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Executive Summary

This report provides the results of the Advanced Inspections Project (AlP) 2 which is part of
the -l nnovation Projects Highwagt Mapnopaeanenr ®WE
IPW) programme of RWS-DVS. The project focus was on innovative inspection methods and
investigated a number of opportunit ies that could deliver improvements in (a) better asset
knowledge (b) safety, (c) efficiency and (d) reduced hindrance (vehicle delay). Technologies
and information needs were discriminated for Pavements (Chapter 3), Structures (Chapter
4) and Objects (Chapter 5), respectively. Next to the identification of innovative technologies
also attention is being paid about how to embed innovative inspection technologies within
the RWS organization (Chapter 6). The Advanced Inspections Workshop (Reid and
Oostrom, 2009) held at the 8th of July and organised by RWSDVS reveals interesting
information needs that have been used to provide some recommendations about the most
promising technologies (Chapter 7).

The investigation reveals that - except for some spaceborre and airborne sensor technologies
that are under investigation - the most promising technologies are still terrestrial based. This
is mainly due to the low resolution of the spaceborne imageries and the low flexibility of

both sensor types. Although these technologies do not cause traffic hindrance, the problem

is that observations have to be done during daylight meaning that pavement is often
obscured due to the high traffic intensity. The airborne and spaceborne technologies might
be of interest though for hot spot detection over large (nationwide) areas and for the
inventory of road assets.

With the terrestrial based sensors there is a clear tendency in the sensor development to
retrieve digital information at traffic speed for further elaboration of th e information in the
office. This has advantages compared to the current visual inspections. Observations will
become more objective, are safer for the inspectors and will lead to less traffic hindrance. If
properly archived, the digital information can be used for retrospective analysis of defects or
wearing processes as well. The automatic extraction of features by means of optical images
or similar sensing sources is still under development. This means that visual inspection of
the images is still necesary. Another clear tendency is the retrieval of 3D information. 3D
techniques like Mobile 3D Laser and Video Mapping are better suitable for representing
properties of an object then 2D techniques. 3D feature manipulation is being developed by
CAD & GIS software systems, it looks that 3D design & build information can be connected
or transferred to spatially based 3D asset management systems. By tagging the road assets
in the field (for instance structure components) and associate them with properties
(-rathut es®) the components can be traced in the
of an object can be (real time) updated in the databases.

Current, and the majority of innovative, inspection technologies still focus on the detection

of physical d efects, rather than they support in the prevention of physical wearing by

monitoring the deterioration processes in time. However, there are some promising
technologies |ike -smart paint® and pavement - fi
changes in thecomposition of the material and can tell about the status of it. However, for

the Pavement -fingerprinting® technology more Kkt
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understand the relation between composition changes and the physical deterioration
process. Key question for the asset manager is how to avoid physical defects and replace the
material at the right time. That will considerably decrease cost-benefit ratios and contribute
to sustainable road management.

A very interesting new SdeenvseolroBp nteomtc eipst .t heCa-rCaars
form of participatory mapping that deploys the public car fleet to assess road conditions.
Presently -Car as Sensor® technologies still pail

and in-car safety. However, some R&D projects now also focus on how car sensors such as

active suspension sensors, brake sensors, and other car state sensors can be of help to

measure road conditions. When this information becomes available to road managers, it

basically means that millions of sensors are available round the clock, seven days a week
(-24/7®) measuring road conditions network wide.
however, with a stepwise introduction of the technique it will already be possible to start

testing the potential of the technology (see also Section 3.5.1 and Annex 3: Review &
Evaluation Meeting Notes, Dehlofuts,e ® 6piSeoptt enmbuelrd 2f(
instance overcome the sensitive issue of privacy.

In Table 1 below, seven promising techniques are listed that were identified based on a
scoring that looked at data acquisition speed, technical performance, traffic management
needs and cost. The latter is merely a rough estimate for the R&D technology, covering the
equipment cost, but excluding the cost of (technical) personnel needed and the post
processing of data. The opportunity column describes how the technique will benefit
inspections, which can either through detecting of defects, preventing defects, round the
cl ock (- 24 /dghoRthroughsuppotting inspactions. These opportunities are
described in more detailed in Chapters 3, 4 and 5 below. Summary evaluations of all
innovative techniques can also be found in Annex 5.

Table 1. Most promising techniques based on a scoringspet category and opportunity.

Pavements

Technology Opportunity

- Car as Sens o] Detection

Mobile 3D Mapping Detection
-Smart Dust ® Prevention
Structures

Technology Opportunity

In-situ sensors -24] 7® mon
RFID tagging Support inspections
Objects

Technology Opportunity

Mobile 3D Mapping Detection

The above described technologies have one thing in common, they will create large amounts

of data that need to be processed and analysed.
not only provi de a huge amount of data but it also need to be handled in a very short time

span if road information condition information services will become part of the information

chain. From a technical point of view this means that databases should be able to handke
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such an amount of data, data filtering procedures need to be developed and wireless
communication networks should be able to handle the data flow. From an organizational
point of view it means that RWS need to engage with the public and it should strive to a
closer collaboration with the (commercial) information and communication society as well
as with the automotive industry which is at the front end of developing new in car sensor
technologies. However, as RWS is currently rethinking its position with respect to the
private market sector regarding road asset management and inspections (Partner
programme Infrastructure Management; PIM), it might be the right time to consider how
innovative technologies best can be embedded within the organization and wha t will be the
impact at a technical level but also on an organizational level.

