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Abstract

ABSTRACT

With the advent of key performance indicators ardgrmance specified maintenance
contracts (PSMC), both in New Zealand and abrohd, dccuracy, repeatability and

reproducibility of roughness data is coming und@reased scrutiny. Continuity of the

service provider and their equipment has proveastist in obtaining repeatable results.
However, in some circumstances a change in thécegpvovider has lead to a significant

change in the average overall network figures, Wiappears largely unsubstantiated to
the road controlling authority (RCA).

Roughness is measured in network surveys usingregtofilometers or response type
road roughness measuring systems (RTRRMS). Reggddpsfor calibration of the
equipment resides with the service provider. Chexle often performed throughout the
duration of the survey to ensure the vehicle stattsin accepted bounds, specifically for
RTRRMS. It is usual to have the vehicle run over same section of road to compare
the results with those obtained from previous rufi$is provides the road controlling
authority with some assurance of data repeatabbity does not provide assurance that
the machine was correctly calibrated to begin with.

For calibration it is necessary to obtain a refeeeroughness. This provides the road
controlling authority with confidence that the gguient is calibrated correctly prior to
the roughness survey being undertaken on their artktw There are a variety of
instruments available for calibration level survegach with different levels of accuracy
and precision. This research assesses and ewwltideaccuracy of these different
instruments, which range from low to high cost mel) for establishing the reference
roughness on selected calibration sites.

It was found the relative roughness between sites maintained for the different classes
of instruments. The class one instruments (ARRBKiNg@ profilometer and Z-250)
produced very similar results. The Riley signifitg underestimated the roughness on
rougher surfaces, whilst the MERLIN provided cotesily accurate results, when
compared to the class one instruments.
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Introduction

CHAPTER 1

INTRODUCTION
1.1 Background

With the advent of key performance indicators aedgymance specified maintenance
contracts (PSMC), both in New Zealand and abrohd, @ccuracy, repeatability and
reproducibility of roughness data is coming undecreéased scrutiny. In addition,
pavement deterioration modelling, an integral mdrsuch contracts relies on historical
data to predict future trends with accuracy. yeany irregularities in the data will be
reflected in the accuracy of the resulting detation models.

All road-controlling authorities in New Zealand wmthke pavement condition data
collection including roughness surveys. Roughngess key performance indicator for
the effectiveness of maintenance strategies wigrceto ride comfort. Network trends
are compared and evaluated using historical sudetp. Repeatability of results is
therefore very important. Roughness is a key trigger in determining mainteaan
treatments for sections of the road network byTtteatment Selection Algorithm (TSA)

in the Road Assessment and Maintenance ManagefamN) database, and also for
pavement deterioration modelling using dTIMS, basaedHDM deterioration models.

Roughness data is used to support Land Transpavt Zéaland applications for shape
correction works, and is a component of vehiclerafyeg cost for submissions made in

accordance with the Project Evaluation Manual (LTR@04).

Given the many uses of roughness data, the accuegmyatability and reproducibility of

the data is extremely important. Continuity of gervice provider and equipment has
proven to assist in obtaining repeatability of fssuAn example of how changing the
service provider can significantly change the rdedrroughness is given in Austroads
(1999a). They reported a 14% change in the netwodghness when the service
provider and roughness meter manufacturer changeén though the contract

specification remained the same.
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Roughness is measured in network surveys usingregiofilometers or response type
road roughness measuring systems (RTRRMS). Pragtiers record the motion of the
vehicle through space and the height of the vemedkgive to the road surface. From this,
the longitudinal elevation profile of the road sablished which is then used to calculate
the roughness in IRI (International Roughness Ihdexkm. RTRRMS record the

response of the vehicle to roughness and are ateceWith IRI.

Responsibility for calibration of the data collecti vehicle resides with the service
provider. Checks are often performed throughoutdilmation of the survey to ensure the
vehicle stays within the accepted bounds of cdiilmalt is usual to have the vehicle run
over the same section of road to compare the sewilh those obtained from previous
runs. This provides the road controlling authorityth some assurance of data
repeatability, but does not provide assurance taehine is correctly calibrated to begin
with.

For calibration it is necessary to obtain a refeeeroughness. This provides the road
controlling authority with confidence that the gomuient is calibrated correctly prior to
the roughness survey being undertaken on their atktw There are a variety of
instruments available for calibration level survegach with different levels of accuracy
and precision. This research assesses and ewaliigedifferent instruments, which
range from low to high cost methods, for estabfigithe reference roughness on selected

calibration sites.

1.2 Research Objectives

The main objective of this research project is $3eass and evaluate the accuracy,
repeatability, reproducibility, cost and ease ofe usf different instruments for
establishing the reference roughness on selectidatateon sites. In order to achieve
these objectives:

1. The collected road profile data will be comparedrdaaghness values obtained

using an accepted standard reference roughnessmestt, ideally the dipstick.
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2. A variety of instruments will be selected for und&ng the calibration level
surveys, each with varying levels of accuracy, igsien and cost. Comparing the
calculated roughness from each, to the acceptewlatad reference roughness

instrument, will allow comparison against a comnbenchmark.

3. At one selected site multiple runs will be undeetakvith each instrument by two
separate operators. The results of which, will balysed to calculate the mean,
standard deviation and standard error. The analygis indicate which
instruments show operator dependence. Instrumeatsate more difficult to use
can become operator dependant, resulting in betwperator results becoming
less reproducible.

4. The length of time to survey each site will be réleal, along with any difficulties
in using the instrument. The purchase or constactiost for each instrument
will also be compared.

By analysing the above an assessment will be madé¢he accuracy, repeatability,

reproducibility, ease of use and cost of the setbatstruments. Any additional purchase
or construction cost can be compared to an increa$ige abovementioned factors, to
identify additional value.
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1.3 Layout Of The Report

Chapter 2 discusses the use, and purpose, of wofjeoad roughness data. It identifies

the different units that roughness can be reponteaind the different measuring systems.
Chapter 3 outlines the instrument and site selegbimcess, preliminary site screening
and the marking out of the site. Traffic managemeqtirements are discussed including
the approval process required prior to undertakimgdata collection.

Chapter 4 reviews the various data collection nithand equipment used in obtaining
the road profiles used to calculate roughness. @bdedata collection issues are
outlined.

Chapter 5 presents analysis of the roughness diaga€h site and instrument.

Chapter 6 contains the project discussion and osrais.

Chapter 7 identifies further research areas.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Roughness is a calculated measure of the longaiidmoothness for the section of road
being surveyed. It is used as an indicator tordetes how the road has deteriorated with
regard to ride comfort. Roughness can be meadaoradnumber of different ways in

units such as NAASRA, IRI, ride number etc. All thiese systems of measurement
consider the amount of vertical displacement thdélt by a passenger in the car driving
over the section of road. Generally the higherrthmber the rougher the road and the

less comfortable the ride is to road users.

Historically in New Zealand the measure for rougitndias been that used by the
National Association of Australian State Road Auifies (NAASRA), termed NAASRA
counts. This is an Australian developed measuwatithobtained using a response type
meter mounted into a vehicle. “The NAASRA roughneteter is a mechanical vehicle-
response-based system that requires calibratiolodieglly to a well defined stable
reference” (Prem, 1989). This allows meaningful pansons to be made of NAASRA
roughness data gathered by different road comgpliuthorities at different times and

under different conditions.

2.2 What Do We Use It For?
2.2.1 Key Performance Indicator

Roughness is used as an indicator of pavementrpafece. Many Road Controlling
Authorities (RCAs) in New Zealand use roughnessa &gy performance indicator in
their asset management plan (AMP). The RCA masitoughness over time to see if

they are achieving their defined level of service.

