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ABSTRACT

Measuring pavement performance is a major component ot the pavement management
system. It assists in decision-making for finding the optimum strategies to provide,
evaluate, and maintain serviceability in an acceptable condition cost etfectively. The
Ontario Ministry of Transportation (MTO) has been systematically rating pavement
performance since the mid-1960s. Pavement condition survey involves measurement of
two physical parameters: ride quality of pavement surfaces, and the extent and severity of
pavement distress manifestations. The pavement ride quality can be measured with an
acceptable level of consistency and repeatability through automation. However,
achieving consistency in the evaluation of pavement distress manifestations is a
challenging task because the automation that could accurately and consistently detect,
quantity and record surface distresses is not fully developed in spite of rapid advances in
video imagery and non-contact sensing devices.

This report evaluates the progress made over the past three decades in the key

areas of Distress Manifestation Index, Riding Comfort Rating, Pavement Condition Index
and second generation Pavement Management System software (PMS2). A review of the

Ministry’s network-level pavement performance database is presented, emphasizing
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pavement condition surveys, prediction models and main factors influencing assessment
of long-term pavement pertormance. Several key issues related to the quality control and
quality assurance of the pavement roughness are discussed with reterence to the
verification techniques used by the MTO. Based on the literature review, future
recommendations for possible improvements of the prediction models and techniques
used for the evaluation of pavement performance are presented in order to obtain more

consistent values.
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CHAPTER 1: PAVEMENT PERFORMANCE

1.1 Background

Currently, Ontario Ministry of Transportation (MTO) has 18,646 kilometers ot provincial
highways comprising 3,654 km of freeways, 4,324 km of collectors, 6,120 km of arterials,
and 4,648 km of local and secondary roads. Based on surveys conducted in 2000, 14,259
km (or 76.5%) are hot mix asphalt pavements, 3,318 km (or 17.8%) are asphalt surtace
treated pavements, and the remainder are Portland cement concrete and gravel-surtaced
pavements. Table 1.1 presents a summary ot the Ministry’s highway network information
in terms of road functional class and pavement type. It is evident that flexible pavements
are the majority (17,577 km or 94.3%) of the highways in the provincial network
(Ningyuan et al. 2002).

Geographically, the provincial highways are distributed in the tive MTO
jurisdictional regions (Table 1.2). Each region has its own environmental and traffic
conditions as well as economic character. The distribution of road class and pavement
type is, therefore, different from region to region. For example, Central region is
characterized by significant percentage of high volume freeways with asphalt concrete
pavements, while Northwestern region has a significant percentage of low volume local
and secondary roads with asphalt surface treated pavements. It should be noted that most
of the freeways are located in Southern Ontario (Central, Eastern and Southwestern
regions) whereas the majority of the local and secondary roads are located in the

Northern and Northwestern regions.

As far as pavement structure is concerned, most of surface treated pavements are

distributed within Northern and Northwestern regions while Portland cement concrete

1
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pavements are predominately located in Central region around the urban centres. There

are no composite and exposed concrete pavements in the Northern and Northwestern

regions and no surface treated pavements exist in the Central and Southwestern regions

(Ningyuan et al. 2002). For the purpose of pavement management, all highways in each

region are sectioned on the basis of uniformity in pavement structure, road function,

subgrade condition, traffic loads and other principles used in pavement management.

Table 1.1 MTO Road Network as Surveyed in 2000 (Ningyuan et al. 2002)

[ Road Class Length(kim) gl’ercentage Pavement Type Length (km) Percentage
Arterial 6120 : 328 Hot Mix Asphalt : 14259 76.5

© Collector : 4324 232 | Composite | 444 24

““““ Freeway | 3654 196 | Pofland Cement | 121 . 0.7

_______________________________________ o Conerete b
Local 2890 15.5 Surtace Treated 3318 17.8

" Secondary i 658 1 89 | Gravel Surfoce | 505 a6

Table 1.2 Length of Each Class of Pavement by MTO Regions Surveyed in 2000
(Ningyuan et al. 2002)

Pavement Type Total Centre line Length (km) by MTO Regions
Central Southwestern Eastern | Northern Northwestern

Hot Mix Asphalt 1216 2788 2788 3646 382
"""""" Surface Trewted | 0 |0 ] 39 sk | s
* Portland Cement Concrete | 46 | 30 | 45 | 0 | 0o
"""""""" Composite | 315 | e a0 T T e
© Gravel Surface | o | o | o i T 363

2
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As a result, there are a total of 1,700 road sections used to define the provincial
road network. The length of each pavement section ranges from the shortest at 400
meters to the longest at 78 kilometers. Detailed descriptions ot each pavement scction
and dynamic data collected in the field are stored in MTO’s second generation Pavement
Management System (PMS2) databasc. The data is collected for each pavement section:
road section geometry, environmental and traffic data, pavement structure and materials,
construction history, and pavement performance. At present, the Ministry invests about
$200 million annually to ensure that the highway network is maintained above the target
serviceability level required for each classified road.

For preservation of the road network in terms of preventive and corrective
maintenance activities, the Ministry has established a set of standardized maintenance
and rehabilitation alternatives corresponding to treatment strategies for various pavement
distresses. All of the standardized M&R treatments are input in the form of decision trecs
within the PMS2 (Kazmierowski et al. 2001) database for utilization in pavement
network rehabilitation programming, which involves life-cycle cost analysis of

pavement design and economic analysis.

1.2 Pavement Management System

The definition provided in Pavement Management Guide (RTAC 1977) is still entirely
applicable and is quoted as: “The basic purpose ot the pavement management system is
to achieve the best value possible for the available public tunds and to provide safe,
comfortable and economic transportation. This is accomplished by comparing the
investment alternate at both network and project levels, coordinating design, construction,
maintenance and evaluation activities and making efficient use of existing practice and

3
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knowledge™.

The detinition described in Pavement Management Guide (AASHTO 2001) is
quoted as: “The function ot a pavement management system is to improve the etficiency
of decision-making, expand its scope, provide feedback on the consequences ot decisions,
facilitate the co-ordination of activities within the Ministry and ensure the consistency of
decisions made at different management levels within the same organization™. Since its
introduction in the late 1960s and early 1970s pavement management system has evolved
continuously in terms of its scope, methodology, and application.

The pavement management system has two basic working levels. network and
project. The primary function ot the network-level is to develop a priority program,
schedule of rehabilitation and maintenance, within budget constraint. Here are the key
components (TAC 1997):

1. Sectioning, data acquisition, (field data on roughness, surtace distress, structural
adequacy. surface friction, geometrics. traffic, costs, and other data) and data
processing.

Criteria for the minimum acceptable serviceability, maximum surface distress,

!\)

minimum structural adequacy, etc.
3. Application of deterioration prediction models.
4. Determination of present and future needs, evaluation ot the options and budget
requirement.
5. ldentification of altcrnatives, development of priority programs and schedule of
work (rehabilitation, maintenance, new construction).
The project-level pavement management system deals with the details of work coming
on-stream trom the network-level decision. Here are the key components (TAC 1997):

4
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I. Sub-sectioning, detailed field/lab and other data of scheduled projects, data

processing.

)

Predicting deterioration and economic analysis within project alternatives.
3. Selecting the best alternative, detailed quantities, costs, and schedules.

4. Implementation construction and periodic maintenance.

1.3 Pavement Performance Evaluation

The detinition described in Pavement Design and Rehabilitation Manual (MTO 1990) is
quoted as: “The procedure of going to the field and measuring and / or observing the
current state of various pavement characteristics systematically, periodically, and
recording them for tuture use”™. The purpose of pavement evaluation is to provide a basis
for identifying current and future tiscal needs in network-level pavement management
system and to provide the detailed analysis at the project-level to select a suitable
rehabilitation or maintenance treatment. Pavement performance evaluation relies on two
principle features:

1. Surface distress manitestations, and

2. Ride quality.

The model for Distress Manifestations (DM) was developed by Phang et al. (1979)
to define the surface distress manifestations in a numerical value by defining the severity,
extent, and weighting values for twenty-seven surface distresses. The model for Distress
Manifcstation Index (DMI;) was developed by Hajek et al. (1986). Presently, MTO is
using revised Distress Manitestation Index (DMI) in its PMS2 (Ningyuan et al. 2001).
Surface distress surveys are performed manually by regional pavement evaluation
officers or technicians driving on the pavement sections. Each individual pavement

5
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surface distress is visually inspected by aggregating the severity, and extent.

Fig. 1.1 summarizes the average DMI values for each region based on data
collected in 2000 (Ningyuan et al. 2002). Pavements in the Central region are generally in
very good condition, with the average DMI value being higher than 9.2. The surtace of
the pavement in Eastern and Southern regions are in good condition with the average
DMI values just below the 8.5 level. The Northern region has the lowest average DMI
value, because of the large amount of local roads.

The definition ot the ride quality described by Phang et al. (1979) is quoted as:
“The degree of pavement surface undulation which attects the ride comfort ot the
motorist.” It is rated on a Riding Comfort Rating (RCR) scale ot 0 to 10 where 10
represents a perfectly smooth surface, and 0 1s a very rough road. It can be measured
subjectively by riding the pavement by specialized raters (Phang et al. 1979) and
objectively by using ditferent mechanical and electrical devices.

Pavement roughness is one of the most important indicator ot the pavement
performance and directly reflects pavement serviceability to the road users. The concept
ot pavement serviceability was devised in the AASHTO Road Test as a measure of the
pavement performance (AASHTO 1962). The American Society for Materials and
Testing (ASTM E1777-96) assigns roughness the highest priority among performance
related data for pavement management, both at the project and network levels. Thus, the
most important factor in characterizing the serviceability ot a pavement is the roughness
ot the traveled surface. Roughness measurement in terms of International Roughness
Index (IRI) has become the primary parameter used to measure pavement surface

condition.

In recent years, some American states and Canadian provinces have used IRI in

0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



their business plan as an objective measure of their pavement network conditions. For
example, MTO uses IR] as a performance measure for describing and monitoring the
pavement condition of its network-level pavement management system (Hajck et al.
1998). The U.S. Federal Highways Administration (FHWA) uses IRl as a performance
measure for describing and monitoring the pavement condition of its National Highway
System (NHS).

Recent research has demonstrated an approach for adopting the IRI calculated
from the high precision protfilometers for the eftective quality assurance and evaluation of
the roughness on paving projects. By its definition, IRl (ASTM E867-96) is a summary
statistic, representing an aggregation of the profile elevation data. Measurement of
pavement roughness in terms of IRI can be performed using different measuring devices,
but the result of individual measurement on the same pavement section may vary
signiticantly from one another due to the facts of using different measuring devices,
different longitudinal profiles and different measuring speeds (Ningyuan et al. 2001).

Thus. given an IRI and the relative information, a highway agency can objectively
assess how the condition of its pavement network responds to pavement investments like
maintenance and rehabilitation program or a budget plan. The IRI measurement at
network-level has become a routine practice for many road agencies in recent years. At

the network-level, roughness is measured on an annual or biannual basis as a part of

pavement evaluation. .
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, On the other hand, the IR1 measurement at the project-level is required primarily
for accepting or adjusting the price ot a paving contractor’s product. Thercfore, there is a
need to standardize the pavement roughness cvaluation both at the project and network-
levels. The most commonly used methods and equipments to measure the roughness have
been categorized according to scale of accuracy and reliability developed as a part ot the
IR experiments by Sayers ct al. (1986).

Historically, many highway agencies have gathered roughness measurement using
response type devices and converted their existing data into IRI through the usc of
correlation techniques. Pavement ride quality by region is shown in Fig. 1.2, indicates
that the pavements in Southern Ontario are generally smoother than those in Northern
Ontario based on data collected in 2000. Overall, the pavement roughness in the
provincial network 1s at a good level of serviceability according to the scale of IRI (Fig.

5.1).

100
00 d e BOHMA Pavement

80---':‘5
704 ---
60 4 - - -

404 ---
30 4---
204---
104---

Central Southwestern Eastern Northern Northwestern

MTO Regions

Figure 1.3  Average PCI of Hot Mix Asphalt (HMA) Pavements of  the MTO
Regions (Ningyuan et al. 2002)
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1.4 Summary of the Literature Review

Table 1.3 provides the summary of the literature review for flexible pavement

performance evaluation methodology used by the MTO. It should bc noted that the

numbers in brackets following each category in the subject column provide the section

within the report that can be referenced for the supporting information.