The RWS policy -The Market unlessao® seems to ini
market regarding road asset monitoring and maintenance. Therefore, it is currently

uncertain what position RWS will take regarding the stimulation of innovation. During the
concluding -Review & Evalwuation Meeting (See al
for some of the most promising technologies, business cases need to be worked out wih

detailed and complete cost-benefit assessments.
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CHAPTER

Introduction

PROJECT BACKGROUND

Good traffic flow in the Netherlands is essential for a healthy economy. The national
motorway network manager, Rijkswaterstaat, has the important task of keeping the

Nether |l ands -on the move®. The aim is to make s

goods and people. I n order to achieve this
kept in good condition. As traffic intensity increases this puts more press ure on
maintenance needs and shortens the periods in which this maintenance can be carried out.

The pressures on the network and the objective for good traffic flow prompted the Dienst
Verkeer en Scheepvaart (DVS) in the Rijkswaterstaat to launch a progamme of Road
Management Innovation Projects (Innovatieprojecten Wegonderhoud, IPW). The projects
within the IPW are intended to reduce the hindrance to road users through reducing the
need for road maintenance and by increasing the efficiency of maintenance. Therefore, the
aim is to cause less hindrance despite more traffic.

The main objectives of the Advanced Inspections Project- which is part of the IPW - is to
focus on innovative inspection methods that could deliver improvements in (a) better asset
knowledge (b) safety, (c) efficiency and (d) reduced hindrance (vehicle delay). The project
has sought opportunities to share knowledge with other road authorities, research
institutions and wider industry. New opportunities and ideas have been evaluated to
develop recommendations for practical application or testing of improved techniques. The
project is jointly managed and resourced by the Dutch Rijkswaterstaat and English
Highways Agency, who are working with technical consultants from ARCADIS in the
Netherlands.

The Advanced Inspections Project as described in this report is the follow up of a
preliminary effort that first of all looked at the project setup and then looked at impact of
inspections on traffic flow. The results of these first two phases were used to set the scope
for the next three phases that are described in this report (also see Figure 1). The conclusion
of the first two phases was that inspections in fact cause relatively little hindrance or vehicle
delay. More important therefore was it to focus on issues like improved safety for
inspectors, more efficient inspection techniques, and also think about collecting enhanced
data and ways to use the data in a better way. Through better knowledge about the current
condition of the asset, road asset managers will be better able to:
A Predict - when a functional failure of an asset is going to happen
A Plan - when maintenance/renewals are needed. This assist with financial planning and
planning network access.

003031/CG9/0MO /001999/ep ARCADIS
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A Prioritize - which maintenance work i s urgent, what can be postponed and what needs
to be monitored more closely.
A Patch- make lifetime extending repairs to an asset.

Checkpaint 4
Phase 1 Phase 2 Phase 3 Phase 4 Phase 8
Projert Set-up > Assess impact of _“> [clentification of _"’ Evaluztion of _... Recommendations
| inspections on traffic improved inspection improved inspection Seomrunication
flaw techniquas methods |

Requirement Analysis |
—>

Current Requirements
Future Recuirements

Fig.: 1. Phase 1 & 2 were the prephases of the AIP project which encompasses Phase 3
through 5.

PROJECT FOCUS

Also through Phase 2 interviews with stakeholders, opportunities were identified that could

potentially improve the inspections and maintenance processes. These opportunities can be
grouped into two categorieslntAaltloimge ede |ImMapedt as
management ®. These opportunities are shown bel

Intelligence -led Asset Management

e Have the ability to continuously monitor the asset, rather than undertaking inspections
periodically at set intervals

e Base maintenance and reewal decisions on condition measurements rather than
assumptions about the state of the asset

e Understand the condition of the structure below the surface (concrete bridges and road
under the pavement)

e  Monitor trends over time in the condition of the asset to assist planning and decision-
making.

e Inform a risk -based approach, focusing on areas that are highrisk and require greatest
attention

Automated Inspections

e Reduce exposure of inspectors to dangerous working conditions

e Reduce the reliance on human ob®rvations at traffic speed

o Use objective measures, rather than subjective judgments

e Automate processes to improve efficiency - fewer manual processes that are often time-
consuming and costly

The scope of the Al project coincides with the 2025 vision of FEHRL (Forum of European
National Highway Research Laboratories):

003031/CG9/0MO /001999/ep ARCADIS | 8
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“"Monitoring of road condition willdl be achieved
at traffic speed, and by implanted sensors in road pavements and structures to regdisesoad

condition automatically. Sensors will be used to give advance warning of structural deterioration and
enabl e inspection intervals to be increased thu:

(FEHRL: -Vision: Road Tr ans|

HOW SHOULD THIS REPOR BE READ?