Roughness is one performance indicator that camdesured annually, over the whole
road network, at a relatively cheap cost. Theeandrsurvey is compared to the previous,

to identify any network shifts in roughness digttibn, as well as the average network



Literature Review

figure. Analysis of historic surveys provides netlwtrends over time. The RCA is then
able to monitor the effectiveness of maintenancgegies, and compliance with their set
level of service in the AMP, over time to see ik thtrategy adopted is impacting

favourably or otherwise on the network condition.

2.2.2 Vehicle Operating Cost (Economic Analysis)

Roughness impacts on the vehicle operating cost fahicle travelling over a section of

road. The rougher the section of road the highenehicle operating costs. This is due
to wear and tear on the vehicle for such componentsuspension, tyres, increased fuel
consumption etc. Therefore economic benefits éorttad user exist if the roughness of

the road is reduced.

Roughness is the significant component of calcdlatehicle operating cost savings,
obtained when undertaking benefit cost calculatiémrs pavement smoothing. For
smoothing treatments undertaken on a road netwibri&, savings are realised by
achieving a lower roughness after, than existedrbef The greater the decrease in
roughness the larger the saving in vehicle opegatiosts. The Land Transport New
Zealand “Project Evaluation Manual” Appendix A5, hide Operating Costs, (LTNZ,

2004) states vehicle operating cost savings actiigeen roughness reduction.

2.2.3 End Specification Testing

In order to ensure the predicted benefits of roeghnreduction, as calculated in the
benefit cost analysis are achieved, end specificaesting is required. This testing is

required on completed pavement rehabilitation wotksensure the finished product

achieves a set level of roughness. This will ofteran average roughness value for the
rehabilitated section of road, with no readings v&boa set maximum.
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An example of such a specification (FDC, 2005) is:

“TESTING OF FINISHED PRODUCT

The following test shall be undertaken and submhitte the Engineer for
approval:

The Roughness of both lanes shall be measured asiogghness meter to
check the finished road surface, with counts reet@t 100 m intervals.
The vehicle shall travel continuously along the athtacks with three
passes required per lane. The average of allmgadihall be less than 65
NAASRA counts/km, with no single count greater th8h NAASRA
counts/km.

If this standard is not achieved, the Engineer mayalue the work in
accordance with Section 6.5.2 of the General Cmrdit of Contract.

Rework on sealed pavements will not be permitted.

The completed chip sealing tests shall be approyeitie Engineer prior to

the Certification of Practical Completion beingued.”

2.3 International Roughness Index (IRI)

The accepted world standard is the InternationalgRoess Index (IRI). The IRl was an
outcome of the International Road Roughness Exmariroonducted in Brazil (Sayers et
al., 1986a) and is reproducible, portable and statith time. This allows data from
different instruments and different countries to teectly compared and enables
historical trends to be determined with confidence.

Without a common method for calculation, resultsrfrresearch could not be compared

without the use of conversion factors from one tmithe next.

As stated by Sayers (1995) the definition of IRFis
1. IRl is computed from a single longitudinal profileThe sample

interval should be no larger than 300mm for aceuilculations.
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The required resolution depends on the roughnesd, levith finer
resolution being needed for smooth roads. A rémwmiof 0.5mm is
suitable for all conditions.

2. The Profile is assumed to have a constant slopeeest sampled
elevation points.

3.  The profile is smoothed with a moving average whiosge length is
250mm.

4.  The smoothed profile is filtered using a quartergmulation, with
specific parameter values (Golden Car), at a sitadlapeed of
80km/hr (49.7 mi/hr).

5. The simulated suspension motion is linearly accated and divided
by the length of the profile to yield IRI. Thu®llhas units of slope,
such as in/mi or m/km.

The underlying IRI algorithm is a series of diffeti@l equations, which
relate the motion of a simulated quarter-car tortyel profile. The IRI is
the accumulation of the motion between the sprurtgumsprung masses in
the quarter-car model, normalised by the length tbEé profile.

Mathematically this is expressed as:

L/s

IRI =% |z, - z,[dt Equation (1)
0

where IRI is the roughness in IRl m/km.

L is the length of the profile in km;
S is the simulated speed (80 km/h);
Zs is the time derivative of the height of the sprumagss and,;

z, is the time derivative of the height of the unsrunass.”
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2.4 How Can Roughness Data Be Collected?
2.4.1 Introduction

This section outlines:
The types of measuring systems used to collectmrmaghness data.
The instrument accuracy classification.

How the profile data is processed.

2.4.2 Types of Measuring Systems Used

Response Type Road Roughness Measuring Systems IR

These systems measure the response of a vehithe twad surface. A response type
road roughness meter is an instrument mounted iehacle to monitor pavement
roughness. It records the displacement of theclelshassis relative to the rear axle per
unit distance travelled, usually in terms of coupés kilometre or metres per kilometre
(Bennett, 1996).

Since each vehicle responds differently to the hoegs, because of its unique
suspension set up, which changes over time, itecessary to calibrate each vehicle

against a standard roughness measure.

Profiled Based Systems
These systems are contactless with the road surfBeey do not obtain a measure based

on vehicle response to the road surface. Insteadise of lasers or sound waves, the
road profile is recorded. This profile is then lggad and the corresponding roughness
for the profile is computed using analysis softwatech as RoadRuf (Sayers and
Karamihas, 1998).

2.4.3 Instrument Accuracy Classification

Instruments used for the collection of roughneds dae characterised into four classes
as defined by Sayers et al. (1986Db).



Literature Review

Class 1: Precision Profilers
Precision profiles are the highest standard of mogufor calculating IRI and are a series

of accurately measured elevation points, closefzsg along the section (i.e. with a short
sampling interval). The elevations are measureslaatpling intervals no greater than
250mm with a precision of less than 0.5mm on venpath pavements. Examples are
the Face Technologies dipstick, ROMDAS Z-250, dretdARRB walking profilometer.

Class 2: Other Profilometer Methods
An instrument not capable of meeting the Classglirements for precision, or sampling

interval, may meet the criteria for Class 2. THas€ 2 sampling intervals are set at a
maximum of 500mm, with a precision on smooth roafidelow 1mm. Instruments

capable of achieving Class 2 requirements includle $peed laser profilometers.

Class 3: IRI Estimates from Response Type Measureta®r Simple Profilers.
Class 3 includes instruments that measure theweldisplacement of the chassis to the

suspension. This can be done either mechaniceltjgitally. In addition to response-
type meters, instruments such as the MERLIN ordfang straight edge are also Class 3

devices.

Class4: Subjective Ratings
In subjective evaluations of roughness, the ingastr physically drives along the road

or makes a visual survey. Such evaluations caamsbested by the use of an uncalibrated

roughness meter.

2.4.4 Processing Profile Data

There are a number of software packages availabfgdcess the collected profiles to

obtain the corresponding roughness. The RoadRalysis software was used to analyse
the surveyed profiles, to obtain the resulting tougss. This software is free to use and
can be found on the University of Michigan web  siteat

http://www.umtri.umich.edu/erd/roughness/rr.html

Using a single software package to evaluate all pghadiles provides consistency in

analysis. It eliminates introducing potential diffnces in calculated roughness during

10
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analysis, which may be introduced if the instrummrgplied software is used to calculate
the profiled roughness.

Road roughness is calculated from a road profiilegugither quarter car or half car
simulation. The two measures are calculated qiifferently and represent separate

characteristics of the pavement being measured.

