement.

4.2.6 Reference Profile Smoothing

The TPB reference profiles are sampled at very small intervals and so to minimise
the effect of texture the profiles can be smoothed using a polynomial equation.
Figure 4.5 is an example of a regular versus a smoothed profile, and the resulting rut
depths. When profile smoothing is enabled a polynomial equation is fitted to the data
and used to generate an analysis profile at 1 mm intervals. In the analyses presented
here the profile smoothing option was not used.
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5. Implications of Sampling on Rut Depths
5.1 Introduction

As described in Section 2.4, profilometers sample the transverse profile at discrete
points. Since the ability to correctly measure the rut depth depends upon the ability
of the profilometer to locate the high and low points of the profile, the number of
sensors and their spacing—hereinafter referred to as ‘sampling’—will have an
impact on the results. This was illustrated in Figure 2.9 (reproduced below as Figure
5.1) which shows a hypothetical example of two different systems measuring the
same profile. Each will result in different high and low point elevations and, thus,
different estimates of rut depth.

o o o et o e T o 7

e g o A s e O P /E

Figure 5.1 Example of Sensor Spacings on Transverse Profile

This chapter describes the result of an investigation into the effect of the number of
sensors on the rut depth.

5.2 Analysis Technigue

Each reference profile was analysed using the SHRP algorithm with a 2 m straight-
edge. This gave the baseline rut depth, hereinafter called the “true’ rut depth.

A series of different profilometer configurations was adopted, with the number of
sensors ranging from 5 to 60, equally spaced over a 3 m measurement area. The
analysis was done with a lateral placement standard deviation of 0 to constrain the
effects to sampling only.

A regression was made with the results from each number of sensors|location|run
simulation against the true rut depth. For comparative purposes three statistics were
adopted:

a Intercept of Regression Line: This is the systematic error;

a  Standard Deviation of Regression: This represents the random error; and
a Standard Error: The sum of these two components.
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5.3 Analysis Results

The results of the analysis are presented in Figure 5.2 for the kerb and centre rut
depths. In both cases the error decreased with an increasing number of sensors, and
the following regressions were fitted to the data:
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Figure 5.2 Effect of Number of Sensors on Accuracy
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The results indicate that there are significant improvements made in accuracy by
increasing the number of sensors, but the marginal benefits decline with increasing
sensor numbers. From 25 sensors there are much less benefits from adding additional
SENnsors.

Although there is an increase in accuracy with an increasing number of sensors, how
does this impact on the mean rut depth of a section? To investigate this, the mean rut
depths were calculated for the kerb, centre and both wheelpaths as a function of the
number of sensors. The results are shown in Figure 5.3. This shows that with less
than approximately 15 sensors, there can be a significant under-estimation of the true
rut depth. It is notable that even with 60 sensors the rut depth would still be
underestimated by approximately | mm.
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Figure 5.3 Mean Rut Depth vs Number of Sensors

Figure 5.3 also shows four data points from Willet, ez al. (2000) showing the effect
of the number of sensors from data collected in Sweden. Their data have a similar
asymptotic effect to that predicted from this analysis, although the slope is greater.
This suggests that the impact is also proportional to the magnitude of the rut depths.

54 Implications of Findings

The analysis here assumed that the sensors were equally spaced across a 3 m
measurement area. However, in reality profilometer manufacturers optimise the
placement of their sensors to maximise the value of the data returned. Thus, 5-sensor
systems typically have one sensor mounted approximately in the middle of the road,
one above each wheel, and the other two at the outside of the wheelpath. The goal is
to position the sensors as close to the high and low points as is practicable. In the
same way, the 16-sensor WDM, 15-sensor PMS and 13-sensor ARRB laser systems
each have different configurations, again positioned by the manufacturers to provide
the maximum amount of detail possible.
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The accuracy of a profilometer measurement depends upon two operational factors:

o its position on the road (lateral placement); and
o its ability to locate the high and low points in the profile measured.