Table 1.3 Summary of the Literature Review -
No Author Subject Importance Be superseded
Manual Description of 27 Distresses. (Yﬁ)‘:t:? Chong et al.
| Chonetal 0790 i) S e 0700 | Mo
PCR (6.2) Subjective Measure (0-100) No
N Yes by PCI (Hajek et
DIOY e O ] al 19%6)
. Yes by PURD
2 ang (1979 . s - ek
Phang etal. (1979) | RCR (@) | Mays Ride Meter (0-10) 1, Hajek et al. (1986)
. ) v Yes by Hajek et al.
b} o] recces (027 b |
DM (3.2) With 27 Distresses (0-320) (1986)
3 | Chong et al. (1982) Manual Description of 27 Distresses (Yli;qg}; Chong etal.
PCI (6.4) Parameter (0-100) No but Coethicient
. P R Yes by Hajek etal.
4 | Hajek ctal. (1986) | RCR(#.4) PURD (0-10) (1998)
R | Yesby Ningyuanet
. SN e 2 =)
DMI (3.3) With 15 Distresses (0-205) al. (2002)
5 | Chong et al. (1989) Manual (2.3) Description of 15 Distresses No
Hajek et al. (1998) RCI(5.2) Switch to IRI No
. ‘ Prediction ,
7 z\il(;l(;gﬁyuan et al. Models(6.5.1). RCI, DMI, PCI j No
=002) DMI (3.3.2) With 15 Distresses (0-10) No
- Integration of Ordinary Difterent Methods
s etal. (199 . . . .
§ | Sayersetal (1995) | IRI Ditferential Equations like Euler Integration
9 v AQRITANce
. Kazmierowski et al. IRI (5.2.6) Qualxtt:V Assur a.ncc e No
(2001) Model Transter Function to Get Class 1 No
IRI
Kazmierowski et al. .
10 PMS2(6.6) PMS2 Software No

(2001)

. RMSVA . Yes by Kazmierowski
71(7)”7 ,,J,,O,S,Cph et al. (!”‘)84) (4411 Algorithm etal. (2001)
e c ) Yes by Joseph ct al.
10 | Queiroz (1981) SV(H.4.D Model (1984)
11 Loughnan and Evers RAM (4.4.1) Model Yes Queiroz (1981)
(1980)
10
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1.5 Objective and Scope of the Project

The purposc of this project is to carry out a literature and methodology review for the
pavement performance evaluation in Ontario. The main objective of this study is to
review the Ministry’s network pavement performance history, in terms of pavement
condition surveys, performance prediction models and the main factors influencing the
assessment of long-term pavement performance. Specifically, each element of the
pavement performance cvaluation are addressed: condition of pavement by word
description, distress severity and density, weighting value, PCIL, DMI, and RCR
measurement based on Portable Universal Roughness Devices (PURD) and International
Roughness Index (IRI). Consequences of measuring the [RI using ditferent equipment,
models to convert the roughness measurement to RCR and quality assurance of IRI are
discussed. The study emphasizes the following aspects of pavement performance
cvaluation:

1. Diagnosis of pavement condition and performance trends of the provincial road

network.

3]

Discussion of pavement performance prediction models based on historical
performance data.
3. Review of the quality assurance process developed for measure of pavement

performance.
Based on the literature review, the recommendations for the improvement of the existing

techniques used to manage the pavement performance evaluation are presented.

11
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' CHAPTER 2: SURFACE DISTRESS MANIFESTATIONS

2.1 Introduction

This chapter explains the methodology, how the surface distress data is collected to
calculate the pavement evaluation indexes. It is done by literature review and examining
the methodologies from the MTO manuals (Chong et at 1975, 1982, 1989). Distress
manifestations are visible signs of the pavement structural condition. The assessment
method (Chong et al. 1989) answers four simple questions:

. What is the problem?

!\)

What causes the problem?
3. How bad is the problem?
4. How big is the problem?
First, the distress type is identified by comparing with catalog photos (Chong et al.
1989) of various distresses which are accompanied by the word descriptions of physical
appearances and briet summaries of why it happens. Next, the question of ‘how bad’ is
answered by describing the distress severity in one of these very simple terms: very
slightly, slightly, moderate, severe, and very severe. The correct answer may be chosen
by simply comparing the problem to the catalog photos and descriptions. A catalog of
photos showing the different stages of ‘how bad” distresses are. is contained in a manual

(Chong et al. 1989).

Lastly, ‘how big is the problem’ is answered by describing the density of
' occurrence of the distress by using one of these words: few, intermittent, frequent,
extensive, and throughout. These words refer to the percentage of length or area of the

road section which is being rated. For example, the rater may encounter a situation where

13
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there are some incidences of distress located within a short distance of each other and
within the evaluation section, this distance represents between 10 to 20% of the pavement

surface area. Thus the ‘density’ is said to be “intermittent” (Fig. 2.1).
2.2 Assessment of Surface Distress Manifestations

The rater drives along the shoulders at a slow speed (not cxceeding 40 km/h) and
observes the cracks and other distresses, making trequent stops to examine and measure
the particular distresses. At the end, he summarizes his impression by placing check

marks in the appropriate boxes of'a condition rating check list form (Table 3.2).

2.3 Guidelines for Surface Distress Manifestations

The definitions, causes and guidelines for surtace distress manifestations are defined

below (Chong et al. 1989).

2.3.1.  Ravelling and Loss of Coarse Aggregates

Pavement surface looks as though it is breaking up into small pock-marks as coarsc
aggregate particles are lost from the surface; or progressive loss ot pavement materials

(coarse or tine aggregates, or both) trom the surtace. Following are the possible causes:

Figure 2.1 Intermittent Occurrence of Distress (Chong et al. 1989)

14
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1. Lack ot bond between particles and mortar due to inadequate coating.

Fracture of the particles through load or natural causes, allowing the loosenced

12

pieces to be picked out by traftic action.

3. Disintegration of particles, such as chert, which are highly absorptive and
disintcgrate upon repeated freezing and thawing.

4. Delamination of chert or shale particles.

5. Clay coated aggregate particles.
2.3.1.1 Severity

Following are the guidelines to describe the severity of ravelling and loss ot coarse

aggregates (Chong et al. 1989).

’ Uniform Description Guidelines (based on observation of appearance)
Very Slight Barely noticeable.
Shight Noticeable loss of pavement materials.
' Moderate Having pock-marked appearance, pock- marks are fairly

well spaced.

' Severe Having pock-marked appearance, pock- marks are closely
spaced.
Very Severe Surface has a ravelled appearance and is disintegrated into

large potholes or veined with moderate cracks.

2.3.2 Flushing

The presence of free asphalt binder on the pavement surface, results from upward
migration of the binder. Most likely to occur in the wheel tracks during hot weather due

15
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to high asphalt content relative to void content in mineral aggregate.

2.3.2.1 Severity

Following arc the guidelines to describe the severity of flushing (Chong et al. 1989).

Unitorm Description

Guidelines (based on observation ot appearance)

Very slight

Slight

Moderate

Severe

Very Severe

Very faint colouring (veining).

Colouring visible (intcrconnected veining).

Distinctive appearance (with excessive asphaltic materials
already free).

Free asphaltic material giving the pavement surface area a
wet look.

Free asphaltic material giving the affected pavement
surface area a wet look and wheel noise comparable to that

when driving over a water wet surtace.

233 Rippling and Shoving

Regular transverse undulations in the surface of the pavement consist of closely spaced,

alternate valleys and crests. Following are the possible causes:

1. Faulty paver behaviour with some mixes.

!\)

Heavy traffic on steep downgrade or upgrade, or pavement with too thick tack

coat or too thick soft waterprooting membranes on the bridge decks.

3. Low stability in asphalt mix.

4. Stopping at intersection stop lights.

16
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2.3.3.1 Severity

Following are the guidelines to describe the severity of rippling and shoving (Chong et al.

1989).
Uniform Description Guidelines (based on observation of appearance)

Very slight Barely noticeable washboard eftect.

Slight Noticeable washboard etfect.

Moderate Rough ride

Severe Very Very rough ride

Very Severe Washboarding or large humps which cause vehicles to dritt

sideways and may cause loss of control of vehicles.

234 Wheel Track Rutting

Longitudinal depressions, which can take the form of single rut or double ruts, left in the
wheel tracks after repeated load application. Wheel track rutting results from
densification and permanent deformation under the load, combined with displacement of
pavement material. Deep ruts are often accompanied by longitudinal cracking in the
wheel tracks. Following are the possible causes:

. Poorly-compacted structural layers.

2. Unstable granular bases or subbases created by positive pore water pressures

under loads at the time of near-saturation.

2.3.4.1 Severity

Following are the guidelines to describe the severity of rutting (Chong et al. 1989).

17
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Uniform Description

Guidclines (based on observation of appcarance)

Very slight

Slight

Moderate

Severe

Very Severe

2.3.5 Distortion

Barely noticeable, less than 6mm.

6 to13mm with or without single longitudinal crack.

14 to 19mm with or without single or multiple longitudinal
cracks. Double rutting begins to develop.

20 to 50mm with or without longitudinal cracks, or double
rutting developed.

Greater than 50mm single or double rutting with or without

multiple longitudinal cracks or alligator cracks.

Any deviation (other than described for rippling, shoving and rutting) of the pavement

surface from its original shape result from the settlement slope failure. volume changes

due to moisture changes or trost heaving., and residual etfects of frost heaving

accumulating after each winter.

2.3.5.2 Severity

Following are the guidelines to describe the severity of distortion (Chong et al. 1989).

Uniform Description

Guidelines (based on observation ot appearance)

Very slight
Slight
Moderate

Severe

Barely noticeable swaying of vehicle while in motion.
Barely noticeable pitch and roll, and jarring bump.
Noticeable pitch and roll, and harsh bumps.

Continuous pitch and roll, and hard jarring bump.

18
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Very Severe Continuous distortion makes the driver to feel it is

necessary to reduce speed.

2.3.6 Longitudinal Wheel-Track Cracking

Cracks which follow a course approximately parallel to the centre line of the pavement
and are situated at or near the centre of the wheel tracks, and may be due to overloaded

vehicles at the weakest pavement period, in the early spring (Chong et al. 1989).

2.3.6.1 Severity

Following are the guidelines to describe the severity of longitudinal wheel-track cracking

(Chong et al. 1989).

) Uniform Description Guidelines (based on observation of appearance)
Very Slight Single crack less than 3mm.
Slight Single crack 3 to 12mm.
? Moderate Single crack 13 to 19mm. Multiple cracks even it less than
[3mm.
} Severe Single or multiple cracks. Single crack 20 to 25mm with

initial sign ot spalling. Multiple cracks even if less than
20mm but greater than 13mm, with initial sign of spalling.
Very Severe Single crack greater than 25mm with or without spalling.

Multiple cracks even if Iess than 25mm but greater than

’ 20mm, with or without initial sign of spalling.

19
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2.3.7 Longitudinal Meander and Mid-Lane Crack

Crack, usually quite long, which wanders from edge to edge ot the pavement, or crack
which is usually straight and parallel to the centre line, at or ncar the middle of the lane.
These types of cracks are usually single cracks, but occasionally secondary cracks do
develop parallel to them. Following are possible causes:

1. Frost action-greater heave at pavement centre than at edges.

N9

Poor construction practices.

Faulty construction equipment, resulting in weak plane which then fails, due to

(U]

thermal shrinkage.

2.3.7.1 Severity

Following are the guidelines to describe the severity of longitudinal meander and mid-

lane crack (Chong et al. 1989).

Uniform Description Guidelines (based on observation ot appearance)

Very Slight Single crack less than 3mm.

Slight Single crack 3 to 12mm.

Moderate Single or multiple cracks. Single crack 13 to 19mm.

Multiple cracks even if less than 1 3mm.
Severe Single crack 20 to 25mm, with initial sign of spalling.
Multiple cracks even if less than 20mm but greater than

13mm, with initial sign ot spalling.
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Very Severe

Single or multiple cracks. Single crack greater than 25mm,
with or without spalling. Multiple cracks cven if less than

25mm but greater than 20mm, with or without spalling.

2.3.8 Centre Line Crack

Crack which runs along or near the road centre line. Following are the possible causes:

. Poor longitudinal joint construction.

)

Variable granular depths due to constructing lanes separately.

3. Moisture changes (swelling/shrinkage)

2.3.8.1 Severity

i 1989).

Following are the guidelines to describe the severity ot centre line crack. (Chong et al.

Unitorm Description

Guidelines (based on observation of appearance)

Very Slight
Slight

Moderate

Severe

| Very Severe

Single crack less than 3mm.

Single crack 3 to[2mm.

Single or multiple cracks. Single crack 13 to 19mm.
Multiple cracks even if less than [3mm.