Quarter Car (IRI)
The quarter car analysis uses the response damedtfrom the individual profiles for

left and right wheel tracks/ paths. This is shawrthe top part of Figure 1. These
profiles can then be analysed separately to olgpaarter car IRI values for each of the
profiles. In undertaking the calculation this wayid possible to obtain separate IRI

values for the left and right wheelpaths.

Half Car Roughness Index (HRI)
The response of a half car model can be obtainddthe same equations as used for the

quarter car. “The trick is to take a point-by-poaiverage of the two profiles (one from
the left wheel track and one from the right wheatk) first, then process the averaged
profile with a quarter car filter”, (Sayers and Earhas, 1998). This method is shown in
the bottom part of Figure 1. The roughness caledlasing half car analyses will always
be less or equal to the quarter car analysis. Bh@imarily due to the meter being
located at the centre of the vehicle that in eflactrages out the individual response to
the left and right profiles. One of the disadvget of half car analysis is the two
profiles must be perfectly synchronised before taeyaveraged. This does not cause a
problem for equipment that measures the two psoSienultaneously. But for profilers
that measure only one wheelpath at a time, it wdiddextremely difficult and time
consuming to synchronise the two wheelpaths. Tpecximate conversion for half car

from quarter car IRl is given by (Sayers, 1989):

HRI = 089IRI Equation (2)

Figure 1 is shown on the next page.

11
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Movement between
cenier-of-mass locations @ Sprung Mass
is not affected by roll

Unsprung Mass
Left Profile Right Profile

=
=

Left A Average of R Rish
Profilzs | Profiles Profile

112 Car = 14 Car using averaged
profile input

Source: (Sayers and Karamihas, 1998, p. 61)

Figure 1: Half Car and Quarter Car Profile Definitions

12
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CHAPTER 3
EXPERIMENTAL SET UP

3.1 Instrument Selection For The Study
3.1.1 Selection Criteria

Instrument selection for the study involved thddaing selection criteria:
Obtaining a reference instrument for the otheruments to be compared against.
This instrument has to ideally be a Class 1 proféter. Initially the choice was
to use the Dipstick, but there were issues arobadavailability of this. Also the
automatic data recording mechanism was brokentamas not planned to replace
this for some time.
Selecting an instrument that was commonly usedhadda reputation for accurate
recording of data. This may be quicker than tHeremce profilometer and may
have different operating characteristics for ite gach as quicker to use, cheaper
or more expensive to purchase; or different in gerof repeatability /
reproducibility.
This will most likely be a Class 2 or 3 instrumenf lower technical type

instrument that can be fabricated locally and wdhktefore be inexpensive.

The selected instruments had to be sourced in NealadAd, ideally within the Auckland
Region. This was particularly important for theghrer cost, technically superior
instruments, as rental and transportation costddvoave to be taken into account. A
potential list of instruments was drawn up, thdrimaent owners were contacted about

availability and potential use for this researcbjget.

Transit New Zealand owns the only available difstic New Zealand. At the time of

proposed data collection it was managed by the &isity of Canterbury. Repair was
required to the automatic data collection unit. tAsusands of readings were to be
collected, manual recording of these was not cemsdia practicable option. In addition,

manual recording of data introduces a potentiaresource.

13
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As a consequence of this, the ROMDAS Z-250 wassaleto replace the Dipstick as the
reference instrument. For ease of reference thBIR&S Z-250 will be referred to as
the Z-250 throughout this report. The Z-250 opeyah the same way as the Dipstick
and has the same distance between the feet, 250ris.instrument has been calibrated
against the Dipstick having an R squared valuedo 8058, (DCL, 2002). Data
Collection Limited (DCL) developed and manufactutiee Z-250.

At commencement of this research project the I@d&RB walking profilometer was
owned by Info 2000, who were based in Whakatané Whas made available when not
required for data collection elsewhere. As thissveacommercial instrument paying
customers had to be given priority. Later onfad sites were re-surveyed with a walking
profilometer from DCL.

Construction drawings for a Merlin (Mark 1) wereta@ibed and the instrument fabricated
by a local general engineering shop. Once builg instrument remained under the

ownership of the University, so availability wad ao issue.

The following instruments were confirmed for usehis research:

(@ Z-250
(b) ARRB Walking Profilometer
(c) Merlin

3.1.2 ROMDAS Z-250

The ROMDAS Z-250 (Z-250) Reference Profiler, shawrFigure 2, was developed by
Data Collection Limited (DCL) for measuring acceraeference profiles of pavements
and, as noted earlier, is similar in design to Ehpstick. Profiles obtained from the

instrument are analysed to establish the roughnd& m/km.
The Z-250 consists of the measurement unit, withaad-held pocket PC as the data

logger. The measurement unit contains a battempaacision inclinometer along with a

power circuitry. The inclinometer outputs a sesmgnal that is recorded and processed

14
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by the data logger. As described by DCL (2004) da¢a is stored and optionally
downloaded to a PC for further analysis using tbadRuf software. In appearance, the

Z-250 unit looks very similar to the Dipstick. EHig 3 shows the Z-250 in operation.

Figure 2: ROMDAS Z-250 Stationary Inclinometer

The Z-250 is easy to assemble and comes with & gsede. The user’s guide (DCL,
2004) outlines how to assemble and calibrate the uhalso provides information on
conducting a reference profile survey and how tocess the data. To collect profile
information for a wheelpath the Z-250 is ‘walkedbrg the road. The distance between
the centre of the two moon feet on its base is 2B0rhe data interval for the collected
data is therefore 250mm. Figure 4 shows the wglgiocess around the lead foot.
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Figure 3: ROMDAS Z-250 in Operation
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Movement of Z-250

Source: (DCL, 2004, p. 30)

Figure 4. Walking Process for ROMDAS Z-250
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As the Z-250 has two moon feet for contacting tredrsurface, the unit is rotated around
these along the marked wheelpath. The lead foptaised forward, heading down the
wheelpath to be profiled. This ensures the sldgbeprofile is recorded correctly. For
example a down hill wheelpath, from the Om starinp®o be profiled, will have a
negative sign recorded against the profile readingmreas an uphill wheelpath will be
positive. Figure 4 shows the lead foot markedoas A. The Z-250 is then rotated about
the front foot (A), with the rear foot (B) brouglarward in a clockwise rotation. Foot B
is then placed forward of foot A along the linetbé wheelpath, with the centre handle
held vertical. The machine beeps to confirm aireptas been taken; it is then rotated in
a clockwise direction anchoring around the frordtfdo bring the rear foot to the front.
This ‘walking’ action is continued until the end tiie wheelpath to be profiled is
reached. Once the section to be profiled is cotagle’end” on the hand-held PC is
selected. The roughness in IRl m/km will be digpth and optionally a graph can be
produced.

DCL (2004) states the two files produced for eaatvesy are:

1. Text File: A text file that contains three columndhese are the distance, the
logged elevation and the summed or longitudinafilerdata.

2.  RoadRuf .erd File: An erd file that has the reqiiireader to allow the file to be
directly imported into the RoadRuf program for het analysis.

This instrument complies with the World Bank regquients for a Class 1 profilometer.
It has a step size corresponding to a samplingviateof 250mm and is capable of
measuring a height resolution t80.1mm. This meets the Class 1 requirements of

250mm and 0.5mm respectively.

3.1.3 ARRB Walking Profilometer

The ARRB Walking Profilometer (Walking Profilome}emeasures road profiles in a
similar way to the Z-250, except the walking praces automated by the operator

pushing the machine along a wheelpath at walkingedp hence the name walking
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profilometer. As this is done at a slow continuaualking speed, the time taken to

profile the wheelpaths is expected to be less thiathe Z-250.