The report is meant for RWS asset managers and people responsible for inspections and
maintenance of pavements, structures and other road objects. The scope of this report is
therefore to address the observed problems andrequirements and relate them to possible
technical innovations that can contribute to (a) better asset knowledge (b) safety, (c)
efficiency and (d) reduced hindrance (vehicle delay). The main sections therefore start with
the road assets that need to be ispected: pavement, structures and road objects like barriers
and gantries. In the respective sections current practice, leading practice and opportunities
for innovation will be discussed (see also Figure 2). As current practice technologies are
already in use by RWS it is assumed they are known to the stakeholders. Therefore, the
report will only briefly refer to these technologies.

Current

% Leading Practice Research & Development Innovative
Practice

¢

PROJECT SCOPE
by RWS

Fig 2. Scope of the investigation.

Chapter 6 provides information about embedding new techno logies within the RWS
organization. An important subject as RWS is restructuring its organization and its relation
with the private market sector regarding road maintenance and inspections. The last section
will provide a set of Recommendations on the subject of the most promising technologies.
These recommendations are based on the discussions with ARCADIS experts and will also
be discussed with RWS experts before being agreed.

' DVM systems are not considered in this report as DVM performance inspections are done
electronically and through software applications (eg RWS Da Vinci Project) and fall outside the scope of
this project.
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CHAPTER

Researchapproach

Commissioned by the Centre for Transport and Navigation (RW SDVS), part of the Dutch

Ministry of Transport, Public Works an d Water Management (Rijkswaterstaat), ARCADIS

has played an advisory role in the Advanced Inspection Project (AIP). AIP resides under the

-Road Management I nnovation Programme®. The pr o]
new inspection methods that do not inconvenience traffic and are safer for inspectors. In

addition, the improvement of asset knowledge and efficiency in gathering information were

prerequisites when looking for new inspection techniques.

It has been agreed that ARCADIS will look into ne w inspection methods for pavements,
structures (e.g. bridges) and road objects (e.g. safety barriers and road markings). Each asset
category is treated in a separate chapter. The following structure has been adopted
throughout this report; first, inspectio n requirements, current practice, and leading practice
are described, followed by opportunities for innovation. In agreement with RWS -DVS,
ARCADIS decided not to go into much detail for each technique as the scope of the
investigation is relatively wide.

As part of the investigation ARCADIS held several interviews with employees of
Rijkswaterstaat, international highway maintenance organizations, scientists and engineers,
contractors and manufacturers of sensors and inspection systems (see Annex 1: List b
interviewed people and affiliations). In addition, ARCADIS collected literature and reports

that describe innovative techniques that could possibly be used in future inspections. A
further source of information was the Advanced Inspections Workshop (Reid & Oostrom,
2009) which took place in Utrecht on 8th July 2009 and was organized by RWS. It involved a
variety of people from across RWS as well as representatives from the English Highways
Agency, research institutes (such as TNO, TRL and Deltares) and ¢her organisations with
involvement in asset management (such as ProRail). During the workshop RWS-DVS and
ARCADIS were able to collect additional information on requirements and opportunities by
having RWS staff and -the magketth®e ori deals ofuu tcler®e
inspections and t helnhanExpéertrivieaing ara b sepanate Reviewd & ® .
Evaluation Meeting the preliminary conclusions and recommendations were further

adjusted and the feasibility of innovations for future inspect ions was discussed.

The project workflow is also illustrated in Figure 3, starting with identifying and
interviewing the key players. Important points of communication between ARCADIS and
RWS-DVS were the (bi-weekly) meetings. At the end of Phase 3&4, a frst draft report was
reviewed in an ARCADIS expert meeting. The results of the meeting discussions lead to a
full draft report that was presented in a Review & Evaluation Meeting where RWS experts
on pavements and structures were present, resulting in a revised final report.

003031/CG9/0MO /001999/ep Arcapis | 10
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Identification é\

key players

Meetings

Interviews Tele calls & e\

teleconferences

Mail
correspondence

Final

Meeti
Presentation eetings

Stakeholders

Fig.: 3. Diagram illustrating the workflow, points of communication between stakeholders and
important milestones.
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Pavements

This chapter covers pavement inspection requirements, current practice, leading practice

and opportunities for innovation in pavement inspections. The opportunity sections are
concluded with an evaluation of possible innovations.

CHAPTER
3.1 INTRODUCTION
3.2 INSPECTION REQUIREMETS

Better understanding of the pavements conditions and timely o bservation of deterioration
are necessary to optimize the Dutch road pavement network. Whereas currently RWS is
principally observing the physical defects of asphalt deterioration (see Table 2), optimally

RWS would like to prevent such stage of road conditions by a timely replacement of asphalt.

It is for this reason that this chapter identifies possible technologies that can be helpful to
detect deterioration effects and technologies that might provide a better understanding of
the pavement condition befor e the pavement physically deteriorates.

Table 2: Pavement inspection requirements and currently used techniques (source: RWS).