Single or multiple cracks. Single crack 20 to 25mm with
initial sign of spalling. Multiple cracks even it less than
20mm but greater than 13mm with initial sign of spalling.
Single or multiple cracks. Single crack greater than 25mm,
with or without spalling. Multiple cracks even less than 25

but greater than 20mm, with or without spalling.
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2.3.9 Pavement Edge Crack

Crack (or cracks) which is parallel to and within 30cm ot the pavement edge, and is
either a fairly continuous ‘straight™ crack or consists of crescent-shaped cracks in a wave
tormation. Following are the possible causes:

1. Frost action.

2. Insufficient bearing support and/or excessive trattic loading at the pavement edge.
3. Poor drainage at the pavement edge and shoulder.
4. Inadequate pavement width and traftic too close to pavement edge.

2.3.9.1 Severity

Following are the guidelines to describe the severity ot pavement edge crack (Chong et al.

1989).

Uniform Description Guidelines (based on observation of appearanc.c) -

Very Slight Single longitudinal crack or single wave-formation crack
less than 3mm and no more than 150mm from the
pavement edge.

Slight Single crack or two parallel cracks 3 to 12mm wide and
less than 300mm from pavement edge.

Moderate Extending over 300mm but less than 600mm from
pavement edge. Multiple cracks begin to interweave with
connecting cracks.

Severce Extending over 600mm but less than 1500mm from

pavement edge.

22
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Very Severe Progressive multiple cracks cxtend over 1500mm from

pavement edge. Outermost area near edge is alligatored.

2.3.10  Transverse Crack

Crack which follows a course approximately at right angles to the pavement centre line.
Full transverse cracks tend to be regularly spaced along the length of the road, while half
transverse and part transverse occur at shorter, intermediate distances. Following arc the

possible causes:

. Natural shrinkage caused by very low tempcratures.

2

High temperature susceptibility ot asphalt cement binder in asphalt mixes.

Frost action.

(VS

2.3.10.1. Severity

Following are the guidelines to describe the severity of transverse crack (Chong et al.

) 1989).
Uniform Description Guidelines (based on observation of appearance)
Very Slight Single crack less than 3mm.
; Slight Single crack 3 to 12mm.
Moderate 13 to 19mm single crack or multiple cracks even if crack
f opening is less than 13mm. Cracks starting to develop
cupping or lipping.
' Severe 20 to 25mm single crack or multiple cracks even if crack

opening is less than 20mm but greater than [3mm. Cracks

have developed cupping or lipping distortion.
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Very Severe Greater than 25mm single crack or multiple cracks cven if
crack opening is less than 25mm but greater than 20mm.

Cracks are distorted with cupping and lipping, and spalling

of'the cracked edges.

2.3.11  Alligator Crack

Cracks which form a network of polygon block resembling the skin of an alligator. The
block size can range from a few millimeters to about a meter. Following are the possible
causes:

I. Insutticient bearing support.

2. Poor base drainage, and stitf or brittle asphalt mixes at cold temperatures.

N

2.3.11.1  Severity

Following are the guidelines to describe the severity of alligator crack (Chong et al.

1089).

Uniform Description Guidelines (based on observation of appearance)

Very Slight Multiple cracks begin to develop short interconnecting
cracks. Distortion less than 13mm.

Slight Alligator pattern established with corners of polygon
blocks fracturing. Distortion less than 13mm.

Moderate Alligator pattern established with spalling of polygon
blocks. Distortion 13 to 25mm.

Severe Polygon blocks begin to lift. Small potholes. Distortion 26

to 50mm.
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Very Severe

Polygon blocks lifting with difterent sizes of potholes.

Distortion greater than S0mm.

2.4 Densities for Distress Manifestations

Following are the guidelines to describe the density of all above mentioned pavement

surface distresses (Chong et al. 1989).

Uniform Description

Guidelines (based on percent of surface arca in the
pavement section being affected by the defect)

Few

[ntermittent

! Frequent

Extensive

Throughout

Less than 10% of pavement surface affected. Spotted over
localized areas only.

10 to 20% of pavement surface affected. Spotted over
localized areas only.

21 to 50% of pavement surface affected. May spot evenly
over length of pavement section or over localized area only.
51 to 80% of pavement surface atfected. Spotted evenly
over length of pavement section

81 to 100% of pavement surface affected. Spotted evenly

over length of pavement section.
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CHAPTER 3: SURFACE DISTRESSES RATING

3.1 Introduction

The first manual (Chong et al. 1975) for condition rating of flexible pavements described
only the severity and density ot the distresses by word description. Later it was rcalized
that the severities and densities of the distresses should be weighted to get a numerical
value. The model for Distress Manifestation (DM) was developed by Phang et al. (1979)
and the model for Distress Manifestation Index (DMI,) was developed by Hajek et al.
(1986) to evaluate the distress manitestations. The currently used model in PMS2 for
revised Distress Manifestation Index (DMI) is described in Ningyuan et al. (2001). The
scope of this chapter is to explain, how the visible distresses are converted into a

numerical value to describe or rate the surface distresses.

3.2 Distress Manifestations (DM)

A systematic method for classifying and assessing the visible consequences of various
distresses was described by Phang et al. (1979). Distress Manifestations (DM) classitied
the distress manifestations into 27 categories (Table 3.1), which were rated by severity
and density. DM was calculated for each section of the road network by the model

presented in Eq. 3.1.
27

Distress Manifestations=DM = W (S, +D.) (3.1)
1=1 ‘

The DM was an overall characteristic describing the pavement surface condition on a
scale of 0 to 320 where 0 for excellent pavement condition (no distress), and 320 for very

poor pavement condition (maximum distresses).

26
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/ W; = Weighting value for a particular type of crack or other form ot pavement distress
(Table 3.1).
Si= Weighting value for severity of crack or other form of distress (Table 3.1).

D= Weighting value for density of occurrence of the particular crack type or other form

of distress (Table 3.1).
3.2.1 Procedure for Determining Distress Manifestation (DM)

The basic procedure for classifying and rating pavement distresses was described by
Phang et al. (1979). The value of DM was calculated based on measurements taken from
the field survey. The evaluation was done by using the flexible pavement condition

evaluation form (Table 3.1). Eventually, the DM was calculated by substituting weighting

‘ values (Table 3.1) in Eq. 3.1.

3.3 Distress Manifestation Index (DMIy)

A systematic method for classifying and assessing the visible consequences of the various
f distresses was described by Hajek et al. (19806). It was designed to supersede the
) previously used DM. Distress Manifestation Index (DMI;) classitied distress
manitestations into 15 categories, which were rated by the severity and the density. The
model developed for the calculation of the DMI, has a similar structure to that used for

calculating the DM (Phang et al. 1979), but the distresses were reduced to fifteen.
. ) 15
Distress Manifestation Index (DMI,)= Wi(si + Di) (3.2)
i=l

) DMI,; was an overall characteristic for describing the pavement distress manifestations on

a scale of O to 205 where O for excellent pavement condition (no distress), and 205

27
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(maximum distresses) for very poor pavement.

W; = Weighting value for a particular type ot crack or other form of pavement (Table 3.2).
Si= Weighting value for severity of crack or other form of distress (Table 3.2).

D;= Weighting value for density of occurrence of the particular crack type or other form

of distress (Table 3.2).
3.3.1 Procedure for Determining Distress Manifestation Index (DMI;)

The basic procedure for classitying and rating pavement distresses described by Phang et
al. (1979) was remained same, however only 15 separate distress categories were
evaluated. The evaluation was done by using the tlexible pavement condition evaluation
torm (Table 3.2) (Hajek et al. 1986). DMI, was calculated by substituting the field
recorded data and the distress weighting values in Eq. 3.2. The DMI, was an integral part
of the Pavement Condition Index (PCI;) but it was used independently as the
measurement of visible pavement distresses. The DMI, was used as a proxy for assessing
pavement structural adequacy and identitying pavement sections that required a
corrective action due to the specific distress condition (Hajek et al. 1986). The weighting
values (W;) were chosen using expert’s opinion and calibration techniques.

For example, centerline alligator cracking has a W; = 2, (Table 3.2) while
longitudinal wheel track alligator cracking has a W;=3. In other words, cracking in the
wheel-track was considered to contribute 33% more to the DMI, than cracking along the
centerline. The weighting values were not intended to capture pavement roughness
components already accounted for the Riding Comfort Rating (RCR) (Chong et al. 1975).
The weighting values of the 15 distresses given in Table 3.2 were also tested to ensurc
that the DMI; was equal to the previously used DM based on 27 distresses. All DM
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recorded during the period tfrom 1978 to 1985 have been converted to DMI,. The R* of

the linear relationship between the DM and the DMI; was 0.938.

) 3.3.2 Revised Distress Manifestation Index (DMI)

It is same as DMI; but its scale is revised from 0 to 10 where 10 represents flawless
pavement (no distress), and 0 for very poor pavement (maximum distresses) (Ningyuan ct

al. 2001). It is currently used by the MTO in its PMS2.
15
208- % Wi(si +D.)

Revised Distress Manitestation Index (DMI)=10* 1=l 508 (3.3)

W; = Weighting value for a particular type of crack or other form ot pavement distress

(Table 3.2).
Si= Weighting value for severity of crack or other form of distress (Table 3.2).
! Di= Weighting value for density of occurrence of the particular crack type or other form

of distress (Table 3.2).
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Flexible Pavement Condition Evaluation or Checklist Form (Phang et al.

1979)

Table 3.1
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Flexible Pavement Condition Evaluation or Checklist Form (Hajek et al.

1086)

RIDING COMFORT RATING

(AT 80 km h)
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CHAPTER 4: RIDE QUALITY RATING

4.1 Introduction

Ontario’s pavement condition assessment method relies on the examination of two
principal features: one is the riding quality and the other is distress manifestation. This
chapter explains how the ride quality is measured presently and how it was measured in
past in Ontario. The ride quality is the measurement ot roughness on a Riding Comfort
Rating (RCR) scale ranging trom 0 to 10 where 10 represents a perfectly smooth surface,
and 0 is very rough road. Roughness is defined as a distortion of the pavement surface
that contributes to an undesirable or uncomfortable ride.

Pavement roughness is one of the most important indicator of the pavement
performance that directly reflects the pavement serviceability to the road users. The RCR
is a perceived measure of roadway roughness as experienced by the public. As a
perceived measurement, RCR has been traditionally evaluated subjectively. However. the
present mechanical and laser devices are enabled to give an objective. repcatable and
reliable measurement. The RCR for the purpose of revised Pavement Condition Index
(PC1) currently used by the MTO is established objectively from International Roughness

Index (IRI).

4.2 Subjective Measurement of Riding Comfort Rating (RCR)

The riding quality or roughness of the pavement used by the MTO in the past was rated
subjectively. The Riding Comtfort Rating (RCR) assessment was carried out by the rater
in a passenger car traveling at a standard speed of 80 kim/h. The rater was usually the

driver and the vehicle was normally one with which he was very familiar (Phang et al.
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1979). The rater marked the pavement on a scale ranging from 0 to 10 or any one from

excellent, good, fair, poor, and very poor by comparing the summary description (Table

5 4.1). In recent years, systems have been developed that minimize the effects of human
judgment and bias in surface condition rating, because these eftects may lead to
inconsistencies in the priority list that is used in funds allocation. The pavement nde

quality can be measured with an acceptable level of consistency and repeatability through

automation.

4.3 Introduction to Objective Measurement of Riding Comfort
Rating (RCR)

Since 1986 to 1996, the MTO used Response Type Road Roughness Measurement
System (RTRRMS) called Portable Universal Roughness Device (PURD) (MTO 1990)
for periodic monitoring of pavement roughness for network-level pavement management.
The PURD is manufactured by the Roadware Inc., that measures roughness in terms of
Root Mean Square Vertical Acceleration (RMSVA) ot a trailer axle.
’ The roughness measurement obtained by this device is referred to as PURD. In
order to obtain RCR value objectively, the roughness was measured in the past by PURD
! and then converted to the RCR through a transfer function. With the switch to the

International Roughness Index (IRI), it is necessary to convert IRl values back to the

RCR (Hajek et al. 1998).

4.4 Roughness Study for Mays and PURD to Develop Models for
Objective RCR.

Extensive pavement roughness mcasurements were carried out on the highway networks
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of three districts of the MTO, Huntsville, Kingston and Stratford, in 1984. Both Mays and
PURD mecasurement devices were used (Hajek et al. 1986). The three districts were
selected with the intention of obtaining a province-wide representative sample of distress
manifestations and roughness conditions associated with a variety of pavement structures,
traffic, and the environmental exposures.