The positioning of the vehicle is discussed in detail in Chapter 8. In essence, even if
the profile is being very accurately measured, if the vehicle is not positioned in such
a way that the true high and low points are being sampled, there will be an error. In
this analysis there was no variation in lateral placement so the focus was on the
ability to locate the high and low points. Not surprisingly, the greater the number of
sensors the greater the probability of locating the high and low points, so the lower
the error. A continuous sample (such as provided by a scanning laser) would in
theory give the same results as the ‘true’ profile.

The actual sampling bias of the profilometers operated in NZ is presented in Chapter
7 which gives transfer functions for measurements from the different instruments.

The findings suggest that there will be underestimation errors of 2-4 mm with
operational profilometers in New Zealand (13 to 30 sensors). Interestingly, HTC
(2001b) used data from Chile to compare field measurements of rut depths under a
1.5 m straight-edge with those from a 30-sensor ROMDAS profilometer. It was
found that there were few ROMDAS readings below 3 mm, whereas there were a
large number of manual readings below 3 mm. This was assumed to be due to a
texture effect so the ROMDAS analysis algorithm was modified to correct for this
apparent bias. The 3 mm correction factor is supported by the results of the analysis
presented above but it was likely due to discrete sampling rather than texture.

The data from profilometers should therefore be adjusted to reflect their systematic
underestimation of 2-4 mm. This adjustment is particularly important when the data
are being used to frigger maintenance ireatments since it could mean the difference
between maintenance being performed or postponed.
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6. Rut Depth Analysis Algorithms
6.1 Introduction

As described in Section 4.2.2, the HRD software contains three different methods for
predicting the rut depth of a reference profile:

o Straight-edge;
o  Wire model; and
o Pseudo rut.

This chapter presents an assessment of the different algorithms and other pertinent
issues.

6.2 Evaluation of Pseudo-Rut Model Predictions

To evaluate the pseudo-rut model the reference profiles were first analysed using the
2 m straight-edge model to establish the ‘true’ rut depth. These same data were then
analysed with the pseudo-rut model. As described in Section 4.2.2 (see Figure 4.2),
the data were normalised to correct for the elevation differences in the
measurements. The results are presented in Figure 6.1.
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Figure 6.1 Pseado vs Straight-Edge Rut Depths for True Profile

The analysis shows that even using full-profile data, the pseudo-rut statistic is poorly
correlated to the rut depth under a 2 m straight-edge. When used with only a few
sensors—in the USA it is commonly applied with only 5 sensors—the differences
would be magnified. The use of this statistic is therefore very questionable.
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6.3 Comparison of Straight-Edge and Wire Models

As shown, in Figure 6.2, the wire model calculates the rut depth by stretching an
imaginary wire between the high points on the profile. The rut depth is the distance
from this wire to the low point.

Wire model rut depths are influenced by the profile shape. There are two scenarios
that arise when comparing them to the straight-edge rut depths, either:

o the high points are spaced at a distance less than or equal to the length of the
straight-edge; or
a the high points are at a distance greater than the straight-edge length.

High Point

Elevation {(mm)

High Point

0 500 1000 1500 2000 2500 3000

Displacement {mm)

Figure 6.2 Wire Model Over Profile

With the first scenario, the rut depths calculated from the wire and straight-edge
models will be identical (see Figure 2.6). This was confirmed through an analysis of
the profiles using the HRD software since in all instances the high and low points
were less than or equal to 2 m.

However, when the high points are spaced at a distance greater than the straight-edge
width, the wire model rut depths will be greater than those from the straight-edge
model. The amount of the difference will be entirely dependent on the shape of the
profile. It did not prove possible to test this due to the limited range of profile shapes
in the database.