Inspection

Reason

Surface friction/skid resistance

Skidding/breaking distance

Rutting

Trucks

Transversal and longitudinal

profiles

Construction

Skid resistance, wet HA

Skidding/breaking distance

Road surface noise

External vehicle noise

Construction layers

Conditions underlying layers

Deflection response

Load bearing capacity, condition under surface

Cracks (depth)

Sub surface

Cracks (surface)

Holes, uneven road

Raveling ZOAB (porous asphalt). Failure of bond between
aggregate and binder in combination with ageing
Dirt Drainage ZOAB

'Local defects'

Pot holes, subsidence, edge deterioration, fretting,
loss of chippin gs, fatting up

Vegetation

Overgrown, sight -lines

003031/CG9/0MO /001999/ep
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Pavement condition inspections are based in The Netherlands on well-defined and
standardized criteria. Visual inspections methods are developed by CROW (Centre for
Regulation and Research in Ground, Water and Road Construction and Traffic technique)
and are described in detail in CROW Manual 146a. Global visual inspections are described
in CROW Manual 146b.

CURRENTPRACTICE

Currently three types of pavement inspectio ns are done at traffic flow speed: the measuring
of rutting depth, of transverse and longitudinal evenness (International Roughness Index,
IRI), and of skid resistance. Ravelling, cracking and detection of other pavement defects are
done by visual inspections. The same holds for spotting foreign objects and checking
vegetation height. These and other (local) pavement aspects including dirt, are currently
inspected visually by means of 100 m (hectometre) transects (Table 3). In green those
techniques are mertioned that are done at traffic flow speed. In yellow are marked
techniques that are done static or at low speed and by visual inspection. For example, to
determine the structural integrity and level of ageing of pavement layers, sample cores are
drilled. Coring and deflection response tests are currently done static or at very low speed,
which causes traffic hindrance and endanger the safety of inspectors.

Table 3. Inspections and currently used techniques (source: RWS)

Inspect Currently used technique
Skid resistance Wheel towed behind car
on a wet surface (ROAR)
Rutting ARAN-3
Profiling laser
Transverse and longitudinal profiles ARAN-3
International Roughness Index Profiling laser
Cracks (surface) Semi-automated
Video + detection software
Deflection response FWD
Falling Weight Deflectometer
Construction layers Coring, samples
Cracks (depth) Asphalt cylinders
Ravelling Visual
Dirt and grease Visual
Local defects Visual
Vegetation Visual

Visual | nspections

At this moment, in the Netherlands most pavement defects are checked visually by sub
contractors that drive on the hard shoulder with low speed (~20 km/h). They record
problems of greasing, cracking and especially ravelling, providing RWS with information at
hectometre level. However, with visual inspections objectivity is a problem; different people
will come back with different scores for the same stretch of road. In addition, some 20% of
highways cannot longer be inspected from the hard shoulder due to new safety regulations.

003031/CG9/0MO /001999/ep ARCADIS
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Automatic Ro ad ANalyzer (ARAN)

In the Netherlands RWS-DID currently uses the 3 generation ARAN ( RoadWare
Corporation , USA) vehicle was put into operation on 15 May 2007 (see Figure 4; also see
Annex 2: ARAN for further details). ARAN measures: rutting depths, International
Roughness Index (IRI) and transverse profiles. The ARAN uses two cameras synchronized
with a strobe illumination system, with each camera covering about half -width of a
pavement lane. Since late 1996, WiseCrasoftware is available for the semi-automated
survey of pavement surfaces, focusing on cracking of asphalt. Estonia uses DynaCrack, the
Austrian Institute of Technology (AIT) wuses
detection O1mm and the UK has a HARRIS vehicle. In all cases, the detection of cracks in
pavements is supported by specialized software, but humans are still needed to confirm and
map the pavement problems found by the computer.

Use of ARAN video frames was tested for inspections; however, whe n using high speed
video, the images proved not clear enough. The latter leads to poor results in scoring the
level of ravelling when compared to visual inspections done from a car driving on the hard
shoulder. During the Advanced Inspections Workshop (Rei d & Oostrom, 2009), RWS
inspectors added that the lack of scale in video imagery makes a proper assessment of
pavement conditions more difficult than when seen from a car directly.

F [ITE

'l'

Fig.: 4. The 3generation ARAN vehicle (source: RASBD).

Road Analyzer and Recorder (ROAR)

In the Netherlands the wet friction (Dutch: - nat t e )sotroadsésfmeastred &cording
to a method thatwas developed i n the 50®s by then National
(Dutch: - Ri j ks we g e nb o)uTwd neethharl rdestribed in RAavR®test 150, pulls a wheel
at a measurement speed of 50 kph, which is slowed down 86% when compared to a free
rolling wheel. The wh eel is outfitted with a PIARC -P measurement tyre, without profile
(worst case scenario). Under this tyre, a volume of water is sprayed that would form a water
layer of 0,5 mm thickness on a surface without texture. It is obvious that the water depth in
practice depends on the macro texture and porosity of the road surface. This is similar to
conditions during a rain shower. The aforementioned texture is a measure for the speed
dependence of the skid resistance and is measured with texture lasers or the sancbatch
method (RAW test 111). On the main road network skid resistance is monitored with the
ROAR vehicle (Figure 5) of RWSDWW. This system can measure the entire skid curve from

003031/CG9/0MO /001999/ep ARCADIS | 14
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free rolling to a blocked wheel or if needed with a fixed value for skid res istance.
Measurement speed can be adapted to traffic conditions and a water layer of 0,5 mm is used.
Source:KOAC -NPC).