All asphalt concrete pavements on King's Highways in the three districts (about
3270 center line km) were included in the study. Two-lane highways were measured in
one direction only, but divided highways were measured in both directions. The average
roughness measurements were obtained for each highway section. The RCR was also
determined subjectively by different raters in each district. All raters were experienced
and familiar with their respective districts. The highway sections were considered to have
a uniform pavement performance. The section length was ranged from 0.3 to 25.7 km

with an average of 9.9 km. The total numbers of highway sections included in the study

were 310.

4.4.1 Transfer Functions for RCR from Mays and PURD

The scarch for the best transfer tunction (Hajek et al. 1986) was done by formulating
many promising mathematical models, relating the mechanically measured roughness
with the subjective Riding Comfort Rating (RCR) and evaluating using the least square
regression technique. The results for the two typical models formulation were a linear and
a semi-logarithmic, summarized in Table 4.2 (Hajek et al. 1986) in terms of R”. The
results suggest that roughness measured by PURD correlate marginally better with the

subjective RCR than the roughness measured by Mays Ride Meter. Also for the PURD,
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Table 4.1 Ride Comfort Rating (RCR) Guide (Chong et al. 1975)
| Uniform Description of Ride |
RCR Comfort Rating (RCR) at 80 Guidelincs
km/h

8-10 Excellent Very smooth ride.

Smooth ride with just a few bumps or
0-8 Good depressions.

Still comfortable ride with intermittent
4-6 Fair bumps or depressions.

Uncomfortable ride with frequent bumps or

depressions
| Uncomfortable ride with constant bumps or
| depressions resulting in rattle and shake of
ating vehicle. Cannot maintain
! 0-2 Very Poor rating . ve a poste.d
speed and must steer constantly to avoid
bumps or depressions. Dangerous at 80
km/h.

Table 4.2  Evaluation ot Roughness Transfer Functions (Hajek et al. 1986)

" Roughness o No. of RY
| Device MTO Districts | Observations Linear Semi Log ©'
Huntsville 55 0.410 0.439
PURD Kingston 132 0.452 0.469
Strattord 123 0.424 0.439
1985-1996 All three 310 ) 0.403 0.413
| District
T IO § Combined | |l
‘ Huntsville 55 0.454 0.450
i Kingston 132 0.530 0.512
MAYS Stratford 123 0.390 0.400
; All three 310 0.401 0.378
' District
Combined

1 Squared multiple correlation coefticient

2 Linear torm= Cy+C, (device response)

3 Semi logarithmic form = Cy+C+log), (device response)
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the semi-logarithmic model formulation is marginally better than the linear one. For the
Mays Ride Meter, the linear model formulation appears to be marginally better. Based on
the results of the roughness study, the following transfer functions were recommended

(Hajek et al. 1986):

a) Portable Universal Roughness Device (PURD 1)

Riding Comtfort Rating (RCR) =14.85 - 6.18 * log ¢ (PURD 1) (4.1)
n
> SV
PURDI=1ZL (4.2)
n

n= Numbers of 50m segments contained in the highway network.
SV=Slope Variance computed from profile elevations on 50m long segments (Joseph et
al. 1984). Slope Variance (SV) is a method of profile analysis (Queiroz 1981)

n » 1(n \~

0= - - 8.

i=1 ! N[% ‘J

SV = (4.2a)
n-1

b) Mays Ride Meter

Riding Comfort Rating (RCR) =9.38 - 0.0177(MAYSs) (4.3)
n
> RAM
MAYs=11 (4.4)
n

RAM = Relative axle movement as defined in Loughnan and Evers (1980) obtained for
0.8 km long segment.
n = numbers of 0.8 km long segments contained in the highway network.

In order to achieve the long-term stability in measuring the objective RCR, the
roughness measuring equipment must be carefully calibrated and any unavoidable change

in its mechanical components must be noted to assess their influence. The use of the two
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roughness measurement devices and their respective transfer functions will yield on the
average, the same objective RCR as assigned subjectively. However, for the individual
pavement section, there may be considerable difference between the objectively and
subjectively assigned RCR. Furthermore, there is also a difference between the RCR
obtained by different roughness measurement devices. For example, R for a linear model
relating Mays and PURD was 0.80 (Hajek et al. 1986).

This indicates that 20% of the variance between the two models was not
explained by the model. The unexplained variance can be caused by the difterence in the
measured physical responses, difference in the equipment (e.g., tire type, weight and

suspension ot trailers), and by the other factors. At any rate, in order to obtain the reliable

and historically stable roughness measurements, only one type of roughness measurement
device should be used for establishing the RCR. It should be noted that the function
relating to the new PURD is in Root Mean Square Vertical Acceleration (RMSVA).
| Riding Comfort Rating (RCR) =27.6 - 7.51 log (PURD)

=27.6 - 7.51 log (RMSVA) (4.5)
4.4.1.1 Root Mean Square Vertical Acceleration (RMSVA)

Root Mean Square Vertical Acceleration (RMSVA) was initially proposed by McKenzie
and Srinarawat (1978) to summarize profilometer data. It is defined as the root mean

square ratio of the change ot adjacent protile slopes to the distance between the spaced
points. The slope is detined as the ratio of the elevation change to the corresponding

horizontal distance of the selected interval (Fig 4.1). Algorithm for RMSVA is as follows

(Joseph et al. 1984).
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CHAPTER 5: INTERNATIONAL ROUGHNESS INDEX (IRI)

5.1 Introduction

Since 1997, MTO has used International Roughness Index (IRI) to measure roughness

(Hajck et al. 1998). It is computed from a longitudinal profile measurement using quarter
car simulation at a spced of 80 km/h (ASTM 1997) The IRI is a measurement scale for
pavement roughness based on the response of a generic motor vehicle to a single
Jongitudinal profile of the road surface. The IRI was developed (Hajek et al. 1998) in
1986 using the results of the international road roughness experiments held in Brazil in
1982 (Sayers 1995). Since then, the IRI has become a well recognized standard for
measuring road roughness. The source code tor calculating the IRI is described in Sayers
(1995).
| Details on the calculation of the IRI are given in Sayers (1995) and Sayers et al.
(1986). Sayers (1995) also contains discussion on some of the unresolved IRI
measurement issues which include location ot the protile in the traveled lane, width ot
the profile (optical system can measure a path about 150mm wide rather than a line),
length of profile, and the influence of cracks. It should be noted that some agencies report
IRI values which are not obtained from the actual pavement protile measurements but
from Root Mean Square Vertical Acceleration (RMSVA) measurements are converted to

[R1 values through a calibration procedure.

5.1.1 Advantages of Using International Roughness Index (IRI)

A standardized roughness measurement procedure has many advantages for a highway

agency as summarized by Hajek et al. (1998).
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. General Applicability ol Results: The profile-based IRl 1s a geographically
transferable and time-stable standard for the measurement of road roughness. The
results of the studies undertaken by one jurisdiction and reported in the standard
IRI units can be directly transferable and usable by other agencies. This applies to
the studies in the areas such as pavement roughness comparison and pavement

pertormance modeling.

IRI m/km

16 ] —  Normal use
14 H Lroston and deep *
1 depression
12 M —1 50 km/h
— ['requent shallow
10 depression some oo
g . X
. - deep e — 60 km/h
.o
- Frequent minor ' | :
6 depression ! : ¢ — 80 km/h
1 ] Surface oo
; imperfection (- -
S, O V! - 100 km/h
B o O=Absolute perfection

AIRPORT RUNWAYS & SUPER HIGHWAY'S
NEW HIGHWAY

OLDER PAVIENENT

MAINTAINED UNPAVED ROAD

DAMAGLD PAVEMENT

- DAMAGED PAVEMENT

Figure 5.1 Scale for IRI (TAC 1997)
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Equitable Allocation of Resources: Adoption of IRI by large highway agencices

encourages local transportation agencies to use IRI as well. A general use of IRI
leads to more equitable allocation of pavement preservation funds since the
pavement serviceability could be directly compared across the jurisdictional

boundaries.

3. Cost Effectiveness: There are numerous companies that can measure IRI
Highway agencies can contract out roughness measurements through competitive

bidding process.
5.1.2 Common Roughness Measurement Methods

Following are the commonly used devices to measure the profile and then IRI (TAC

1997). With the help of transfer functions. the IRI can be converted to Riding Comfort

Rating (RCR).
Class 1  Precision Profiles (Most Accurate)

Digital Increment Profiler (Dipstick)
Rod and Level

Transport Research Laboratory (TRL) Profilometer

Class 2 Profilometric Methods

Automatic Road Analyzer (ARAN)
Profilograph
Dynatest Model 5051 RSP Laser Test System

K.J Law Inertial Protfilometer
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Longitudinal Profile Analyzer (France)

Road Surfacc Tester (Laser RST) Sweden

Road Tester 3000

South Dakota Road Profiler

Class 3

Response Type Devices

K.J Law Model 8300 Roughness Surveyor

Mays Ride Meter (also a trailer version)

Portable Universal Roughness Devices (PURD)

Walker Roughness Device

Class 4

Subjective Rating (Least Accurate)

Riding Comfort Rating (from panel rating)

5.2

Methodology to Switch to IRI from PURD

It is explained here, how to switch to International Roughness Index (IR1) trom Portable

Universal Roughness Device (PURD) without losing MTO’s historical data taken by the

PURD (Hajek et al. 1998). A study was performed that addressed the following specitic

concerns (Hajek et al 1998):

L.

2.

Consequences of measuring IRI by using ditferent equipments.

The ability of IRI to predict user’s perceptions of the pavement roughness in
terms of Ride Comfort Rating (RCR) for both car and truck occupants.

The development of a transfer function between IRl and RCR which would
replace the transfer function between PURD measurements with RCR.
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5.2.1 Calibration Circuit Mecasurements for Methodology

The pavement sections in calibration circuit were selected to represent a variety of

pavement types and pavement conditions (in terms of surtace distress and roughness)
typical for MTO highway network. The calibration circuit consisted of ten typical
pavement sections that were used to compare the following subjective and objective
methods:

a) Subjective Roughness Measurement

Two types of subjective measurements were used by Hajek et al. (1998).

1. Car based Ride Comfort Rating (RCR) by a panel of 16 raters. All the raters were
MTO employees. The raters traveled in a passenger car, two per car.

2. Truck based Ride Comfort Rating (RCRT) done by a panel of two raters travelling
in a three axle truck with semi trailer loaded up to 50% of its allowable load. 1t
should be viewed as an indicator of truck Ride Comfort Rating .The variation in
truck configuration is much greater than the car.

b) Objective Roughness Measurements

1. Profile based International Roughness Index (IRI) measurements by three
different inertial profilers were used by three ditferent companies, class Il and
class [II, as described in specifications by American Society for Material and
Testing (ASTM E950-94). The basic parameters of profilers are summarized in

Table 5.1 (Hajek ¢t al. 1998) and are denoted A, B and C in this rcport.

S

Portable Universal Roughness Device (PURD) was used to measurc the

roughness.
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5.2.2 Operation

The three companies conducting International Roughness Index (IRI) measurements
operated under the following instructions.

I. The measurements werc conducted in the fall, preferably in October or November.

2. Three consecutive measurements were taken on each section. The pavement
sections used in this study were not surveyed using contact profiling devices of
class I (ASTM E950-94).

523 Consequences of Measuring IRI Using Difference Devices

One objective of the study conducted by Hajek et al. (1998) was to assess the
consequences of using different International Roughness Index (IRI) equipments. It
should be noted that the objective was not to assess, compare or to improve the accuracy
of the existing IRI equipment. The ditference in the IRI measurements obtained by the
three systems is illustrated in Fig. 5.2. This figure compared the average IRI
measurement (average of the two wheel paths for the three runs) obtained tor all ten
sections of the calibration circuit by the three IRl measuring system. The average
difference between the systems seldom exceeds 0.4 m/km.

It is also apparent, that the different systems systematically provide lower or
higher values. The overall mean values obtained from all sections (and runs) by three IRI
measuring systems were 1.57n/km, 1.84n/km and 1.90 m/km. On the other hand, the R”
correlations between the three IRI measuring systems were in a very high range 01 0.95 to

0.98. Similar results were reported by Asnani et al. (1993) who compared the difterences
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in the IRI measurements obtained by ditferent versions of the South Dakota road profilers.

The following observations are based on data presented in Fig. 5.2 (Hajek et al. 1998):

1.

|89

_U)

All the three IRI measuring systems evaluated in this study appear to be equally
capable of providing reliable roughness measurements for network-level
monitoring purposes and the systems correlate very well with each other.