Figure 5 shows the Walking Profilometer with theavtan place, and laptop mounted
ready to start collecting profile data. Figure &stthe Walking Profilometer with the
cowl removed showing the automated mechanism foording profile data. The
instrument can be used with, or without the cowljlevcollecting profile data. Generally
collection of data was done with the cowl removedaloser watch could be kept on the
mechanical mechanism. The placement bar is showigure 6, with the two feet in the
staged position. The staged position is when theement bar is locked at its top
position for moving the instrument. This avoidsmdae to the feet and placement bar

when moving the instrument, to and from sites t@itudiled.

Figure 5: Walking Profilometer with Cowl On and Laptop Mounted
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Figure 6: Walking Profilometer with Cowl Removed

The ARRB Walking Profilometer is a high quality pigon instrument, designed to
facilitate the efficient collection and presentatiof continuous paved surface
information, including distance, profile and grad@RRB, 2001). “The instrument
records profile elevation data by measuring thewatubf an accelerometer that is fixed
between two contacts points, as the device stepsgahe road surface” (Fong and
Brown, 1997). The step length or data sample vateis 0.2413 m, with a height
measurement precision @& 0.01lmm per step. This instrument also complie$ whe
World Bank requirements for a Class 1 profilometer.

3.1.4 Merlin

The Merlin is a simple roughness measuring mactfiae has been designed for use in
developing countries. “Merlin stands for — a Maehifor Evaluating Roughness using
Low-cost Instrumentation” (Cundill, 1991). It cdme used to calculate roughness
directly, or for calibrating other more automatedighness collection devices, such as
vehicle mounted response meters. The device ¢ertdia metal frame 1.8m in length, a
bicycle tyre at the front, a foot at the rear, anthoving foot mid way to record the mid-

chord deflection. Figure 7 shows a Merlin (Mk ffeaconstruction.
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Figure 7: A Constructed Merlin (Mk 1)

Figure 7 shows the pointer, at the other end ofmtbbging arm from the centre foot, for

recording the mid-chord deflection. This is ill@ed and annotated in Figure 12 on
page 34. The pointer is used when plotting poimi® graph paper, to obtain the data
distribution for the profiled site. For a more aitdd explanation on the manual data
collection process, readers are referred to Cu(iB®1). Individual graphs for each site
were not plotted, as an automated data loggingsystas utilised. This made use of a
digimatic indicator for recording mid-chord defleats, at the base of the centre probe,

then storing the readings onto a laptop.

The machine is pushed along the road with readimigsn at regular intervals, typically
one revolution of the wheel. For the purpose &f tudy, the data was recorded at half
revolution intervals. Roughness in terms of therlMescale, D, is obtained by first
plotting the recorded data onto a histogram. Ppeeent of the total number of recorded
observations is counted in from each end of th&ibligion with the position marked.
The value D, in millimetres, is then obtained byasw&ring the distance between the two

marked points, representing a data spread of 9@%héocollected data. As stated by
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Cundill (1991) a data spread of 90% produced tlghdst coefficient of determination
(R?, when linear regression was undertaken using IDesaderived from different data
percentages. Readers are referred to Cundill,1)1f® a more detailed description on
how to obtain D, roughness in terms of the Mertals. With the value of D obtained,
IRI by correlation can be calculated from EquationThere are a number of equations to
select from that are dependant on the road sulfeicey profiled. For example equations
exist for asphaltic concrete, surface treated (d®pls), gravel and earth. A general
purpose equation, developed by (Cundill, 1991)texisr all road surfaces. This was
carried out using computer simulations of its operaon road profiles measured in the
1982 International Road Roughness experiment. r&taionship between the Merlin

scale and the IRI scale for all road surfaces is:

IRl =0.593+0.047D Equation (3)

where IRl is the roughness in terms of the Inteomal Roughness Index, measured in
metres per kilometre (m/km), and D is the roughnesserms of the Merlin scale,

measured in mm. The equation is valid for D gretdtan 42mm and less than 312mm,
which equates to IRI greater than 2.4 m/km and fleas 15.9 m/km. Equation 3 was

used to calculate IRI for the sites surveyed asgdahis study.

3.2 Site Selection
3.2.1 Site Selection Criteria

Considerable effort was devoted to the selectiahsatting out of the sites. Issues, such
as safety of the survey team, required traffic nganzent, homogeneity of roughness
within each site, variability between sites and htawmark out the sites, were all

considered.
Each candidate site was assessed against the iftdj@niteria to determine its suitability

for inclusion in the study:

The site(s) has to generally be on flat terraimta constant grade.
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Be of a length of at least 300m.

Have a lead in and run out length, in additionh® $urvey site length to provide
for safe stopping distance of approaching vehidiggng surveys.

Be of uniform roughness over their length.

Sites with varying levels of roughness are requi@dnsure the equipment is
tested through the required roughness range.

Have a range of sites in a confined area to mi@rtv@vel time between sites.
Identify more sites than required, as some ardylike become unusable due to
maintenance/rehabilitation works being undertakenthee pavement during the

survey period.

Figure 8 which shows the selected sites in Weskkand is given on the next page. The
sites were chosen in this area as they were ctosket authors work place, as well as
being easily accessible from nearby State Highwiy State Highway 16 was the main

route used to travel to, and from the sites whedettaking profiling.

The relative closeness of the sites is observédgare 8, thereby reducing lost time due
to travelling between the sites. Obtaining the enexpensive profiling instruments can
be difficult, so maximising the number of profilebtained during a day is important.
The closeness of the sites reduces potential st tor travelling between sites, re-

establishing traffic control and instrument set up.
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Figure 8: Survey Site Locations
3.2.2 Screening of Sites

Preliminary screening of the sites was done usiegHTC Pajero survey vehicle running
ROMDAS v5.3a Build 2 (HTC, 2000). This screeningsaundertaken in August 2000.

Preliminary screening of possible site locationss warried out using the ROMDAS
Vehicle Mounted Bump Integrator, which measures ithlative displacement of the
vehicle suspension to the floor of the vehicle (D@QQ04). The relative displacement is

recorded in pulses, with each pulse equivalent@mé suspension movement.

Preliminary screening was done by surveying thesasing ROMDAS with a sampling

interval of 50m. The data was summed to 300m vaterwith the selection of sections
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based on the total roughness. A number of preéinyirsites were eliminated due to
curves or bridges restricting site visibility, aoshlist of 7 sites was obtained. Each site
location was marked with fluorescent orange pamtre edge marker post to the left of
the pavement. Digital photographs for each sikegaren in HTC (2000).

It was important at this stage to identify moresithan would be used in the research as
some sites can become unusable during the researicld. They are generally ‘lost’ due
to the road controlling authority having to carmyt enaintenance or rehabilitation work
on the survey site. The work may range from raésgaldig out and/ or stabilisation
repairs. Sites can also be ‘lost’ due to develapnoé adjacent land, or a change in the
land use. One site became unusable due to alldmelhig established down a side road
off the survey site. The increase in heavy vebi@dkng the survey site resulted in a
number of substantial pavement failures; for safetgsons rehabilitation work was

required along this site.

After the candidate sites were identified, the appate road controlling authority was
contacted to discuss the proposed study. Appriveat the road controlling authority
was obtained before any surveying was undertaketh&n road network, as they have

requirements that need to be addressed beforeol&ation can commence.

These may include:
Requiring a traffic management plan, in accordamitle their adopted code.
A site location map identifying each site, andetsgth.
The start and end time, and days of the week timeegung activities will be
undertaken.
The likely duration of the research period.
How the sites are to be marked i.e. markings orrdbd and/or signs on the side

of the road to identify the site.