E - S T il TS g e e ST S S
Fig.: 5. RWSDWW ROAR test vehicle, note the water tank ahé PIARC tyre on the back (so
RWSDID).

Sl St ==

It was found that internationally, and also among European countries different methods are
used to measure skid resistance of pavements. Currently a programme is underway to
harmonize all measurements to comply with European legislation that could be effective in
2012.

LEADING PRACTICE

In Australia automated detection of cracks is done by processing line scanning video by
RoadCrack software. The Common Wealth Scientific and Industrial Research Organisation
(CSIRO) was the first to design an automated road crack detection system that can identify
cracks (>1mm width) while operating at highway speed (>80 km/hr). It was the outcome of
a project for the Roads and Traffic Authority of New South Wales. RoadCrack, is a fully -
automated system. It combines advances in:

e Machine vision

e  Parallel computing

e Artificial intelligence

e Image analysis.

High -speed cameras are mounted under a vehicle to collect digital images of the pavement
surface while the vehicle is moving at highway speed. A special reflector system focuses
light to illuminate tiny cracks. High -resolution images are collected for small sections of
pavement and then consolidated into bigger images that cover half-metre intervals of the
road surface. CSIRO also deeloped algorithms and computer hardware for extracting the
relevant information in real time (see also Figures 6a and b).

003031/CG9/0MO /001999/ep ARcADIS | 15
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Fig.: 6a. Digital image of road paveme Fig.: 6b. Detected crack patterns.

During operation, images are passed to a processing module that uses sophisticated image
analysis algorithms to classify cracks as theyare detected. Cracks are reported according to
type, severity and extent.

RoadCrack detects cracks as fine as one millimetre in width, while travelling up to
105kilometres per hour. It can also operate at night as the system provides its own light
source. The objective data from RoadCrack provides valuable input into management of
road pavement assets, saving the NSW State government roads authoritytens of millions of
dollars each year in road maintenance costs CSIRO).

For ravelling and pavement defects, other than cracking, no automated detection techniques
have been found in literature. Researchers at the Leuven University have good hope that
they can develop an algorithm that picks up ravelling from frame camera imagery. It
depends on the detail that is required if Mobile 3D Video Mapping (section 3.5.2) or any
other technique can detect ravelling successfully.

In the US the Transport Research Bureau (TRB) presented the " Strategic Highway
Research Programme SHRP2) results in an international conference’. A great number of
pavement inspection techniques were identified as leading practice in the US (Source:US
TRB, SHRP2TTI3). The results of the investigation are summarized below.

Real Time Automated Distress Data Collection
Real Time Automated Distress Data Collection is the collective name of the collection of

pavement distress data with automated processes for use in pavement management and
design activities, especially for planning and designing maintenance and rehabilitation
treatments. However, it has been difficult to determine the quality of this data in terms of
accuracy, precision, and resolution. Problems contributing to this difficulty include the lack
of mutually accepted standard distress definitions. TRB is doing ongoing research to reduce
distress data collection into its most fundamental form that could then be interpreted
differently by each agency. Distress data collection systems being used in the USA can be
compared to the ARAN (Netherlands) or HARRIS (UK) vehicles. Manual interpretation
systems widely used but they are expensive. Automated systems (some real time) under

?2nd International Symposium on Non -Destructive Testing for Design Evaluation and Construction
Inspection, 25 April 2008 Ljubljana, Slovenia

003031/CG9/0MO /001999/ep ARCADIS
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devel opment i n®andinprivateuicemp@n@s ®e application is foremost to
make cracking estimates on flexible pavements.

Inertial profilers
Technology principles: inertial profilers are based on the use of multiple laser arrays to

measure the transversal profiles of a lane. Most Departments of Transportation (state run
organisations) use inertial profilers to make high -speed inventories of pavement smoothness
and for acceptance testing of asbuilt pavement smoothness. Majority of specifications are

for hot mix asphalt (HMA) testing only. Used on PCC pavement construction in a few states.
Initial interest exists on acceptance testing of base smoothness. Advantages are: provide
objective measures of ride quality, profi le data useful for various applications, high -speed
and 100% coverage of teswheel path, mature technology - used in-house by most DOTs. A
limitation is that it provides the user with relative profile measurements only. Barriers to
further implementation: Cost could be a factor, lack of training on proper operation and use,
lack of understanding on what equipment can or cannot do.

MIT -Scan

Technology principles: MIT -SCAN technology operates using the principles of the Electro-
Magnetic Tomography (EMT). EMT is the technique enabling to visualize spatial
distribution of electrical impedance (or conductivity) inside the object. The device uses
voltage measurements on the object's surface when the electric current passes through the
volume, as initial data for the image reconstruction. By means of a sensor field, a high
sampling rate and an accurate distance measurement in the moving direction of the
measuring device, magnetic answering fields are recorded. EMT technique locates position
and depth of placement of dowel bars®. Advantages are, it is easy to use (Washington DOT
and FHWA experience), can be used to monitor dowel bars during construction, it is not
affected by presence of water or change in moisture content. Limitations: presence of near
metal objecs can introduce errors, upper limit of 190 mm for depth, evaluation limited to
bar types included in parameter files. Barriers to implementation: lack of specifications on
use for construction, lack of understanding on what equipment can or cannot do.