IRI measurements obtained with any of the three IR systems were repeatable.
There was significant difference between the IRI systems, which can negatively
aftect monitoring of pavement performance trends, on a network-level and a
project (section level). The system cannot be used interchangeably and must be
calibrated to match the existing historical roughness measurement scale RCR.

To maintain the historical validity of roughness data, it is important that a switch
from the existing roughness measurement procedure to IRl measurements should
be based on transter function obtained by extensive comparative analysis.

The ability of IRI (Hajek et al. 1998) to predict the RCR is better than Portable
Universal Roughness Device (PURD) with Root Mean Square Vertical
Acceleration (RMSVA). R” for IRI was 0.72 to 0.87 (Figs. 5.3, 5.4, and 5.5), and
R” for PURD was 0.67 (Fig. 5.6) (Hajek et al. 1998).

The ability of IRI to predict the Ride Comfort Rating for Trucks (RCRT) was
similar to its ability to predict RCR for cars (Fig. 7).

There is little difference in transfer function for Southwestern and Northwestern
regions (Fig. 5.8) (Hajek et al. 1998)

The transtfer tunction between IRI and RCR for Ontario is shown in Fig. 5.9 and

Eq. 5.1 (Hajek et al. 1998).
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Class
Sensor Type

Wheel Path

Distance Between

Wheel Path

Longitudinal
Sampling

Test Speed

Inertial Accelerometer
and Transducer Light
Sensors

Both

1.650 m

< 150mm

80 kmyvh

Inertial Accelerometer
and Laser

Both

N/A!

< 150mm

80 kmyvh

Table 5.1 Selected Parameters for [nertial Profilers (Hajek ct al. 1998) .
] IRI Measuring System
Parameter I A B c
ASTM E 950-94 I 1 1 i

Inertial Accelerometer
and Acoustic Ultrasound

Both

1.650 m

<300mm

80 km. h

N/A' Not Available

Table 5.2  Transfer Functions for IRl and PURD (Hajek et al. 1998)
-
. Ro U] CSS N wof ~ . e . .
Pavement Type S(:::::w\ ()111331]?::1::1{1\ Transfer Function R~ Equation No
Asphaltic IRI 787 RCI=RCR=8.32-7.49*Log,, (IRl) | 0.632 (5.1)
(0Fe 116 (5 (o B R i R R
Pavement PURD 787 RCR=27.6-7.51*Log,, (PURD) 0.572 (5.2)
IRI 133 RCR=8.48-3.81*Log,, (IR]) 0.201 (5.3)
Composite | | 4
Pavement
PURD 135 RCR=9.83-0.0035*Log,, (PURD) | 0301 (5.4)
Exposed [RI 30 RCR=9.27-6.22%Log;, (IR]) 0.509 (55)
L0016 1 S B e R e RREEEEEEEEEEEEEE
Pavement PURD 30 RCR=119*(PURD)"*' 0478 (5:6)
Surface IRI 233 RCR=15.7¢"" 0.062 (6.7)
Treated  |------m o
Pavement PURD 233 RCR:7‘576-()_()()()(133HI’L"RD) 0.032 (58)
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Figure 5.3 IRI System A vs. RCR (Hajek et al. 1998)

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mean Panel Rating RCR

Figure 5.4

IRl m/Km

IR System B vs. RCR (Hajek et al. 199%)

Mean Panel Rating RCR

O T T L T T T T
0 0.5 1 1.5 2 25 3 3.5
IRI m/km

Figure 5.5

Reproduced with permission of the copyright owner.

IRI System C vs. RCR (Hajek et al. 1998)
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Figure 5.7 Comparison ot RCR (Car) and RCRT (Truck) for IRl System A (Hajek et al.
1998)
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Figure 5.8  Comparison of Transfer Functions for Southwestern and Northwestern
Regions (Hajek et al. 1998)
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Figure 5.9  IRI Transfer Function for Asphalt Concrete (Hajek et al. 1998)

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

it i i



5.2.4 Influence of Wheel Path, Lane Selection and Cracking on IRI Measurements

Influence of wheel path, lane selection, and cracking on International Roughness Index
(IR]) measurements is described in Hajek et al. (1998). The IR1] is defined as a property
ot a single wheel path profile. There are no strict guidelines regarding where the profiles
should be located and how many of them should be used. The general recommendation is
that the profiles should be measured in the two wheel paths with the IR1 values for each
being averaged to obtain a summary IRI for the traffic lane (Sayers 1995). IRI measured
by profilers equipped with laser sensors may be influenced by the presence of cracks,
particularly transverse cracks. even if the pavement on both sides of the crack is level
(Sayers 1995). This can occur because the crack opening is detected by the profiler and

appears as a negative spike in the profile.

5.2.5 Quality Assurance of IRI Network Measurements

Since 1997, MTO has established a pavement testing circuit for calibrating pavement
roughness measurements to take into account variations and errors that may be caused by
various factors (Kazmierowski et al. 2001). As of May 2000, a total of 12 pavement
sections were selected for calibration measurement purposes, including eight asphalt

concrete sections, two jointed Portland cement concrete sections and two surtace treated

sections.

The length of individual pavement sections selected for IRI measurement
calibration ranges from 1.0 km to 2.5 km with approximately uniform roughness over the
length. Care was taken to select sites with similar roughness levels on both wheel paths.

The goal was to identify road sections with minimum variability in IR over their lengths.
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The calibration sites were located on road sections that were not planned for immediate
rehabilitation. It was required that contractors specity in the bidding document the type
of roughness profile measuring device to be used and the accuracy level of the device
when calibrated to a Class | survey device such as a Dipstick (TAC 1997). In addition,
the following five individual calibration measurements are required as a part ot quality
assurance process (Kazmierowski et al. 2001):

1. Pre-contract Qualitication Calibration

12

[nitial Calibration
3. Mid-survey Calibration
4. Post-survey Calibration

5. Final Calibration

5.2.5.1 Pre-contract Qualification Calibration

To ensure that contractor meets the basic qualitication requirements, pre-contract
calibration measurement is required as part of the bidding process for IRl measurements.
It is imperative that pre-contract calibration be performed with the same equipment to be

used for the rest of the survey work.

5.2.5.2 Initial Calibration

The selected contractor was required to conduct the initial calibration prior to the start ot
the production surveys. In the event the calibration data is found unacceptable, the
contractor would be required to repeat the initial calibration at no extra cost to the
Ministry. Actual survey should not proceed until such time as the Ministry finds the

initial calibration results satistactory.
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5.2.5.3  Mid-survey Calibration

Upon completing half of the network International Roughness Index (IRI) measurements,
a mid-survey calibration is to be performed. Further survey work should not proceed until
such time as the Ministry finds the mid-survey calibration results satisfactory. At any rate,

the contract shall not carry out more than 60% of the entire survey before providing the

Ministry with satisfactory mid-survey calibration results.

5.2.5.4  Post-survey Calibration

Upon completing the entire survey, the contractor should repeat the calibration procedure
and submit the calibration results to the Ministry within three working days. It the
calibration results fail to meet the criteria for the acceptance, it will be the contractor’s
responsibility to provide satisfactory results, which may include repeating some or all of
the previous measurements. Remaining survey work shall not proceed until such time as

the Ministry finds the post-survey calibration results satisfactory.

5.2.5.5 Final Calibration

The final calibration was required to ensure year-to-year consistency of the survey data.
The results of the final calibration shall be submitted within five working days. If the
calibration results fail to meet the criteria for acceptance, it will be the contractor’s
responsibility to repeat the calibration survey at no extra cost to the Ministry until the

calibration results meet the acceptability criteria.

5.2.5.5 Monitoring Site Surveys

The contractor’s measurements of pavement roughness were monitored during the

production surveys using about 30 monitoring sites that were randomly sclected
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throughout the network. The contractor was informed within one working day when the
survey crew had passed over a monitoring section. It was required that the contractor
submit to the Ministry the monitoring section’s International Roughness Index (IRI)
summary results (i.e., average IRI value for the monitoring section) within three working
days following the notification by the Ministry. If there was a large unexplained
discrepancy between the IRI values reported by the contractor and those obtained by the
Ministry (e.g., a difference greater than 20%), then investigation and detailed analysis

would be required.

5.2.6 Conclusions

I. The International Roughness Index (IRI) has become a well recognized standard

tor measurement ot road roughness.

RCR=8.52-7.49*Log, (IR]) currently used by the MTO (Hajek et al. 1998).

I~

3. The use of standardized IRI by a highway agency has several advantages. It can
provide direct transferability and utilization of knowledge and direct comparison
ot pavement conditions across jurisdictional boundaries. The use of IRI also
enables highway agencies to solicit IRI (Hajek et al. 1998) measurement services
trom different suppliers and to obtain actual pavement profiles for project level
work.

4. The ability of the IRI (Hajek et al. 1998) to predict Ride Comfort Rating (RCR)
was found to be better than that achieved by Portable Universal Roughness

Device (PURD).
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Chapter 6: PAVEMENT PERFORMANCE RATING

6.1 Introduction

Pavement performance is a combination of the surface distresses (as described in chapters
two and three) and the ride quality (as described in chapters four and five). Traditionally,
pavement performance has been defined as an indicator of how well the pavement serves
the travelling public. The pavement performance evaluation can be measured subjectively
and objectively. Subjectively. it is measured according to the guidelines as mentioned in
Table 6.1. Objectively, it is/was measured by the MTO with the different indexes:
Distress Index (DI) (1979-1986) developed by (Phang et al 1979), Pavement Condition
Index (PCI,) (1986-2001) developed by (Hajek et al 1986), and revised Pavement
Condition Index (PCI) (2001-present) developed by Ningyuan et al 2001. This chapter
presents the historical development of these pavement rating indexes along with their

influence, and their usage to evaluate pavement pertformance.

6.2 Procedure for Subjective Pavement Evaluation

The guidelines for the estimation of Pavement Condition Rating (PCR) for flexible
pavements are described in Table 6.1. For the flexible pavement, eight stages in the life
of pavement have been identified by the word description of ride quality, distortion and

the range of rating numbers appropriate to each stage has been assigned. The raters

compare their evaluation of RCR, distortion and distresses with the standard description
of the stages (Table 6.1) and then decide which stage most closely fits the pavement
being rated and whether the pavement is closer to the top or the bottom of the range for

the stage (Chong et al. [975).
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Table 6.1 A Guide for the Estimation of Pavement Condition Rating (PCR) (Chong et
al. 1975)

Pavement is in poor to very poor condition
s with extensive severe cracking. alligatoring
Reconstruct within 2 years 0-20 L . ; Cracking N <

and dishing. Rideability is poor and the
surface is very rough and uneven.

Pavement is in poor condition with moderate
alligatoring and extensive severe cracking
and dishing. Rideability 1s poor and the
surface is very rough and uncven.

Reconstruct in 2 - 3 years 20 - 30

Pavement is in poor to fair condition with
frequent moderate alligatoring and extensive
Reconstruct in 3 - 4 years 30-40  |moderate cracking and dishing. Rideability is
poor to fair and surface is moderately rough
and uneven.

Pavement is in poor to fair condition with
frequent moderate cracking and dishing and
intermittent moderate alligatoring.
Rideability is poor to fair and surface is
moderately rough and uneven.

Reconstruct in 4 - 5 years or
>surface within 2 years

resuriace wi yeal 40- 50

with extensive padding

Pavement is in fair condition with
intermittent moderate and frequent slight
Resurtace within 3 years 50-65 |cracking and with intermittent slight or
moderate alligatoring and dishing.
Rideability is fair and surface is slightly
rough and uneven.

Pavement is in fairly good condition with
frequent slight cracking. slight or very slight
Resurface in 3- 5 years 65-75 |dishing and a few areas of slight alligatoring.
Rideability is fairly good with intermittent
rough and uneven sections.

Pavement is in good condition with frequent
. 75-90 ) . Y R . AL
Normal maintenance only very slight or slight cracking. Rideability is
good with a few slightly rough and uneven
sections.
Pavement is in excellent condition with few
No maintenance required 90 -100 |cracks. Rideability is excellent with few
areas of slight distortion.
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The rater next assigns the PCR value to the rated pavement as described in Table
6.1. Because the rater also does the pavement design work, this rating is influenced by his
or her perception of the need for maintenance and rehabilitation. The rater also has to
consider at the time of inspection, what and when rehabilitation may be needed (Column
1 Table 6.1). He is thus alerted, at the time of inspection, to the need for closer
examination where necessary in order to make recommendation for remedial measures.

The PCR assessment is made by one, two or more persons as available for the
task. The PCR is the average value from these raters. The assessments are made in each
tive regions of the province by the enginecring staff of the geotechnical department.
Assessment is generally made in the late spring and early summer. Training circuits are
established in the regions to maintain the standard assessment methods through the
periodic calibration of the staff members. The circuit is also used for the training of new

and nexperienced statf members (Chong et al. 1982).