At this time any planned maintenance activitiestba survey sites were discussed.
Because the RCA was aware of the study, they wkle t@ delay any works until
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completion of the data collection phase. Additiomdormation including existing
surfacing and pavement depth were also obtaindw nEtwork manager/contractor had
to be advised of the proposed data collection #ietsy as did the call centers that receive

public inquiries. As a result of everyone beinfpimed there were fewer issues raised.

3.2.3 Preliminary Data Collection

The data was collected using the ROMDAS vehicle mbed bump integrator at two
speeds: 100km/hr and 50 km/hr (HTC, 2000). Fohesgpeed category, the vehicle was
driven up to speed in advance of the start of e#ddm@tion section. At the start of the
section, the space bar on the vehicle mounted papts pressed to start the ROMDAS
software recording. The software was set to auticaldt stop recording at the end of
300m and the data was saved to disk. The procedaseepeated several times for each
site.

Results of the 50km/hr runs at seven sites are showable 1. The resulting standard
errors (SE) in Table 1 as a percentage of the rmsamlmost all below 1%. The means

range from 2016 to 5013 thereby ensuring a gooebshbof roughness between sites.

Table 1: Calibration Results — Speed: 50km/hr (HTC2000)

Run Number
Site 1 2 3 ROMDAS S.dev S.Error S.Error
Mean (%)
1 4144 4067 4106 54 38.5 0.94
2 3907 3898 3903 6 4.5 0.12
3 3285 3117 3173 3192 86 49.4 1.55
4 2890 2946 2961 2932 37 21.6 0.74
5 2002 1993 2053 2016 32 18.7 0.93
6 2351 2333 2342 13 9.0 0.38
7 5019 5007 5013 8 6.0 0.12

The results recorded for the 100km/hr vehicle speee very similar to those shown in
Table 1.
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3.2.4 Marking out of the Sites

Once the preliminary sites were confirmed, morer@grent marking was required before
they could be surveyed with the selected instrumer8etting out and marking of the
sites was extremely important, to ensure all sus\&grted at exactly the same location
and that the same wheelpath was profiled. Thisdadointroducing profiling errors due

to a different line being surveyed.

The process for marking out of the sites was:

1. Identify the wheelpaths, if possible from visuakebvation.

2. Measure the spacing between the wheelpaths and aeasistent spacing for all
sites. Where the wheelpath is not obviously idedie it was marked at 0.8m
from the centre of the lane.

3. Spot mark the wheelpaths at 50m intervals to gettheelpath lines. Then fill in
spot marks for the wheelpaths at 25m intervals. is Thill give a good
representation of the wheelpath line. Any cormedito the wheelpath line should
be done at this stage.

Hammer in road nails at 50m intervals to mark tieepath lines.
In fill marking the wheelpaths between the 50m roats. The interval marked for
this project was 250mm. This was considered thstmonvenient interval for

marking the wheel path.

Identification Of The Wheelpaths
Identification of the wheelpaths can be difficuttsmme sites and easy at others. The

wheelpaths can sometimes be identified as disttacks down the road. They may be
visually easy to identify as two darker or lighteaicks down the road. There can be
slight deformation or flushing present that helpsdentify them spatially on the road.
Observing the passing traffic may provide guidatecelentifying the commonly tracked

wheelpath along the road.

Width Between Wheelpaths
For sites where the wheelpaths were identifiable thstance between these was

measured at various intervals along the site lengtie width between wheelpaths used
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for the survey sites as a result of this invesiogatvas 1.6m. In reviewing literature on
this subject a range of values were provided, wheee wheelpath is not clearly
identifiable. Some examples include:
U.S. DoT (1996) states the wheelpath is identiisbeing 0.826m either side of
the centre of the lane.
Widayat et al. (1991) describes the outer pathd®noated approximately 0.7 —
1.0m from the left hand seal edge, with the innbee& path located 1.30m from
the outer wheel path.
0.75m either side of the lane mid track (Austrod@99b)
Take the 90 percentile car width of 1.750m, legsreximately 180mm for tyre
width, to give an approximate width of 1.6m (LTSIQ94).

The middle of the lane was defined as being halfagtyveen the centreline and the left
hand edge of seal. The wheelpaths were then saidech every 50m, at 0.8m each side
of the middle of the lane. This reflects the 9@cpatile car width of 1.750m in New
Zealand less approximately 180mm for tyre widtlyisee an approximate width of 1.6m
(LTSA, 1994). This width is also consistent falesiwhere the wheelpaths were visible

and the width between them measured, as descridmee: a

It was recognised that the composition of the icgfssing over the survey sites would
impact on the width between the two wheelpathsyels as the wheelpath width itself.

For example it would be reasonable to assume wiitts a high percentage of trucks
passing would have a wider wheelpath width, witlgraater distance between the

wheelpaths, than sites where the traffic flow casgat mostly of passenger vehicles.

3.2.5 Setting Out

The setting out and marking of the sites was exgéhgrimportant for ensuring success
with regard to reducing errors and delays further GGome of the lessons learnt only
became apparent in hindsight. The process waserkfas each site was set out and

surveyed.
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The process undertaken and lessons learnt ardedetb@iow:

1. Install road nails at 50m intervals once the spatrk® have been checked for
correct alignment. The spot marks were made uspnay paint at the defined 50m
intervals, offset from the road marked centreline.

2.  The middle of the lane was defined as half way betwthe centreline and the left
hand edge of seal.

3. The wheelpaths were then marked at 0.8m each &itie oniddle of the lane.

Issues identified were:
The road marked centreline was not always stramghtocated in the middle of
the sealed road width.

The seal edge was also often not straight, reguhlivarying seal width.

The result of which was a slightly meandering what. In hindsight a better approach
would have been to use a steel wire between paanis$,not to set the offset from the
road marked centreline. The observed traffic Hmlyever, appear to generally set their
line of travel from the road marked centrelineheatthan drive a straight line between

two points.

Intermediate Points
Once the 50m interval points were established, aBth5m locations were spot marked.

Initially the 25m points were marked with crayon ke sure the alignment of the
wheelpath was smooth and not becoming jagged. Winem@lignment was considered
correct the 25m points were spot marked with sgragnt. Infill marking was then

completed between the 25m points at 5m interval@nce the 5m intervals were

established, individual points were marked evel@i®, using a fibreglass tape.

Individual Points
It was found that the optimal length for marking the 250mm points was 15m, when

using a fibreglass tape. Any longer than this afmwbw or sag occurred mid point. This
was possibly due to the tape not being able toutlegstraight and tight. This problem

became greater when working on the larger storeedigp seals. The edge of the tape
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would get caught on the protruding chip makingifficult to obtain a straight line. A
longer length may be possible when surveying sneyosurfaces, such as asphaltic
concrete and small stone size chip seals. Whéomes length was used, the wheelpath

appeared to become quite meandering giving theaappee of a jagged line.

In hindsight it may have been better to use a giir@g line, rather than a fibreglass tape.
The wire string line would require the 250mm intds/to be marked on it so these points

could be transferred onto the road.

3.3 Traffic Management
3.3.1 The Required Process

Traffic management is an extremely important pdrammy data collection exercise. It
provides for the safety of those collecting theagas well as the road user. The extent of
traffic management required will generally depemdtbe average daily traffic (ADT)
travelling through the survey site. The higher titadfic volume the greater the level of
traffic management and associated cost. This isnaortant factor and was considered

when selecting the location of the survey sites.

The road controlling authority (RCA) was contactbdfore undertaking any data
collection in the field. They provided guidance thre level of traffic management
required for the proposed sites, as well as traffcdume information. The RCA

confirmed their adopted Traffic Management Codes kel of traffic management

required for the survey sites and who else hadet@advised. Road asset information
including surfacing and pavement age, surface &k chip size were provided by the
RCA.