Acoustic Emissions

Technology principles: Acoustic Emissions is a method and apparatus for analyzing
selected properties of a ferromagnetic material by magnetically inducing acoustic emissions
in the material. The measured acoustic emission responses are cmpared to each other and
to standard responses. Comparing the ratio between acoustic emission responses with
standard response ratios for the same material characterizes the condition of the material.
Not known if already applied by highway agencies or DOT ®s . Appl i cati ons:
debonding of the deck from the girders, detection of delaminations, monitoring the tip
velocity of a propagating crack. Advantages are, it is a passive technique, no excitation of
ultrasonic signals is required. Limitations, history of acoustic emission signals cannot be
caught on existing structures. Estimation of the structural integrity of existing structures is
difficult.

3 Department of Transportation
* A dowel bar retrofit is a method of reinforcing cracks in highway pavement by inserting steel dowel
bars in slots cut across the cracks
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Air Coupled Ultrasonic T _esting
Technology principles: When sound passes across an interface betweeriwo materials only a

proportion of the sound is transmitted, the rest of the sound is reflected. The proportion of
the sound that is transmitted depends on how close the acoustic impedance of the two
materials matches. Air coupled ultrasonic technology is measuring these characteristic of
different materials.

Applications are: identification of thickness of pavement, identification of complex modulus
of elasticity of pavements, non-destructive testing of bridge decks, non-destructive testing of
tunnels. Advantages are, it is a norrcontact technique, it has the potential for high speed
measurement and evaluation. Limitations are: high impedance mismatch using air as a
coupling medium, the generated and detected waves have a low signal; amplitude is
relative to contact transducers. It is not known if already applied by highway agencies or
DOT®s .

Laser Scanning
Agencies considering or using this technology: California, Minnesota, Texas, Washington,

FHWA and various consultants. Applications are monitoring mov ements or deformations,

mapping of highway assets, tunnel inspections and scour measurements. Advantages of the
technique are tihsa® dadn ciatpitaurrse,s pracssvi des 100% cov
continuous monitoring for change detection, and allows measu rements of hazardous or

inaccessible environments. Limitations are that targets must have clear line of sight, and

atmospheric effects (weather). Barriers to implementation are the high cost that could be a

factor, standards needed for comparing systems ard automated processing of scan data is

still limited.

Magnetic Particle T esting

Technology principles: The Magnetic Particle Inspection method is a non-destructive
method for locating surface and sub-surface discontinuities in ferromagnetic material. It
depends for its operation on the fact that when the material or part under test is magnetized,
discontinuities that lie in a direction generally transverse to the direction of the magnetic
field, will cause a leakage field, and therefore, the presence of the discontinuity, is detected
by use of finely divided ferromagnetic particles applied over the surface, some of these
particles being gathered and held by the leakage field, this magnetically held collection of
particles forms an outline of the discontinui ty and indicates its location, size, shape and
extent. Magnetic Particle Testing does not indicate the depth of the imperfection. A
magnetic flux is send through the material. It is considered as a quick and reliable technique
for detection and location of example surface cracks. Applications are identification of
corrosion rate and extent in rigid pavements, bridge components, and tunnels. Advantages
of Giant Magnetoresistive (GMR) sensors, they offer a promise for magnetic sensing of rate
of corrosion and extent and concrete without having direct contact with the steel. The
sensors have high sensitivity, are inexpensive and small. No limitations are currently known
yet.

Ground Penetrating Radar

Technology Principles: Ground -penetrating radar (GPR) is ageophysical method that uses
radar pulses to image the subsurface. This nondestructive method uses electromagnetic
radiation in the microwave band (UHF/ VHF frequencies) of the radio spectrum, and detects
the reflected signals from subsurface structures. A dielectric contrast must exist between
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layers, therefore new asphalt - old asphalt transitions will not be detected Ground
Penetrating Radar (GPR)isused on an -as needed® basis. Appli
buried objects, voids under thick concrete slabs, steel presence and depth, locations where

deep investigations are required. It is fairly inexpensive, robust equipment technology and

softwar e is widely available. Deep investigations are possible with low frequency

equipment. Ground Coupled GPR has a speed limitation which is typically less than 10

mph, limited to near surface information, penetration limited in clay material, qualitative

info; usually need expert for interpretation. Air coupled GPR is being used at traffic speed in

combination with surface video imagery. Current limitation is the limited depths of 50 2 60

cm. It is the general feeling that GPR is being oversold.

HMA Infra -red M easurements

Applications are: temperature uniformity of new HMA layers, thermal segregation

detection, creating a permanent log of paving operations - location and duration of paver
stops. Advantages are: segregation of hot mix asphalt a continuing problem, newer lower
cost camera systems, widely available, automated system with 100% coverage, cameras and
guns available but difficult to obtained 100%. Limitations are that equipment not widely
available. Barriers to implementation may be that targets be - given the variability of PG
gradations and mix types, not currently included in specifications

Intelligent Asphalt Compaction
Technology principles: Intelligent Asphalt Compaction for real -time monitoring of

compaction level in the field comprises of a variety of sensors (eg. accelerometers,
temperature, pressure, displacement) and an onboard computer at the rollers that will
process the signals from the sensors. In combination with GPS, pattern recognition and
classification capability, and accessoriesincluding display panels, compaction levels can be
measured in real-time. Applications: quality control/assurance testing of bases and sub -
grades, when to stop rolling/finding weak spots, hot mix applications? Advantages are
100% coverage, related to substructure support/stiffness. Limitations: what is being
measured is not well understood, limited ability to check individual layers, equipment
availability in USA, typically option when purchasing new rollers. Barriers to
implementation: where should it be used? How can targets be selected? How moisture
content is accounted for?