6.4 Implications of Straight-Edge Datum On Measurements
As described in Section 4.2.3, there are two ways by which the rut depth could be

estimated from a straight-edge or wire model calculation: perpendicular to the
elevation datum or perpendicular to the straight-edge (or wire).
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Given that even with extreme rut depths the effect of taking the datum perpendicular
to the straight-edge, compared to the elevation datum, results in a difference in rut
depths of only 2.8%, and that below 50 mm the difference was effectively zero, this
effect can be ignored for most analyses.
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7. Rut Depth Transfer Functions

The HRD software was used to generate the predicted rut depth under a 2 m straight-
edge using the configurations for each of the four profilometers used in NZ. There
are two important points to note with the 30 and 16 sensor profilometers:

a The 30-sensor MWH profilometer is an ultrasonic based system and, as such, it
does not take its 30 measurements in a single location but progressively samples
over a section of road which may be several metres in length (see Section 2.6).
Since data were not available to consider progressive sampling, the results here
would only apply if there were no changes to the transverse profile over the
progressive sampling interval—something which is not likely in practice.

a The 1l6-sensor WDM profilometer had an assumed configuration, since the
manufacturer considered the configuration to be commercially sensitive
information.

The analysis was done assuming that the left-most sensor measured at the start of the
reference profile — i.e., without any lateral placement effects. The data showed linear
trends for all cases and linear regression functions were fitted of the form:

RD=a0 + al MEAS

where RD is the predicted 2 m straight-edge rut depth in mm
MEAS is the 2 m rut depth in mm for the profilometer configuration
using the SHRP analysis algorithm

NOTE: The actual rut depths predicted by the profilometers may be different
to those used here since each manufacturer has its own proprietary
algorithm. The results therefore only reflect profilometer
configurations.

The analysis was done both with regard to converting from the profilometer to the
‘true’ rut depth of the reference profile, as well as enabling conversions to be made
between individual profilometers. It should be noted that an ‘orthogonal” regression’
was not done, so different equations are given for converting from profilometer ‘A’
to ‘B’ and ‘B’ to “A’.

The regression was done for the kerb, centre and combined data sets so there were
three equations for each profilometer. These equations are presented in Table 7.1
along with their coefficient of determination (R?) and standard error. All coefficients
were significant at 95% confidence, with the ‘t” statistics presented in parentheses
below each coefficient. In some instances the coefficient a0 was given a value of 0.
This was done when the coefficient for the regression model was not significant. As

! As described in Bennett and Paterson (1999), orthogonal regressions yield one equation which can be

used for converting from profilometer “A’ to ‘B’ and ‘B’ to ‘A’. Since the equation has a poorer overall
fit than two individual equations this technique was not adopted.
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would be expected, the transfer functions are generally statistically quite robust with
R? for the combined profiles above 0.88 and standard errors below 1.5 mm, with

many below 1.0 mm.
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8. IMPLICATIONS OF LATERAL PLACEMENTS ON RUT DEPTHS

A regression was made with the results from each location|run|lateral placement
simulation against the true rut depth. For comparative purposes three statistics were
adopted:

a Intercept of Regression Line: This is the systematic error;
a Standard Deviation of Regression: This represents the random error; and
o Standard Error: The sum of these two components.

8.4 Results of Analysis

Figure 8.3 shows the results of the analysis for the 30-, 16-, 15- and 13-sensor
profilometer configurations for the kerb and centre wheelpaths. There are three
figures for each configuration: intercept, standard deviation of regression and
standard error.

The smaller the intercept, the closer the predicted rut depth would be to the ‘true’ rut
depth. Thus, this is a measure of the accuracy of the profilometer rut depth
prediction. The results show different trends’ for the four profilometer configurations
tested. The 30- and 13-sensor profilometer accuracies improve for the kerb rut depth
with increasing lateral placement up to 30-50 mm, after which there is a continual
decrease in accuracy with increasing standard deviation. The 16- and 15-sensor
profilometers also show an increase in the accuracy of the kerb rut depth with
increasing standard deviation, but this only continues to approximately 100 mm after
which it stabilises. For all systems, the centre rut depth accuracy continually
decreases the greater the variation in the lateral placement. The same trends can be
observed in the standard deviations of the regression.