A traffic management plan (TMP) was submitted te RCA for approval prior to
undertaking any survey work on the road. The R@A hdopted the “Code of Practice
for Temporary Traffic Management”, or COPTTM (Tran2004). The manual provides

guidance on the required traffic management devwes used for surveying activities.
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A copy of the submitted generic traffic managemnaybut plan (TMP), for this study, is
shown in Figure 9.

Figure 9: Traffic Management Layout Plan
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3.3.2 Preparation of Traffic Management Plans

In accordance with the COPTTM (Transit, 2004), pleeson preparing the TMP must
have the required qualification as should the persasked with setting up and
management of the site. Traffic Control NZ assisieth preparation of the TMP, as

well as the initial setting out, management, amdaieof the required equipment.
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CHAPTER 4
DATA COLLECTION

4.1 How The Data Was Collected?

Electronic Vs Manual
Collecting data at 250mm intervals, for sites 00130 requires collection and recording

of 1200 individual points per wheelpath. Given tiember of data points to record,
electronic data collection was considered the namsurate and efficient method for
collection and storage. Both the Z-250 and walkimgfilometer have automatic data
collection and storage as part of the standardadipersystem. Therefore collection and
storage of data for these instruments did not pgseblem. The Merlin, however, once
constructed came only with a manual method fornding data. The measuring probe is
attached to a weighted moving arm at one end, withointer at the other end for
recording onto graph paper, held on the chartqiatinear the handles. The moving arm
has a mechanical amplification of 10. This meadsian movement of the probe results

in a 10mm movement of the pointer.

In order to automate the data collection and swggcess for the Merlin the following

steps were undertaken:
An electronic dial gauge (digimatic indicator) foreasuring movement of the
probe, was attached to the centre bar, as shoviigure 10. The centre bar
provides the pivot point for the moving arm. Thgimhatic indicator measures
movement of the centre foot (probe) relative t@Bzosition. The zero position
being when the surface is level and the probe is @traight line between the
front wheel and the rear foot, as shown in Figite With the digimatic indicator
fixed in position, amplification calibration was dertaken with the Merlin in the
zero position. Amplification for the digimatic imétor was obtained by
measuring steel plates of known thickness and cdngdhis to the readings
from the digimatic indicator.
The ROMSIM programme (Carr, 2002), supplied by theversity, was used to
automate the data recording process. The ciraard was housed within a
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wooden box, also used to contain six AA batteraegtie power supply. A cable
ran from the circuit board and connected into thedf the electronic dial gauge
(digimatic indicator), as shown in Figure 10. TR@®MSIM programme ensured
a stable reading was obtained from the electronat dauge before being
recorded. The space bar on the laptop was préssedord and store a reading.

A laptop computer was mounted onto a wooden platfduilt to sit on top of the

lifting handles of the Merlin, as seen in Figure 1t is secured to the wooden
platform using hook and loop strips, and has aeresl 12 volt power supply to
increase operating time. The primary purpose ofcthraputer was to store data
points recorded via the ROMSIM programme. Wherfilong, the laptop screen

was kept open, to allow the space bar to be prassedtord the data points.

Figure 10: Set Up of Electronic Dial Gauge for Aubmated Data Capture
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Figure 11: Merlin (Mk1) Ready to Collect Data

Source: (Cundill, 1996, p.4)

Figure 12: Schematic Diagram of the Merlin (Mk1)
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4.2 Data Collection Issues
4.2.1 Introduction

A number of issues were identified while profilimgth each instrument. The recorded
observations are for the versions of the instrusesed at the time of survey. Some of
the identified issues may be addressed, or codewati¢gh newer or modified instruments.

4.2.2 ROMDAS Z-250

Initial problems existed with hearing the audiofegsed to indicate when a data
point has been recorded. When out on the roae thex lot of ambient noise,
including that of passing traffic. Without haviag earpiece plugged into the
hand held computer it was difficult to confirm iparticular point had been
recorded or not. Using an ear piece did improaihg the confirmation beep.
The measured “roll angle” was added to be a vieevphlameter displayed on the
hand held screen. “Roll angle”, measures the aofji¢he instrument from
vertical in the transverse direction. To obtaie tmost accurate readings the
instrument was required to be as close to verasapossible, in the transverse
direction. A user adjustable maximum limit eittede of vertical ensured that
readings were only able to be recorded when th&lgravas within the set limit.
This parameter was set to 0.5 degrees for thelgdodites. When readings were
within the set limits the measured roll angle targgeen on screen, allowing a
reading to be taken. When outside the set lintits roll angle stayed red on
screen and prevented a profile point from beingneed.

Battery power was initially an issue. The firsofder used ran on a 6 volt
battery. The length of time required to profilaamber of sites, was greater than
the life of the battery before it required rechaggi As a result, some changes
were made to the unit to allow it to run on a 12 vattery. This allows for a
battery to be charged in a vehicle while using iorthe profiler.

Initially the battery was unable to be changed pay through profiling a site.
This meant if the battery discharged completelynvpart way through surveying
a site, the whole site had to be resurveyed, abkdtiery could not be changed and
the survey continued. Modifications were madeh profiling software so that
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4.2.3

changing of the battery could be done part wayudginoa survey, with the ability
to continue the survey where it had been stopfduts provided flexibility for the
profile run to be stopped at any point, and to ot from that point when
restarted. The feet positions were marked on theelpath, with the location of
the lead foot noted, before the profiler was rendoivem the wheelpath.

Reading the screen in bright sunlight was difficulAn important reason for
reading the screen is to see the roll angle, tblerthe operator to reposition the
instrument so it is within the set tolerance. Utsade the set tolerance, then a
reading will not be taken. Viewing the roll anglalue on the screen allows the
instrument angle to be adjusted to within the adlble range.

On some of the larger chip seal surfaces slippagieeomoon feet were observed
more often than for smoother (smaller chip) sugacdo minimise this effect
some grit paper was fixed to the bottom of the mdest. Recorded field
observations showed this reduced the number gbadips that occurring during

wheelpath profiling.

ARRB Walking Profilometer

The vertical clearance between the road surfacetf@ntbottom of the placement
bar was insufficient for some of the profiled site3he problem occurred at
pavement repairs such as pothole patching, or wtiezestart of a previous

rehabilitation patch abutted the adjoining pavemdnta couple of instances the
machine bottomed out on these rough repairs. Ttraee profiling, the machine

had to be pivoted about where it had bottomed and, then pushed forwards to
continue on.

Hearing the audible confirmation beep that a regadiad been taken was also
difficult at times with the Walking ProfilometerThe tone and volume of this

appeared to vary regularly while profiling makirg toperator unsure at times if a
reading had been made, or not.

The profiler makes a different audio tone and fesgny when it is pushed too fast
for accurate readings to be measured. This watioing became very difficult to

hear at times, due to the ambient surrounding neis® the tone and volume
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424

changed frequently. This resulted in the survegedpbeing less than optimal to
avoid unstable readings being recorded, or havong-profile the wheelpath due
to accuracy uncertainty of the recorded data.

Reading the laptop screen in the direct brightighhlwas difficult. This is often
required to be done when the operator is unceméiether a reading had been
taken or not. A shading cowl can be used to assiglading the screen, although
operating the profiler with the laptop screen doawoids wear and tear to the
laptop screen hinges.

A warm up period for the accelerometer is requipeidr to surveying. This is
generally around half an hour. Other activitieshsas setting up the traffic
management devices can be done during this tineeneSlown time does occur
when the profiler is transported between sites @Vveby the same traffic
management set up.