Rolling Dynamic Deflectometer
The Rolling Dynamic Deflectometer (RDD) is a nondestructive deflection testing device to
measure continuous deflection profiles along highway and ai rport pavements. It is being

used for the identification of critical sections, cracks, or joints along a pavement test section
that need repair. It is also an effective tool for monitoring deterioration in pavement sections
over time. Research is going onin the USA as well as in The Netherlands® to improve the
RDD measurements.

Applications: rehabilitation planning on Jointed Concrete Pavements, 100% coverage of load
transfer efficiency. Advantages: faster than other methods. From interviews it was learne d
selecting Rehab for Jointed Concrete continues to be a major concern. Limitations: slow
speed (2 kph) and cost. Barriers to implementation: need for a better rolling sensors system,
need to increase speed, improved software required when existing slab has HMA overlay,
influence of environmental conditions needs to be defined.

*In May 2009 a Danish high speed deflectometer (HSD) has been tested by RWS.
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Laser Line Scanner

In 2004, a laser based technology was tested for the early detection of ravelling (Eijbersen,
2004). From a practical point of view the first results were not successful, as the laser only
scanned a very limited area (beam size) in the tyre track. Currently, a scanning laser is tested
in a joint effort of TNO and RWS -DID to detect ravelling problems in the pavement surface.
The idea is to mount the laser on a dedicted vehicle to scan the road surface. The scanning
will be done at traffic speed in order to acquire the information with least traffic hindrance.

To measure ravelling successfully the system should fulfil the following two needs: the laser
must scan with a very high densityand the accuracyof scanned points should be high.
Whereas the third generation ARAN samples one to six points per meter, the new system
should sample 100 or more points per meter. The scanned points must have a vertical
accuracy in the range of 0,51 mm. TNO employs software to simulate different scanner
configurations for ravelling detection. The challenge is to reach the abovementioned relative
high accuracy of less than a millimetre and to distinguish between normal pore spaces in the
asphalt and ravelling. The road will be scanned for every meter and the results will be
interpolated in order to get an idea of the level of ravelling on that stretch of road. If
simulations go well then the aim is to install and test a real laser on a vehicle by the end of
this year.

OPPORTUNITY |I: DETEAQDN OF PAVEMENT DEFECTS

A better and timely observation of the road surface defects is likely to lower maintenance

cost, support planning schemes and budget allocations and increase safety and comért of

the drivers. Ravelling and cracking, are today i
of fice® from ARAN video imagery. Currently, no
these defects from video or photos. Cracks can be recognized by acomputer successfully,

however, confirmation is still needed by a human expert. For ravelling no (semi -)automated

detection is available at this moment, while at the same time, ravelling is a major issue in the

Netherlands due to the wide spread use of very porous asphalt concrete( Dut ch: -zeer o0
asfal t beton® or -9% é B¢ DutchAhigbways ar8 gaved with very porous

asphalt concrete. While the advantages are noise reduction and little or no water spray

during rain showers, the open struct ure of ZOAB makes the asphalt prone to ravelling.

Ravelling is the process where small stones in the top of the asphalt layer are lost, causing

small holes, which lead to more stones loosening, making the holes grow faster over time.

Loose gravel on the highway may cause damage to vehicles, leading to potentially unsafe

situations. In addition, skid resistance increases for ravelled areas, causing faster wear of

tyres and higher noise levels (see also Figure 7).

Experience has learned that in the first five years the most important factor causing ravelling

is traffic (volume and loading). After that period the composition of the a sphalt and the

climate (freezing - thawing cycles, UV) are the main causes of ZOAB decline. Other

deterioration features like cracks are typically occurring after the ravelling stage. Rutting

( Dut £ o o r v phardily oncgr®in ZOAB layers.
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Fig.: 7. Left: porous asphalt concrete layer; right: ravelling causing a hole in the pavement.

Important for RWS is to know how much gravel is missing in an area that experiences

ravelling. Currently however, no advanced inspection technique exists for the efficient and

automatic detection of ravelling. Ravelling is inspected visually, while driving slowly along

the hard shoulder, or mapped manually from video imagery. Therefore, an opportunity

would be to use a combination of high resolution video techniques and smart image

analysis algorithms for the automatic detection of these and other defects. The following

techniques have been icentified as potential innovations for detection of pavement defects:

-Smar't Dust ®, -Car as Sensor ®, Mobil e 3D Video I
Spaceborne and Ground Penetrating Radar (GPR).