6.3 Distress Index (DI)

Distress Index (DI) was developed by Phang et al. (1979). It was a measurement of
pavement performance. It was used by the MTO from 1979 to1986. The DI was
comprised ot subjective RCR and Distress Manifestation (DM). The DI was calculated by
using the following model.

[320-DM]

6.
320 6.1

Distress Index (D1) =100 *[(RCR/10) ]*°

The DI was rated on a scale from 0 to 100 where 100 meaning excellent and 0 for very
poor pavement condition. The RCR (Phang et al. 1979) was calculated subjectively

(chapter four). The DM is calculated by using from Eq. 3.1 (Phang et al. 1979). The DI
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calculated by using Eq. 6.1 was then compared with the Pavement Condition Rating
(PCR) (Chong et al. 1975) assigned by the raters. The effect of DM on DI was
investigated by Chong et al. (1982).The results indicated that on a province-wide basis,

DM values were generally less than 100 and the effect on D1 was not exceed 30% (Table

6.2).

6.4 Pavement Condition Index (PCI))

Pavement Condition Index (PCI;) was developed by Hajek et al. (1986). It was a
measurement of pavement performance. It was used by the Ministry from 1986 to 2001.
The PCI, was calculated by using the following model (Hajek et al. 1986).

[205-DMI, |
205

Pavement Condition Index (PCI,)=100(0.1*RCR)"’ *C+s R™=0.72 (6.2)

The PCI; was rated on a scale from 0 to 100 where 100 meaning cxcellent and O for very
poor pavement condition. Riding Comfort Rating (RCR) was calculated using Eq. 4.5
(Hajek et al. 1986) 1.e., it was based on Portable Universal Roughness Device (PURD)
(TAC 1990) measurements. If the PURD (TAC 1990) derived RCR (Hajek et al. 1986)
was not available, subjectively assigned RCR (Chong et al. 1975) may be substituted, to
approximate PCI;. Distress Manifestation Index (DMI;) was calculated by using Eq. (3.2)
(Hajek et al. 1986). Probable maximum value of DMI; was 205. [t RCR calculated by Eq.
4.5, then the constants were ¢ = 1.077 and s = 0. If RCR established subjectively to

approximate PCI, then constants were ¢ =0.924 and s = 8.856.

The structure of Eq. 6.2 was same as proposed for Distress Index (DI) by Phang et
al. (1979). The variables ¢ and 205 were designed in such a way to cnsure that, on

average, the PCI, was equal to the PCR and slope of linear model relating PC1; and PCR
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was equal to | and an intercept was equal to 0. In other words, on average, the PCI; by
Hajek et al. (1986) was numerically equal to the PCR by Chong et al. (1975).

The R’ of the linear model relating PCI; to PCR, based on the 298 highway
sections used in the roughness study, for which, all pertinent data were available, was
0.72 (Hajek et al. 1986). PCI, was designed by Hajek et al. (1986) to supersede the
previously used PCR and DI. However, because the PCI; was derived more objectively
and was a more consistent measurement of pavement performance, there may be

substantial differences between the two measurements on an individual pavement section

(Hajek et al. 1986).

6.5 Revised Pavement Condition Index (PCl)

Since 2001, MTO is using the following revised model for PCI (Ningyuan et al. 2001).
Revised Pavement Condition Index (PCI) = 10(0.1*RCI)"* * DMI*C, (6.3)
The PCI is rated on a scale from 0 to 100 where 100 represents excellent and 0 for very

poor pavement condition. The PCI inherits the concept of the PCI; (Hajek et al. 1986)

with some important modifications.

1. RCI=RCR component is based on International Roughness Index (IRI) (Hajek et
al. 1998) using modern laser technology (Eq. 5.1) rather than on the mechanical
measurements (Hajek et al. 1986).

2. DMI1 Eq. 3.3 based on a scalc ot 0 to 10.

C; is a coefficient calibrated for each pavement type based on regression analysis
between the objectively calculated PCI and subjective PCR which is usually observed
and ranked by raters. For that section with missing RCI data, a subjective RCR is used for

the regression analysis on Hot Mix Asphalt (HMA) pavements. For instance, Fig. 0.1
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shows the statistics relationship between revised PCl and PCR based on the data

collected in 1997 by the Ministry.

6.6 Assessment of Current Needs

The Ministry currently uses the PCl (Ningyuan et al. 2001) as a performance
measurement within its business plan for network pavement maintenance and
rehabilitation programming as documented in Pavement Design and Rehabilitation
Manual (MTO 1990). A common method used to identity sections that needed work now
is calculated by comparing the condition of each section for each year within the analysis
period (Table 6.4).

The trigger values are normally based on pavement surface type, functional
classification and traffic loadings. The trigger level at which a pavement reaches the
minimum acceptable condition and requires rehabilitation or major maintenance is
specified in the M&R analysis program of the PMS2. Levels for ditferent tunctional
classes of highways are listed in Table 6.4. In order to determine the corresponding RCI
and DMI triggers for each tunctional class, major historic maintenance and rehabilitation
construction activities and their performance data (1986 to 1999) were reviewed in
comparison to the specified PCI ranges. The RCI and DMI values shown in Table 6.4 are

the 75" percentiles of field observations and engineering judgments.
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Figure 6.1 Regression Analysis Between PCland PCR (Ningyuan et al. 2002)

Table 6.2  The Etfect of DM on DI (Chong et al. 1982)

i DM DI (%)
20 6
40 12
60 19
80 25
100 32

Table 6.3  Coetticients Calibrated for PCI (Ningyuan et al. 2001)

Pavement Type Model Coetticient C; R

Flexible HMA 1.088 0.86
"""""""" Rigid(PCC) | 099 | 063
""""""""" Composite (COM) [ 103 | 05 7
~ SurfaceTreated | 0962 | o051
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Table 6.4  Trigger Values for Maintenance and Rchabilitation (M&R) Activities
(Ningyuan et al. 2002)
Functional Class PCI RCI=RCR DMI
Freeway 65 6.0 6.9 o
""""""""" Arteriall | 60 | 60 | 69
"""""""" Collector | 55 | 62 | 63
"""""""""" Lol | 0 | 56 | 61
Table 6.5  Hot Mix Asphalt (HMA) Pavement Performance Prediction Models
(Ningyuan et al. 2002)
Inde: Model F >
naex At IO 1 dividual Performance Prediction Model | R* | Eq. No.
Sigmoidal  |Y =Y, -Exp (6.2x0.9'-4.955) 0.9640 6.4
RCI (Freeways)
Exponential |Y = 7.83¢Hx 0.8668 6.5
Sigmoidal  [Y =Y - Exp (10.2%0.9'- 12.4) 0.9600 6.6
RCI (Arterials)
Exponential |Y = 78401 0.9945 6.7
Sigmoidal  |Y =Y - Exp (1.1 14* 0.6'0.62) 0.9670 6.8
PCl Y =0.001 12x"-0.257% + 1.8449x" -6.1035x
Polynomial |+ 86.242 « 09710 6.9
Sigmoidal Y =Y, + Exp (1.17%0.6' -0.45) 0.9860 6.10
DMI
Exponential Y = 2341 09136 6.11
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6.6.1 Performance Prediction Models

Different types of prediction models are used for the prediction of RCI (Hajek et al. 1998)

PCI and DMI in PMS2 (Ningyuan et al. 2001).

y =y, -2e(abe) (6.12)
Y =a (exp)(bx) (6.13)
I
Y =- (6.14)
(a+bx)
Y:a+Zbixi(i=l,2...) : (6.15)

Y = pertormance index like RCI, DMI, PCIL, etc. Y, =Y value corresponding to age 0 or
rehabilitation year of a pavement section. x = independent variable. either pavement age
or cumulative equivalent single axle loads (ESALs). t=loge( 1/Age). a, b, and c=model
parameters to be calibrated. The procedure used by PMS2 in the development of
individual or combined performance prediction index for a specitied pavement category
is described below:
1. All historic data used for performance modeling should reflect a specitied
category of pavement type and highway class. In PMS2, pavement sections are

classified in terms of traftic, structural thickness, environment and subgrade type.

]

Prediction of individual performance prediction indexes using each of the above
modeling forms (Eqgs. 0.13 to 6.15) in comparison with the sigmoidal model (Eq.
6.12).

3. Provided in Table 6.5 are some coetficients a, b and ¢ in the detault models used

to predict RCI DMI and PCI on the basis of the classified performance for cach
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pavement type. A common practice is to develop initial default models using the
available information and expected engineering judgment (Ningyuan ct al. 2001).
Using the sigmoidal curves to model pavement deterioration through regression
analysis. these default performance models can be then modified by updating the
coefficients used for individual pavement sections if site specitic
data/performance is available.

Table 6.5 is a summary of the individual performance index prediction models

based on the sample data. but sigmoidal models are used as detault performance prediction

models in the PMS2. Presented in Figs. 6.2 and 6.3 are examples showing regression

analyses of pavement performance data taken of tlexible pavements from Ontario freeways

e

s

3

|
i
|

!

i :
AU SUE

Fraoway RCIEDistribution

by = 7T B3tna "

R

-y

i
i

Age of Pavement

Figure 6.2 Modeling of Freeway Pavement Roughness in Terms of RCI=RCR and Age

of Pavement (Ningyuan et al. 2002)
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Figure 6.3 Modeling of Freeway Flexible Pavement Condition Trends in Terms of PCI
and Age of Pavement (Ningyuan et al. 2002)

and arterial highways. Fig. 6.2 displays the modeling of pavement ride quality
deterioration by using exponential curves for flexible pavements on freeways. Fig. 6.3
illustrates how the average overall pavement condition history is fitted by a polynomial

curve for freeway flexible pavements.

6.7 Second Generation Pavement Management System Software
(PMS2)

The existing pavement management system used by the MTO was developed in 1985
(Kazmiecrowski et al. 2001) and is currently being updated with regards to its data
management and network analysis capabilities. The major components were a main frame
based database maintained by the pavement management section at the headquarters. In
1998 the Ministry decided to develop second generation Pavement Management System
software (PMS2) in order to facilitate data management. Stantec Consulting Ltd. was
awarded the contract for the project development (Kazmierowski et al. 2001). The pavement

management database maintains the historical pavement condition data from the mid-1980s
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r—

to the current year. Fig 6.4 is an example of default prediction models tor RCI and DML, Fig, ¢
6.5 is the example of the decision tree to select the maintenance and rehabilitation treatments

based on the criteria tor DMI and RC1. (Kazmierowski et al. 2001).

Figure 6.4  Example of Default RCI=RCR and DMI Prediction Models in PMS2
(Kazmierowski et al. 2001)

Figure 6.5 Example of Dccision Tree Used for the Treatment Sclection in PMS2
(Kazmierowski et al. 2001)
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6.8 Example for Pavement Performance Evaluation

This example explains how the data is collected and manipulated for the evaluation of the

pavement performance.

6.8.1 Data Collection

The rater found that the pavement segment has moderate flushing on 30 % area and
severe wheel-track rutting on 12% area of pavement section. After collecting these visual
observations the rater has marked the checks in the appropriate places as shown on the
‘Data for Pavement Performance Evaluation Example’ (Table 6.6). The ride quality or

roughness in terms of the International Roughness Index (IRI) is 1.9 m/km.