It is better to profile the wheelpaths without tteevl on. This allows the operator
to better observe the mechanical walking mechamisthensure there is nothing
affecting its operation. In some instances, duhotier weather, sealing chips,
via the bitumen, attached themselves to the felewbthe placement bar. The
Walking Profilometer had to be stopped and the <hipmoved with the

placement bar in the staged position.

Merlin

Similar issues regarding bottoming out occurredlie Merlin. This occurred at
the same locations as for the Walking Profilomedethe rough patching repairs.
Because electronic capture of the profile datatgoivas used, the laptop had to
be securely fixed to the Merlin. A wooden platfowas custom made to sit on
top on the lifting handles. The laptop was fixedhis using hook and loop strips
on the laptop and the wooden platform.

To extend the survey in the field an auxiliary poweapply was required for the
laptop. An external 12 volt battery was fixed e top of the wooden platform
using hook and loop strips. The battery was figedurely to ensure it did not fall

off while profiling.
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The digimatic indicator, used to record the mid+chaeflection, required a power
source. A power pack made from six standard AAebias was used, enclosed in
a wooden box, and secured on the wooden platfosthtoethe laptop, as shown
in Figure 11. The ROMSIM software used to recdrel data points ensured the
readings were stable before recording. Limits imitthe software set the
allowable fluctuations between readings before adirgg was accepted and
recorded.

When the Merlin was ready to record a data poiatsgpace bar on the laptop was
pushed to record the mid-chord deflection, meashyethe electronic dial gauge
(digimatic indicator). No audible noise was madewthe space bar was pushed.
The laptop often had to be checked to determirzerdading had been made, or
not. This had to be checked before moving offrifaek.

Reading the screen in the bright sunlight was aneidor this set up as it was for
the others.

A spirit level bubble was placed on top of the Nfetb ensure the instrument was
level in the transverse direction before a measentiwas made. By doing this,
any affect resulting from roll angle, as for the2Z0, was eliminated. Cundill
(1996) stated that manual readings, using the gpg@er technique, could be
taken with the stabiliser bar in contact with tlead surface. However, field
testing showed a significant difference in the eabf the data point with the
instrument level compared to having the stabilisar in contact with the road
surface. The degree of camber varied between, Stedo eliminate another
potential source of variance in the reading vala#lseadings were taken with the
Merlin in a level position. Hence the use of tipgrislevel bubble to ensure the
machine is level before a reading was taken.

Standard procedure to determine roughness forgtHest road with the Merlin is
to record 200 data points at regular intervals, @age every revolution of the
wheel (Cundill, 1996). However, for this study, asarements were taken every
half revolution, to ensure the 200 reading requeetmvould be more than met for

300m sites.
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CHAPTER 5
PARALLEL STUDY

5.1 Introduction

The results outlined and discussed in the next hapclude data from additional
profilers for a parallel study, as presented in Mar et al. (2005). The reasons for
inclusion of this data from additional profilingstmuments, which are not part of this
research project, are they were within the objestiof this research, and were profiled at
the same sites and time by another researcher.in$traments used in the parallel study
included the Riley and Rod and Level.

A brief description of the instruments is outlingelow, to clarify how they align with the
authors instruments. Inclusion of this data in #malysis, from the parallel study,

reinforces the conclusions made by this research.

5.1.1 Rod and Level(Parallel Study Instrument)

The rod and level are familiar surveying tools tostnengineers. The level provides the
elevation reference, the readings from the rodigethe height relative to the reference,
and a tape measure provides the distance betweeéndumal elevation points. More
stringent requirements however are required toiolagrofile suitable for determining
roughness. For example, Sayers et al. (1986aymmend that elevation measures be
taken at intervals of 250mm for Class 1 surveys%0@mnm for Class 2. The individual
height measures must also be accurate to 0.5messr IA more detailed description of

the procedure can be obtained from Sayers et386€).

5.1.2 Riley (Parallel Study Instrument)

The Riley or mini-Merlin, is based on the same gptes as the Merlin, as it measures
mid-chord deflection. It is a simpler more porgadevice consisting of a sectional beam
and a dial gauge. The instrument is placed astag of the wheelpath to be profiled,

and the dial gauge reading recorded. The instrtnselifted and walked to the next
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recording position, placed onto the road and tre dauge reading recorded. This

process is repeated until the end of the secfidns is a Class 3 device.

The standard deviation of the readings is thenrdszband the IRI, measured in metres

per kilometre (m/km), is given by (Riley, undated):

IRl =0.593+ 7755TDj where STDuj = STD%Q Equation (4)

STD.gjis the standard deviation of the recorded valuégiséed to account for the lever
arm ratio of the instrument. STD is the standadiation calculated from the raw dial
gauge readings and LAR is the actual lever arno ratithe instrument as determined
from the calibration. The denominator is the leaem ratio used in deriving the

conversion formula.
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CHAPTER 6
PRESENTATION AND ANALYSIS OF RESULTS

6.1 Results

The roughness at each site, both left and rightelplag¢hs, was measured using each of
the instruments. Of the seven original sites sgedethree were lost due to maintenance
or rehabilitation work during the course of theemsh. The results from the four
remaining sites are summarised in Table 2. TheolRdined across the eight remaining
wheelpaths, range from 7.24 down to 1.86 IRl m/kmthe Z-250, which covers almost
the full spectrum of IRI for paved roads. Newlwpd surfaces typically range from
about 1.5 to 3 IRl m/km, older paved surfaces fiamto 5.5 IRI m/km and damaged
pavements as high as 11 IRl m/km.

Table 2: Survey Summary Results for Each Instrument

Site No. 3 Site No. 5 Site No. 6 Site No. 7
IRl (m/km) IRl (m/km) IRl (m/km) IRI (m/km)
Instrument Left Right Left Right Left Right Left Ri ght
Z-250 7.24 5.55 4.30 3.72 1.86 2.55 1.92 2.08
ARRB WP 7.38 5.31 4.27 3.46 1.79 2.12 1.74 2.06
Merlin 6.85 5.39 4.42 3.90 241 2.67 2.40 2.50
Riley 6.27 4.65 4.09 3.52 2.60 2.83 2.42 3.04

R&L(250mm) 7.18 5.19 4.39 3.67 2.21 2.85 2.45 2.77
R&L(500mm) 6.73 4.85 4.26 3.49 2.12 2.67 2.26 2.75

Source: (Morrow et al., 2005)

These are shown graphically in Figure 13. The daliected is point data, not series, so
strictly speaking should not be joined betweengbmts as shown in Figure 13. This
has, however, been done to make the informatioleretsinterpret. It is noted, that the
correct relative roughness between sites is maiathfrom instrument to instrument. In

particular, the three Class 1 instruments produeey \similar results, as would be
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expected, except on relatively smooth surfaceoybeabout 3 IRl m/km) where the rod
and level overestimates the roughness. This ialbhogether unexpected as the required
resolution depends on the roughness level, witlerfiresolution needed for smooth
pavements. When used as a Class 2 instrumenbthand level consistently produces
lower estimates of roughness than its Class 1 atgnt. In addition, the Riley, a Class 3
instrument, significantly underestimates the rowgsnon rougher surfaces. Finally, for a
Class 3 instrument the Merlin produces consisteatijurate results when compared to
the Class 1 instruments.