The standard error shows the overall impact of lateral placements on the accuracy.
For both the 30- and 13-sensor configurations the accuracy decreases with increasing
lateral placement while for the 16- and 15-sensor configurations it shows different
trends for the kerb and centre. These results reflect two operational issues that are
encountered with profilometers:

O measurements arising outside of the pavement; and
a ability to locate the high and low points.

When a profilometer travels down a lane, there is a possibility that the kerb sensor
will record outside of the pavement. All manufacturers include algorithms which
check for this and exclude measurements which violate certain rules identifying them
as falling outside of the pavement area. The higher the standard deviation of lateral
placement, the more likely the system is to have measurements outside the pavement.
The impact of this on the results is dependent upon the number of sensors and their
placement; with few sensors the impact can be quite large, whereas with many
sensors it will be quite small.

! The variations in the trends arise because of the use of stochastic simulation.
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8. IMPLICATIONS OF LATERAL PLACEMENTS ON RUT DEPTHS

As previously stated, the accuracy of any rut depth measurement is based on the
ability of the profilometer to sample the high and low points on the pavement which
are used to calculate the rut depth. The effects of varying lateral placement are to
move the measurements closer or further away from locating these points.

With small variations in lateral placement there will be few problems with the
measurements arising outside of the pavement. Thus, most of the effect is due to
locating the high and low points. When the standard deviation of lateral placement
reaches approximately the same level as the spacing between the first two sensors,
the results will be affected by excluding any sensors measuring outside of the
pavement. This effect is evidenced by the 30-sensor system where the maximum
accuracy arises at S0 mm, which is half the spacing of the first two sensors. The
variation in the curve is symmetrical around 50 mm.

The 16- and 15-sensor kerb measurements show much less accuracy than the 13-
sensor measurements. This is ascribed to the spacing between sensors 1 and 2 being
too large. For example, with the 16-sensor configuration adopted, a lateral
placement of —1 mm would result in no measurements being made from 0 — 299 mm.
By comparison, the 13-sensor profilometer had a spacing of 150 mm between the
first two sensors so the effects were much less.

It is important to note that the overall lateral variation effect also embodies the
effects of the number of sensors and their spacings discussed in Chapter 5. Thus, a
component of the error shown in Figure 8.3 would be due to this effect.

8.5 Implications of Findings

The results of this analysis show that lateral variations can have a significant impact
on the rut depths. This may be one reason why it is often difficult to isolate trends in
rut depths using data collected in regular profilometer surveys. For example, consider
Figure 8.4 which shows the 100 m average rut depth for a 500 m section of a State
Highway'. The annual changes were in the range of —1.2 to + 3.0 mm without any
clear trend. These changes fall within the expected standard error for small lateral
variations and so cannot be taken as indicative of changes in the ‘true’ rut depth.

The degree of lateral placement variability does not appear to have been addressed in
much detail in the literature. Also Simpson (2001) suggested a standard deviation of
127 mm; this was based on limited data and seems excessive: the 95% confidence
intervals would be +/- 250 mm. Thus, there would be up to 500 mm of variation in
the position of the vehicle as it travels down the road. From a review of data
collected with a 30-sensor profilometer this seems to be excessive. Unfortunately, the
available data did not allow for the lateral position variation to be investigated in any
detail.

The data were supplied by Transit New Zealand for a research project into the quality of road survey
data (Bennett, 2001), although their analysis was not included in the report. The original data were
sampled at 20 m intervals. By averaging to 100 m this reduced the impact of differences in lateral
placement.
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Figure 8.4 Example of State Highway Rut Depth Trend
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9. EXTENDING THE RESULTS

9. Extending the Results
9.1 Introduction

The objective of this project was to confirm the viability of establishing a
methodology for harmonising the rut depth measurements from different
profilometers. The simulation software developed has confirmed that such transfer
functions can be established, thereby providing practitioners with a ‘standard’ rut
depth. However, there are a number of enhancements which are required in Phase II
to complete the project.

9.2 Range of Profiles

The analysis was done using a sample of 31 profiles measured 2-3 times on a 300 m
section of a single State highway. These profiles generally had the same shape and
the range of rut depths was limited. These similarities precluded an evaluation of the
wire model since all high points were within 2 m of each other, thereby yielding the
same results as the straight-edge model.