6.8.2 Data Analysis

Pavement performance is evaluated by a single parameter called PCL. It consists of two

interrelated components DMI and RCI. From Eq. 3.3, DMl is calculated as follows:

=932

208-(0.5%(2+2)+3*(3+1)) _ |, 20814

DMI=10*
208 208

From Eq. 5.1, RCI=RCR is calculated as follows:
RCI =RCR=8.52-7.49*log (1.9) =6.4.
From Eq. 6.2, PCl is calculated as follows:

PCl =10%(0.1%6.43)"%9.32%1.088=81.31.
6.8.3 Assessment of Current Needs

The trigger values at which a pavement reaches its minimum acceptable condition are

defined in Pavement Design and Rehabilitation Manual (MTO 1990). For Freeway, these
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Data for Pavement Performance Evaluation Example

Table 6.6
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are DMI=6.9. RCI =RCR=6.0 and PCI = 65 as shown in Table 6.4. In this example all
calculated parameters are higher than the corresponding trigger values as. DM1=9.32>6.9.
RCI =RCR= 6.43>6.0. and PCI =81.31>65. Therefore. the segment does not require any
rehabilitation or major maintenance at the current time. From the above results it can be
concluded that the ride quality or roughness is almost reaching its trigger value. but the

PCI and DMI are not so low. The overall segment condition is good.
6.8.4 Performance Prediction Model

As mentioned above the segment roughness or the ride quality is almost reaching its
trigger value. From here it can concluded that in the near future. the segment will be 6n
the list for maintenance or rehabilitation. The Riding Comfort Index (RCI) of the section
is 6.43 and "x" is the age of the segment in service after the construction or major
rehabilitation can be calculated from Eq. 6.5. x = (In (6.43/7.84))/ (-0.0142) =13.96 vears.
In 2008. the Riding Comfort Index (RCI) value will be 5.98. As it is less than the trigger

value. the segment should be considered for maintenance and rehabilitation. The Fig. 6.6

explains the results of the example.
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Figure 6.6  RCI=RCR Prediction Model for Pavement Evaluation Example
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CHAPTER 7: OPTIMIZATION OF FUNDS ALLOCATION
FOR HIGHWAYS MAINTENANCE

7.1 Introduction

The revised Pavement Condition Index (PCI) is used as a decision variable in the
optimization modeling ot the maintenance and rehabilitation. Further details can be tound
in Fig. 1.4 and chapter six. Selection of the investment alternatives is not casy with the
mathematical programming because: (a) there is usually multiple investment objectives
for each of the many individual pavement sections involved in the network and (b)
considerable uncertainty may exist for the future tunding and deterioration prediction for
each individual pavement section. Each prioritization method has certain specitic features
in terms of model development, design parameter and the economic analysis (Hajek and
Phang 1989).

Based on the example as described in this chapter, the most cost-ettective
maintenance and rehabilitation program for the preservation of a pavement network can
be achieved through the dynamic process of pavement performance prediction and
optimization programming. Determination ot the optimal maintenance and rchabilitation
program for preserving a road network above a certain serviceability level with a limited
budget is critically dependent on the pavement performance prediction models. The
whole process including analysis of the sensitivities to various budget levels and
projected network pavement conditions corresponding to various budget levels is
automated in PMS2. Selection and the application of the optimal maintenance and
rehabilitation strategy integrated with time-related pavement performance prediction
models is being used in the Ministry’s PMS2 softwarec.
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7.2 Optimization Model of Funds Allocation

The optimization model proposed tor use in PMS2 is cost-etfective and based on multi-year
priority programming as shown in Egs. 7.1 to 7.5. The objective function is given with the
budget limitations and the other constraints, to maximize the total value of cost effectiveness
(i.e. the total benefit cost ratios) tor given alternate pavement treatments of a pavement network

with total S sections on a yearly basis (Ningyuan et al. 2001).

N | M - *1 % *])
Z qu* (PCSslm Asl) Lsz AADT:I st ) \v/t (71)
‘ L *W, *C_ *(1*R)

s=1 { m=] stm

Subject to,

> X =1, st (7.2)
m=1
! if maintenanace alternate m is selectd for section s in year t ,
= {O otherwise (73)

S M

D X WXL xW xC ) <B fort=1,23,.T (7.4)

S

PCS,,., =PCS_ +(X, APCS, ) <PCS . Vsitm (7.5)

PCS = Generalized Pavement Condition State (such as PCI) for section s (of total
S sections) at year t (of total T years of the analysis period).

A, = The minimum acceptable level of PCI (Table 6.4) required for a pavement
section s at year t, and (PCS, — Ay) can be either positive or negative
value.

L,= Length (km) of pavement section in year t.

AADT, =  Annual average daily traffic carried on pavement section s in year t.
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D = Number of service days for traftic flows by pavement section s in year t if f

treatment alternative strategy m is selected.
W, = Width (m) of pavement section s in year t. .

= Unit cost ($/per square meter, Fig 7.1) of a standardized M&R treatment

alternative strategy m, applied to pavement section s in year t.

R= Discount rate for calculating present value of future cost.
B Budget limit for all M&R actions in the network in programming year t.
APCS = Treatment effect of a standardized M&R action, which is defined as an

amount of PCI that can be recovered, from the existing Pavement

Condition State (PCS). by the maintenance & rehabilitation alternative m.
PCS . = A maximum value of pavement condition statc dcfined for a pavement.

For example, it PCS is defined by PCI, which is mecasured on a scale of 0

to 100, with 100 being pertect, then the highest level of the PCS is 100, i.e.

PCS, 1s 100.

mas.

A brief description of each above mentioned equation is stated as: Eq. 7.1 is the
objective tunction of the optimization model, which maximizes the value of the total
cost- effectiveness over the entire programming period. It is used to find the optimal
maintenance and rehabilitation action program for the network in each programming year,
as compared to all other alternative maintenance and rchabilitation action programs. Egs.
7.2 and 7.3 state that the total number of available standardized maintenance and
rchabilitation treatment strategy options designed for the network is M. In cach
programming year one and only one of these maintenance and rehabilitation options for

the pavement section s must be chosen, which produces the highest cost etfectiveness
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from the network system point of review.

Eq. 7.4 controls the maximum investment or annual budget available for the
network maintenance and rehabilitation projects of each year. Within the period of multi-
year M&R program, available budget of each programming year can be different from
each other. Eq. 7.5 indicates that a pavement serviceability level (PCI) cannot be higher
than its maximum level at any time. Actually, this constraint plays a role of penalty
function, which avoids the optimization model from selecting the projects for those

pavements that have a high PCI but generate low economic benefit or effectiveness.

7.3 Example for Optimization of Funds Allocation for Highways
Maintenance

A small road network consisting of two pavement sections is used to demonstrate, how
the optimization model is applied to develop annual pavement maintenance and

rchabilitation programme for the network. Following are the data used in this example,

PCS, = At year t; (2004) the PCl is 55 and 60 for sections 1 and 2.

A = The minimum acceptable level of PCI for sections | and 2 is 50 in analysis
period (2004, 2005, and 2006).

L,= Length (km) of pavement sections 1 and 2 is 1200m in year t o, ».
AADT, =  Annual average daily traffic carried on pavement sections 1 and 2 is 1000

inyeart | 2.
D, = It is assumed constant as 1.
W, = Width (m) of pavement sections 1 and 2 1s 7 m in year t ¢ ;.
= Unit cost $1.5 and $7/per square meter tor the major maintenance and minor
rehabilitation (Fig 7.1).
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R= Discount rate for calculating the present value of tuture cost is 10%.

B.- Budget limits for all the M&R actions in the network in programming

years t o1 are $ 0,10000, 40000, 80000, 100000.

APCS, = Treatment etfect of a standardized M&R actions, which is defined as an
amount of PCI that can be recovered, from the existing PCL. 10 for major
maintenance and 30 for minor rehabilitation (Fig. 7.1)

PCS, .= The highest level of the PCT1s 100, 1.e. PCI 1 100.

The minimum PCI for each pavement in the network is 50. The two standardized
pavement treatment costs in this example are 1.5 and 7.0 dollars per square meter for
major maintenance and minor rehabilitation (Fig. 7.1). In addition, the effect of each
treatment on existing pavement is specified, for instance, if the maintenance and
rchabilitation alternative strategy 1 (major maintenance Fig. 7.1) is selected for year t,
then a rise of 10 units of PCI can be obtained in that year. Alternatively, if a minor

rehabilitation treatment, i.e., strategy 2 is sclected in year t, then an amount of 30 units of

PCI is recovered in that year. Following the PCI jump point, where a treatment action is
applied, a new deterioration model (Table 6.5), which reflects the improved pavement
structure by the treatment should be established to predict the pavement deterioration in
year t+1. The procedure is repeated in each consecutive year until the cntire analysis
period is completed for the integrated performance prediction.

Fig. 7.2 shows the maximum bencefits (the maximum valuc of Eq. 7.1 with
constraints) obtained by different budget levels. The Fig. 7.2 also explains that spending
more than $100.000 for maintenance is useless because the achieved benetits are not
increasing. The optimization is done in Excel with the optimization add-in software

called Solver. Fig. 7.3 explains that the optimum expenditure for maintenance is $80,000
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and spending more money even reduces the benefits cost ratio. Figs. 7.4 and 7.5 show
how the PCI increases for section | and 2 as the budget increases from $0 to $100.000.

Figs. 7.6 and 7.7 explain how the budget is utilized to optimize the benefits. When the

n budget was $100.000 then $12.600+ $ 12.600 were spent on sections 1 and 2 in the year
T 2004. In 2005. the $58.800 on section 1 and $12.600 on section 2 are utilized.

( M&R Treatment Alternatives for Asphalt Concrete Pavements J
i
r
' y JV
| (1) Major Maintenance (2) Minor Rehabilitation

S — e — I

Design Criteria. Material Criteria. Construction Criteria. Specification etc.

* ............................................................. —————— :

Rout & Seal Hot-Mix

Cracks Hot-Mix Resurfacing
Patching Sealing Hot-in-Place
Asphalt Strip Recycle

Repair Cold Mix Sealing
Frost Treatment Surface

Effect of Each M&R Treatment on the Existing Pavement

S e —

Rise of the Rise of the
Existing PCI by Existing PC1 by
10 Units 30 Units

Unit Cost: $1.5 /7’ Unit Cost: $7/m"

Figure 7.1 A Set of Maintenance and Rehabilitation (M& R) Treatment Activitics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=Yoo J S
14000 A = < = <« e e e e e e e e ]
QTZOOO- -------------------- T I I e B e Tl o Sl
<
= 10000 4« --c-mrmere e e B SRt IR Y B R -
[2]
S 8000 4 ------enneend - - r
[ ewy
(M)
@ §000 4 - L
4000 4 - - - - - - -
20004 ------- - - -
o T L T T T 1 T T T
10 40 80 100 120 140 160 180 200 220
Budgets $1000
Figure 7.2 Influence of Budget Constraint on the Investment Benetits
18
—
< T e
—_—
S A
©
o
1 RVE EEEEEEEE S i PP R
0
O ]
B 107 R I ERIE e L
QC) 8" """" - i 1" - -
L3
0
= B4~ - - - -
o
g
ESEE EEEEEEEE - - .- - B
24 o - .- - -
O T ; Ll T ] T ] L) T
10 40 80 100 120 140 160 180 200 220
Budget $1000

Figure 7.3 Influence of Budget Constraint on Overall Benetits/Cost Ratio

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




rD Budget $0 or 10,000 O Budget $40,000 B Budget $80,000 OBudgets $100,000

100
90 -
80 A
70 1
60 A
50 1

PCI

40 4 - -

30 1

204 --
104 --

2004

2005 - 2006

Years

Figure 7.4 PCI for Section 1 for Ditferent Budget Level

O Budget $0 or 10,000
Budget $ 80,000

0 Budget $40,000
O Budget $ 100,000

100

80
70 1
60 -

50 A

PCI

40 -
30 4

20 4

104--

...............................................................

2004

2005 2006
Years

Figure 7.5 PCl for Section 2 for Different Budget Levels
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Figure 7.7 Division of Cost for Section 2 tor Ditterent Budget Levels
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CHAPTER 8: CONCLUSIONS, RECOMMENDATIONS
AND SUMMARY

8.1 Summary

. Currently, MTO is using the following parameters and models to evaluate the
tlexible pavement performance in its PMS2:
PCI= 10(0.1*RCI)"* * DMI*C, (6.3)
208 1}“? W (S, +D,)

DMI =10* ‘:1208 (3.3)

RCI=RCR=8.52-7.49*Log;o (IRI) (5.1

PCR= 1t is rated according to the guidelines described in Table 6.1.

8]

Currently, MTO 1s using PCI as decision variable in its PMS2 to optimize the

funds allocation for highway maintenance.

N PCI_-A_)*L_*AADT *D.
Z ZX\“"* ( stm 5t)' st D s: st . Vt (71)
ar ’ LSI*WS‘>|<C *(I*R)

s stin

Subject to,

ZX =1, Vst (7.2)

fl if maintenanace alternate m is selectd for section s in year t

X, = 7.3
s 10 otherwise (7:3)
S \9]
P XKWL W XC ) <B, fort=1,2.3,..T (7.4)
s lm-l
PCIS(I< I):PCIsl +(X.\'lmAPClm) S PClmxlx. vs’t'm (75)
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o}

3. Currently. MTO is using the following models for the prediction of flexible

pavement performance in term of RCI, DMI and PC1 in its PMS2 (Table 6.5).