—&— ARRB WP
,\\ —l— Merlin
7 Riley
Rod and Level (250mm)
—¥—z-250
—@&— Rod and Level (500mm)

Roughness (IRl m/km)

S3LWP S3RWP S5LWP S5RWP S6LWP S6RWP S7LWP S7RWP
Location
Figure 13: Wheelpath IRI for Each Site

6.2 Repeatability and Reproducibility

Repeatability and reproducibility of the WalkingoRlometer, Merlin and Z-250 were

assessed on one wheelpath of a 50m section of r&agh instrument underwent five
repeat runs with two different operators. The itssof these multiple runs are displayed
in Table 3 and graphically in Figure 14.
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Table 3: Multiple Run Results

Operator 1 Operator 2

Run Number Run Number
Instrument 1 2 3 4 5 1 2 3 4 5
ARRBWP 2,06 216 208 214 214 218 211 210 2.08 213
Merlin 295 248 248 271 281 246 259 244 267 271
Z-250 223 219 222 194 215 219 213 223 221 219

Clearly, the variability of the Class 3 Merlin isegter than the two Class 1 instruments,
both for the same operator and between operat®ash of the Class 1 instruments are
relatively consistent when used by the same opetat®o some variability is noted

between operators. This is further highlightedTiable 4 where the averages and

standard deviations of the multiple runs are diggda

It should be noted, however, that operator 1 wdamitiar with the instruments whereas
operator 2 was responsible for collecting the roegis data using all three instruments
on the main sites. This introduces the questionpafrator error, particularly for those
unfamiliar with the instruments. Referring to Tab} it is noted that the standard
deviation for operator 2 for the Class 1 instrureemés very low, 0.04 for the Walking
Profilometer and 0.04 for the Z-250. For the Cladgerlin this increased to 0.12.

Table 4: Average and Standard Deviation of MultipleRuns

Operator 1 Operator 2
Instrument Average Std Dev. Average Std Dev.
ARRB WP 2.12 0.04 2.12 0.04
Merlin 2.69 0.21 2.57 0.12
Z-250 2.15 0.12 2.19 0.04
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3.10

2.90
§ 2.70 o —e— ARRB WP (1)
E —— ARRB WP (2)
x Merlin (1)
- 2.50 — )
2 Merlin (2)
£ —¥—2z-250 (1)
D
3 230 —8—2-250 (2)
14

2.10 -

1.90 ; ; ;

1 2 3 4 5
Run Number

Figure 14: Multiple Run Results

In contrast, operator 1 returned a standard dewiatlmost twice that for the Merlin and

three times that for the Z-250. This would seemetitect the operator dependence of
stationary inclinometers. This observation is leackip by Bertrand et al. (1991), who
indicated that although very accurate, stationacjinometers are extremely sensitive to
how they are operated. In contrast, the WalkingfiPmeter is relatively operator

independent as the ‘walking’ is automated, withaperator responsible only for pushing
the device. This is reflected in the fact that #verage and standard deviation for the

Walking Profilometer remained the same between aipes, at 2.12 and 0.04
respectively.

6.3 Time and Cost

The time taken to profile each 300m wheelpath wesonded and tabulated to the

purchase cost for each instrument. The resulthisfcomparison are shown in Table 5.
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Table 5: Profiling Time versus Purchase Cost

Time
Instrument _ Comments Cost ($NZ)
(min)
Less operator dependent,
ARRB WP 60 _ $51,000
expensive
_ Compared well to Z-250
Merlin 50 <$500
and ARRB WP
Z-250 120 Operator sensitive $7,000
Riley 50 Most portable <$500
Rod and Level 210 Labour intensive $21,000

The stationary inclinometer, Z-250, is a widely g@ed instrument used for calibration
in providing reference roughness. Of the thre&umsents, Z-250, Walking Profilometer

and Merlin, the Z-250 required the greatest amaiiniime, 120 minutes on average, to
profile a 300m wheelpath. This is almost doubke phofiling time of 1 hour, reported by

Widayat et al. (1991) for the Dipstick over the galength. Setting of a tight tolerance
on the Z-250, for the roll angle, is most likelyetheason for the increase in profiling
time. The profiling time reported in Table 5 fdret Merlin is also greater than that
reported by Widayat et al. (1991), this being falfhour per wheelpath for a 300m site.
This can be explained by the fact that the numlbelata points recorded for the Merlin

in this study was double that reported by Widayaale (1991), as measurement were

taken every half revolution, instead of the staddare per revolution.

The Z-250 also proved to be more operator depenagantshown in Table 4. The
purchase cost of the stationary inclinometer ($3)0Bowever, is considerably cheaper
than the Walking Profilometer ($51,000). Howeubg benefits offered by the Walking
Profilometer include less operator dependencehasvalking process is automated, and
the time required to profile each site is halve@he Merlin whilst not offering the
greatest accuracy, compares favourably to the dassinstruments, is as quick as the
Walking Profilometer, is by far the cheapest andl loa fabricated locally.
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CHAPTER 7
DISCUSSION AND CONCLUSIONS

7.1 Discussion and Conclusions

The importance of calibrating high-speed data ctbhe devices for the measurement of
roughness, in particular RTRRMS, cannot be undenastd. The myriad of instruments
available range from precision profilers such asi@hary and walking profilometers, to
lower specification alternatives, such as the Medr Riley. All such devices offer
advantages over their competitors. The statiomaiinometer, the most widely used and
accepted Class 1 profiler for calibration purposeselatively expensive and laborious to
use. In addition, its operation is highly sen&tio how it is operated. The Walking
Profilometer is both faster and easier to openaith, less operator dependency due to the
automated walking process, but is even more expensithout delivering any increase
in accuracy over the industry standard Face Teolgmsd Dipstick. It is less compact
than the Z-250 and requires a half an hour warrparpd prior to operation. The Z-250
is operated in a similar manner to the Dipstickd ggroduces very similar mean
roughness values. The Merlin, for a Class 3 imsémnt, performed extremely well and is
easy to use. However, it lacks the portabilityhef Riley. The rod and level is probably
the most familiar, and readily available, of aletimstruments, however, it is extremely
labour intensive and is really only suited to theveloping world where labour is

inexpensive.

In summary, it is clear that this is a case of Sesrfor courses” with Class 1 instruments
remaining the choice for long-term pavement peréoroe (LTPP) studies such as that
reported by Henning et al. (2004) and low cost €lar labour intensive instruments
serving the developing world. In between these éxtvemes the right combination of
cost and precision will dictate the engineer’s choiparticularly as the correct relative

roughness between sites is maintained for allunstnts.
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7.2 Further Research
7.2.1 Varying Stone Size

The instruments were tested over chip seal surfanBs generally grade 3 and 4 chip
sizes. These are typical chip sizes used for regaliral roads in New Zealand. The
results may vary with the stone size, so a numbesites with similar roughness and
varying chip sizes should be profiled. This wothen enable analysis to determine if
chip size varies the results obtained from thigaesh. Similarly it would be beneficial

to select asphaltic concrete pavements, as theseesy smooth and would be useful as
control sites when considering the effect of steize on roughness.

7.2.2 Comparison with Vehicle Mounted Instruments

All equipment used to obtain site profiles in thiady was of a static nature, having to be
pushed or walked, to obtain the profile. Thesdrimsents are slow, with varying
precision to obtain a reference roughness for egeh The next step in the process is to
compare the study site results with profiles oladiby vehicle mounted instruments such
as the bump integrator and laser type devices. ic\elmounted devices are used to
obtain profiles for calculation of network roughsesThe vehicle(s) would undertake
multiple runs over the study sites, and the preftempared to the reference roughness
for each site.

This would enable current validation and calibrnatpyocedures, for the vehicle mounted
instruments, to be evaluated for accuracy. Theeatirapproach in New Zealand is
generally to re-profile selected calibration sieth a laser profilometer, as soon as it has
come back from being recalibrated. RTRRMS are then over the same sites and

calibrated to match the laser profilometer results.
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