The profiles need to be extended to be representative of a wider range of roads. In
particular, the emphasis should be on sampling pavements with high shoving and
‘bowl’ shaped depressions. This would require measuring additional roads using the
TPB and developing the transfer functions so that they cover the full range of road
profiles likely to be encountered.

9.3 Evaluating Rut Depth Routines

The 2 m straight-edge analysis routine used in the HRD was developed from one
published as part of the SHRP study. This routine is used with the ROMDAS system.
The basis of the algorithms used in other profilometers is not known but it is certain
that they have their own approach for analysing the profile data to calculate rut
depth. It is necessary to analyse the output from these algorithms for the same
profiles to ensure that the data are harmonised.

The analysis would consist of feeding into the algorithms the elevations
corresponding to how a reference profile would be sampled by the profilometer. The
output, in terms of the 2 m straight-edge rut depth, would then be compared to
outputs from the algorithms of other suppliers to confirm/enhance the transfer
functions developed in Chapter 7.

9.4 Optimal Spacing of Sensors

The analysis has shown that when there are less than 25 sensors the placement of
sensors can have a significant impact on the accuracy of the measurements. The
optimum spacing for sensors should be investigated so that manufacturers have
guidance on how to best configure their profilometers. This would be done by
analysing a series of profiles to establish the configuration for a given number of
sensors, thus minimising the measurement error for a given level of variation in
lateral placement.
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9. EXTENDING THE RESULTS

9.5 NMeasurement Precision

The HRD software does not consider the precision of the measurements. For
example, the ROMDAS ultrasonic system has a reported standard error of
approximately 0.3 mm, with a 95% confidence interval of 0.70 mm (DCL, 1996). It
would be expected that lasers would have errors of less than 0.1 mm. Since the errors
could accumulate, the analysis should be enhanced by introducing a vertical
measurement accuracy component to the HRD software. This would be done in a
similar manner to the existing lateral placement approach, where it is modelled as a
random variable following a Normal distribution.

9.6 Lateral Placement Variation

An 1nvestigation should be made into the degree of lateral placement variation in
field surveys. This would provide firm data from which the standard deviation of
lateral placement could be derived for use in establishing the transfer functions.

9.7 Progressive Sampling

Ultrasonic systems do not measure at a single position on the road but instead take a
series of measurements over an interval (which is a function of the instrument and
vehicle speed), establishing a composite transverse profile. The transfer functions
presented in this report were unrealistic in that they did not consider this effect.
Research would need to be done by taking a series of reference profile measurements
at intervals of approximately 200 mm and then investigating the effects of
progressive sampling and the resulting rut depths.
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10. Conclusions

Phase I of the Harmonisation of Automated Rut Depth Measurements project has
shown that it is possible to harmonise the measurements of different rut depth
profilometers. During the course of the study, insight was gained into a number of
key areas with regard to rut depth measurements,

Harmonisation of Rut Depth Software

The HRD software developed as part of this project provides a powerful tool for
investigating rut depths from profilometers. It is possible to test the measurements of
any profilometer configuration on a series of standard reference profiles including
factors such as variations in lateral placement. The software calculates the rut depth
for any configuration using straight-edge, wire and pseudo-rut models,

Sampling

Rut depth profilometers sample the transverse profile at discrete points across the
profile. In NZ, the number of samples range from 13 to 30. The accuracy of a
profilometer measurement depends upon two operational factors:

o its position on the road (lateral placement); and
o the ability to locate the high and low points in the profile measured.

Even if the profile is being very accurately measured, if the vehicle is not positioned
in such a way that the true high and low points are being sampled, there will be an
error. Not surprisingly, the greater the number of sensors the greater the probability
of locating the high and Jow points so the lower the error. A continuous sample (such
as provided by a scanning laser) would in theory give the same results as the ‘true’
profile.