Index Model Form Individual Performance Prediction Model R Eq. No.
Sigmoidal Y =Y, -Exp (6.2x0.9'-4.955) 0.9640 64
RCI o
(Freeways) oL
Exponential |Y =7.83¢™ " 0.8668 6.5
Sigmoidal  |Y =Y o~ Exp (10.2%0.9'- 12.4) 0.9600 6.6
RCI
(Arterials)
Exponential |Y = 7.84¢"71% 0.9945 6.7
Sigmoidal  |Y=Y - Exp (1.1 4% 0.6'0.62) 0.9670 6.8
PCl Y =0.001 12¢ -0257%" 3 : 3
= (. X' -0.257x + 1.8449x" -6.1035x
Polynomial [+ 86.242 0.9710 6.9
Sigmoidal  |Y =Y, + Exp (1.17%0.6' -0.45) (.9860 6.10
DM
Exponential Y =23.41¢""" 09136 6.11

4. Currently, MTO is using the tollowing trigger values in terms of RC1, DMI and

PCI for the maintenance and rehabilitation of highways in its PMS2 (Table 6.4).

Functional Class PCI RCI[=RCR DMI
Freeway 65 6.0 6.9

""""""" Atterill | 60 | 60 | 69

""""" Collector | 55 | e2 U 63

 Loa | so | se | 6.1

5. MTO has used the PCI; DMI, and RCR to evaluate the performance of flexible

pavements from 1986 to 2001.
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205-
[205-DMI ], 6.2)

PCL=100(0.1*RCR)"™
15
DMI, = 3 W.(S,+D.) (3.2)
1=l
RCR=27.6-7.51*Log o (RMSVA), RMSVA=PURD (5.2)
6. MTO has used the DI. DM, subjective RCR and Mays Ride Meter to evaluate the
performance of flexible pavements from 1979 to 1986.

[320-DM]

_ * l 0.5
DI =100*[(RCR/10) ] 3170 (6.1)
27
DM =3 W.(S.+D.) (3.
i=1 11 1
RCR =9.38 - 0.0177(MAYSs), or can be measured subjectively. (3.2)

7. Prior to 1979, MTO has used PCR and subjective RCR to evaluate flexible

pavement performance.

8.2 Conclusions

I.  This report has demonstrated the process and technical methods used by the MTO
in the pavement performance evaluation over the last 30 years, including data
collection, data management/reporting, performance evaluation, prediction
models, need analysis.

2. Several key issues related to quality control and quality assurance are discussed
with reference to the roughness measurements and verification techniques used by
the Ministry. Particularly, this report discussed the techniques used for the
evaluation of pavement performance in terms of IRI and its application.

3. The sigmoidal models are used for the prediction of pavement performance
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deterioration in terms of roughness, surface distress and overall pavement
condition indexes.

9. The IRI has time-stability, transterability and ready measurability by almost all
existing roughness devices. As the IRI is a geographically transfcrable, repeatable
and time-stable measure, therefore, it has attractiveness as a suitable measurement
tor the quality control of new pavement construction projects or rehabilitation.
Thus, given the IRI parameter and the relative information, a highway agency can
be able to assess objectively how the condition of its pavement network responds

to the pavement investment.

8.3 Recommendations

1. The DMI values measured by different raters for different segments could be
difterent. This can be resolved by measuring the network by the same raters so
that the error could be reduced in average value. But still this is impractical to
measure the brovince network so there is a need for the development and use of
new technologies to measure the distresses objectively.

2. The existing manual should be updated to eliminate any ambiguity in the
identification and assess distresses like distortion, random cracking, half, full
single, and multiple cracks etc.

3. The regional training of raters must be conducted regularly to improve the overall

province-wide consistency.

4. Still. there are no fixed standards for the calculation of International Roughness
Index (IRI) from laser-based devices at the province and the municipality level.

Thercfore, the standards or guidelines should be developed for different types of
82
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sensors, number of sensors, sensor spacing, profile sampling, recording interval,
base length for moving average filter, survey dircction, data collection
environment condition, seasonal variations, minimum data collection speed and
the minimum start up length to reduce error in IRI measurements.

5. The approach should be mechanistic empirical for the prediction models of RCI
and DMI. There is need to develop prediction models for each distress to address
pavement structure, material properties (elastic modulus, poison’s ratio), and the

traftic loading.
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APPENDIX: GLOSSARY OF ACRONYMS

AASHTO Amecrican Association ot State Highway and Transportation Ofticials

ASTM
ARAN
D;
DM,
DMI
FHWA
GS
HMA
IRI
LCCA
M& R
MRM
MTO
PCI,
PCI
PCS
PCR
PMS
PMS?2
PURD

PCC

QA

American Society for Material and Testing
Automatic Road Analyzer

Density of Distress occurrence
Distress Manitestation Index
Revised Distress Manifestation Index
Federal Highway Authority

Gravel Surtaced Pavements

Hot Mix Asphalt

International Roughness Index

Life Cycle Cost Analysis
Maintenance and Rehabilitation
Mays Ride Meter

Ontario Ministry of Transportation
Pavement Condition Index

Revised Pavement Condition Index
Pavement Condition State

Pavement Condition Rating

Pavement Management System

Second Generation Pavement Management System Software
Portable Universal Roughness Device
Portland Cement Concrete

Quality Assurance
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RAM Relative Axle Movement

RCR Riding Comfort Rating (Car based)
RCRT Ride Comfort Rating (Truck based)
RMSVA Root Mean Square Vertical Acceleration

RTRRMS Response Type Road Roughness Measurement System

RTAC Road and Transportation Association of Canada
S Severity of Distress
SV Slope Variance
TAC Transportation Association of Canada
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APPENDIX: GLOSSARY OF ACRONYMS

These definitions are taken from TAC 2001, 1997, and ASTM E950-94.

Accuracy: Closeness of agreement between the result of a measurement and a true value
of the measurement.

Alligator Cracking: Cracks which occur in asphalt pavements, in .arcas subjected to
repeated traffic loadings which develop into a series of interconnected cracks,
with many sided, sharp angled pieces, characteristically with an alligator pattern.

Asphalt Concrete: A high quality mixture of asphalt cement, carefully graded coarse and
fine aggregates.

Asphalt Pavement: Pavement consisting of asphalt concrete layers on supporting courses
such as concrete base (composite pavement), asphalt treated base, cement treated
base, granular base and/or granular subbase placed over the subgrade.

Base Length: The length over which the individual profile samples are averaged or
filtered and needs to be selected based on the intended use of the resultant data.

Blind Verification Site: A reference site where the vehicle operator has no knowledge ot
its location when conducting the survey.

Calibration: A method to standardize a measurement by determining the deviation from
a standard so as to ascertain proper correction factors.

Class I Profiler: Longitudinal sampling is less than or equal to 150mm. Vertical

measurement resolution is less than or equal to 0. lmm.

Class Il Profiler: Longitudinal sampling is greater than 25mm to 150mm. Vertical
measurement resolution is greater than 0.1mm to 0.2mm.
Class IIl Profiler: Longitudinal sampling is greater than 150mm to 300mm. Vertical

measurement resolution is greater than 0.2mm to 0.5mm.
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Class 1V Profiler: Longitudinal sampling is greater than 300mm. Vertical measurement
resolutions is greater than 0.5mm.

Closure Verification Site: Same as a known verification site but tested at the completion
of all data collection activities.

Composite Pavement: A pavement structure which combines both flexible and rigid
pavement components.

Corrective Maintenance: Maintenance treatments, such as pot hole patching to correct
localized failures or minor problems, carried out as routine practice.

Cost Effectiveness: An economic measure defined as the effectiveness of an action or
treatment divided by the present worth of life cycle costs.

Dipstick: An ASTM Class | profiler.

Equivalent Single Axle Load: A concept which equates the damage to a pavement
structure caused by the passage of a non standard axle load to a standard 80 KN
axle load, in terms of calculated or measured stress, strain or deflection at some
point in the pavement structure, or in terms of equal conditions of distress or loss
of serviceability.

End Result Specification (ERS): The specification of an end result to be achieved in
construction, such as a minimum density, as compared to a method type of
specification.

Flexible Pavement: A pavement structure usually composed of one or more asphalt
concrete layers over an unbound aggregate or stabilized base.

Geographic Information System: A computerized database which detines the specific
locations of various attributes features or data items on a coordinate basis.

Global Positioning System: A technology for identitying the x, y, z coordinates location
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of object based on satellite signals.

Golden Car: A set of model vehicle parameters specifying tires/axle/suspension
components which best correlated with field tests from available devices but
differed from true suspension performance because it incorporated larger
suspension dampening coefficients. The gold car model parameters subsequently
became the single wheel and suspension simulation basis for determining the IR1.

Inertial Profilers: A vehicle equipped with a distance measuring device, vertical height
sensors and accelerometers used to determine the profile of a roadway based on
the concept of a vertical acceleration, inertial reterence plane.

International Roughness Index (IRI): An index computed from a longitudinal profile
measurement using a quarter car simulations at a simulation speed ot 80 km/h. or
A summary of statistic which characterizes road surface longitudinal roughness
based on simulation of a standardized quarter car moving over the longitudinal
profile of the road.

Known Verification Site: A reference site where the vehicle operator has knowledge of
its location prior to conducting the survey.

Laser Height Sensor: Height measurement based on the transmission and detection of
laser light (light amplification through the stimulated emission ot radiation).

MIRI: Mean International Roughness Index (IRI) defined as the average ot the outer
wheel path and inner wheel path IRI.

Maintenance: Well timed and executed activities to ensure or extend pavement lite until
deterioration of the pavement layer materials.

Method Based Specification: A specification involving the methodology or technique to
be applied to a construction item, such as number of passes of a certain weight of
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roller.

Pavement Management System: A wide spectrum of activities including the planning
or programming of investments, design, construction, maintenance, and the
periodic evaluation of performance used to provide an ettective and etficient road
network.

Precision: Precision in the measurement of pavement profile elevation is related to the
closeness of agreement between the repeated measurements of the same pavement
protile.

Pre-Qualification: A process specitied that requires all potential service providers to
demonstrate that performance requirements can be met betore being allowed to
respond to a request for services.

Preventive Maintenance: Major maintenance treatments to retard deterioration ot a
pavement. such as chip seal, rout and crack seal, etc.

Profiler Bias: Bias error indicates whether the profiler is systematically high or low
compared to the truth.

Quality Assurance: A system of activities whose purpose is to provide assurance that
the overall quality control job is in fact being done eftectively. It involves a
continuing evaluation of the effectiveness ot the overall quality control program
with a view to having corrective measures initiated where necessary. For a
specific product or service, this involves verifications, audits and the evaluation of
the quality factors that aftect the specitication, production, inspection and usc of
the product or service.

Quality Control: The overall system of activitics whose purpose 1s to provides a quality
of product or service that meets the needs ot users. The aim ot quality control is to
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provide quality that is satisfactory, adequate, dependable and economic. The
overall system involves integrating the quality aspects of several rclated steps
including: (a) the proper specification of what is wanted (b) production to meet
the full intent ot the specifications (¢) inspection to determine whether the
resulting product or service is in accord with the specitications and review of
usage to provide for revision of specification.

Quarter Car IRI: Calculation of the IRI from a single wheel path profile using the
golden car simulation parameters.

Recording Interval: The ef‘f‘eétive distance between recorded roadway profile height
measurements taken by the data acquisition system as the profile moves down the

roadway.

Rehabilitation: A term in pavement management involving the restoration ot pavement
serviceability through such actions as overlays.

Riding Comfort Index (RCI): A measure to characterize the ride quality of a pavement
on a scale ot 0 to 10.

Riding Comfort Rating (RCR): A measure to characterize the ride quality of a
pavement similar to RCL

Repeatability: Closeness of the agreement between the results of successive
measurements of the same measure and carried out under the same conditions of

measurements.

Sample Interval: The smallest distance between successive physical measurements of

the roadway profile by the data acquisition system as the protiler moves down the

roadway.
Scarification: Ripping (usually with grader teeth), reshaping and recompacting a
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pavement surface and/or base and/or sub base layer.

Serviceability: The ability of a pavement to serve the traffic which uses it.

Specification: A specification involving minimum or maximum levels of performance
items at certain ages, such as roughness, surface distress, surface friction or
structural adequacy.

Strategic Highway Rescarch Program: A comprehensive, multi million dollar research
program in the USA and other countries involving research in Long Term
Pavement Performance (LTTP), asphalt. concrete structures and highway
operations. The Canadian counterpart is known as C-SHRP.

Transportation Association of Canada (TAC): Formerly. Roads and Transportation
Association of Canada (RTAC) and betore that the Canadian Good Roads
Association (CGRA).

Ultrasonic Height Sensor: Height sensor measurement based on the transmission and
detection of acoustic pulses.

Verification: A process to establish the truth, accuracy or reliability of a measurement.
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