On the basis of the simulation software developed for the project, the effect of taking
discrete samples across the pavement was estimated to result in underestimation
errors of 2-4 mm.

Rut Depth Analysis Algorithms

The project considered three different rut depth algorithms: straight-edge simulation,
wire model, and pseudo-rut model.

The straight-edge and wire models will both give the same results if the high points
of the pavement are at intervals less than or equal to the length of the straight-edge.
When they are not, the wire model will yield a higher rut depth than the straight-
edge, although it was not possible to confirm by how much, due to the absence of
any reference profiles with such features.

With both the straight-edge and wire models the rut depth can be calculated using a
datum which is perpendicular to the straight-edge/wire or perpendicular to the
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elevation datum. The SHRP straight-edge algorithm uses the elevation datum. For
the levels of rutting found on NZ pavements, the difference between these two
approaches will be negligible,

With the pseudo-rut model it was found that to enhance the accuracy the profile
needs to be normalised so that the end elevation is the same as the start elevation.
Even when this is done, the model was found to be an extremely poor predictor of rut
depths. Given that the model appears to be used with 3-5 sensor rut depth systems,
the resulting data would be of very limited use.

Transfer Functions

The following are transfer functions to convert the measurements of different
profilometers to the “true’ rut depth:

RD = 1.54 + 0.97 MEAS MWH 30 Sensor’
RD =244+ 0.98 MEAS WDM 16 Sensor
RD =2.09 + 0.96 MEAS PMS 15 Sensor
RD =2.39 + 0.96 MEAS ARRB 13 Sensor
where RD is the ‘true’ rut depth in mm
MEAS is the rut depth measured by the profilometer in mm using the

SHRP 2 m straight-edge simulation

It should be noted that the configuration of the WDM 16-sensor profiler was
assumed, since the manufacturer considered the information commercially sensitive
and so the above function may not be completely valid.

Impact of Lateral Placements

During a profilometer survey it is impossible to ensure that the vehicle is in the same
wheelpath as during the previous year’s survey. The HRD software treats lateral
placement as a random variable that was Normally distributed. The standard
deviation is used to govern the level of variability.

The results showed that in general there was a decrease in accuracy with an increase
in lateral placement. An exception to this was with the 16- and 15-sensor
profilometers where there was an improvement in the accuracy for the kerb
measurements. This was due to the configuration of the profilometer where there was
an inadequate number of measurements near the kerb.

When a profilometer travels down a lane, there is a possibility that the kerb sensor
will record outside of the pavement. All manufacturers include algorithms which

! It should be noted that this transfer function is predicated on all measurements being made at the same

position along the road. Since ultrasonic systems use progressive sampling this is not correct and should
be viewed as the ‘best case’ scenario,
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check for this and exclude measurements which violate certain rules that identify
them as falling outside of the pavement area. The higher the standard deviation of
lateral placement, the more likely the system is to have measurements outside the
pavement. The impact of this on the results is dependent upon the number of sensors
and their placement; with few sensors the impact can be quite large whereas with
many sensors it will be quite small.

The errors arising from lateral placement variations can be as large as 8 mm, which
can exceed any changes in rut depths between years due to pavement deterioration.
This perhaps explains the difficulties encountered when trying to use profilometer rut
depth data for monitoring pavement deterioration trends: there is insufficient
accuracy to isolate pavement deterioration from measurement effects.

Extending the Results

The results need to be extended to complete the project’s objectives, which would
entail:

o measuring additional transverse profiles so that the full range of pavement shapes
in NZ are considered;

@ working with profilometer suppliers to test their algorithms. This would be done
by supplying a sample of profile data to them and analysing the resulting rut
depths;

0 investigating the optimal spacings of sensors so that providers are given guidance
on how to configure their systems; and

u considering the impact of measurement precision on the rut depth accuracy and
transfer functions.

The HRD software should also be enhanced so that it can form the basis of a stable
procedure that can continue to be used for harmonising rut depths. This procedure
would render it applicable to future instruments and technologies that may be
implemented in NZ for measuring rut depths.
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