3.5.1 LARASSF OTPS'

As can be read in the previous sections, technologies like ARAN are available and provide

accurate assessment of pavement conditions. However, these technologies require specialist

equipment, are dedicated to specific tasks and purchase cost are high. For this reason, a

relatively low num ber of systems are available and it is not practical to undertake frequent

road network covering inspections, |l et alone - 2:
condition are therefore done relatively infrequent. RWS currently owns two ARAN vehicles

(one of which is an older version, now used as back-up); it takes two years to survey the

entire Dutch highways network with one vehicle.

Nowadays, the vehicle industry provides standard production vehicles with a wide range of

sensors (seeCalsasABarg0B®): These sensors are |
Adaptive Cruise Control and Active Suspension (
use of these sensors in particular for traffic flow management but also investigations are

going on whether or not these relatively cheap and abundantly available in -car sensor

technologies can collect data about pavement surface conditions. If so, they would both

support the road network management and increase safety and comfort of the users (see

also Wikipedia: Floating Car Data).
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Fig.: 8. Sensors in modern cars (source: TRL, UK).

During the INTRO (INTRO, 2008a) project various experiments have been carried out with a
variety of sensors that are available in cars (
demonstrated that technologies that measure vehicle dynamics, such as lateral forces and
wheel speed measurements provide information about surface conditions and irregularities.
A strong correlation was found between lateral forces and irregularities in the longitudinal
profiles. Also a correlation was found between lateral acceleration deviations and rutti ng.
Much is expected from the vertical acceleration technology that is used in Active Suspension
Control, in order to detect irregularities like potholes or joints. Less successful so far was the
use of ABS and wheel speed data to identify tracks with low skid resistance.

TNO is currently using a special test vehicle that is capable of measuring the following
aspects:

e Flatness- sensors on shock absorbers

e Roughness- ABS output

e Cracks- GPS and Camera

e Potholes- GPS and Camera

e Unevenness of joints - sensorson shock absorbers

e Maximum height of tunnels - detection with laser or infrared

e Condition of markings - GPS and camera

e  Condition of traffic signs - GPS and camera

e  Condition of information panels - GPS and camera

TNO will use their infrastructure andexpe r t i se in the -Car &#én Sensor ®
overview of sensor techniques tested by the INTRO (INTRO, 2008b) project and TNO is
provided in Table 4 below.

® On 22 September this year a meeting will take place between TNO and RWS to define tre objectives of
a possible Car as Sensor study.
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Table 4: Car technologies vs. road property matrix

Skid resistance

Vehicle state estimator

Vehicle state estimator

Cracks X X
Raveling X Spectral anglysw of active
(o suspension sensors
E Ruttin 5 Spectral analysis of active
9 ’ suspension sensors
Road banking Vehicle state estimator Vehicle state estimator
Transverse profile X Spectral an_aIyS|s of active
suspension sensors
Skid resistance X X
Longitudinal profile Electronic Stability Program Electronic Stability Program
g Rutting Electronic Stability Program Electronic Stability Program
= . . . .
Potholes Spectral analysis of active Spectral analysis of active

The huge amount of information that will

Joints

suspension sensors

Spectral analysis of active
suspension sensors

suspension sensors

Spectral analysis of active
suspension sensors

be collected, manipulated and disseminated will

become a big challenge for any highway agency and their contractors. They should face this
challenge together with ICT partners, the navigation industry and the automotive industry.
Privacy issues will play a role as the observation will only become valuable when it is linked

with a location. Although the highway agencies like RWS are not interested in who is

sending or receiving the information it should think about how to encourage and implement
public parti cipation. In Israel, the UK and the USA the GreenRoad company installed
vehicle and driver behaviour recording equipment in company car fleets. The employee and

also the fleet manager can learn from the feedback povided by the system. The information

can at the same time be used for deriving anonymous statistics about the road network. In

The Netherlands a similar initiative is currently underway,

TomTom car navigation systems

maker and Vodafone mobile communication company work together on real -time traffic

information collection and distr ibution.

Evaluation

Costs:Because

®Ca

r

as

Sensor ®

technol

ogy

for

a research and development stage, therefore it is difficult to estimate the costs involved in

the implementation of this technology. To estim ate the cost for implementing the car as a

sensor idea is also difficult as it is not one technique, but a combination of existing

technologies. First of all the car sensor data need to be connected to communication and

navigation (GPS) technology. It is possible that development and implementation costs may

well be carried by both car manufacturers and mobile communication and navigation

networks. The interest for the automotive industry would be a safer car, the telecom and car

navigation industry may ask a fee from road users for receiving feedback from the road

network, such as traffic information, weather information, road conditions ahead, and other

info. The cost for data use, processing and retrieval would be for the road network manager.

Benefits: Th e

benefi

ts

of -Car

as

Sensor ®

are cl

potentially be a cheap, abundant source of condition information for network managers. The

development of in -car sensor technology is still continuing and the introduction in stan dard

cars and the use of this information by other parties will still take some years. Also the
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communication technology for data transfer and related privacy issues will slow down the
practical i mpl ementation of - Car udsartdheadys or ® usi I
using this technology by implementing the most promising technologies in their own fleet

of cars and log the data offline and send the information on a daily basis to the relevant

RWS organisation, the first step to a full scale earlywarni ng system. - Car as Se
win-wi n si t uat i orealtime rioditorihgRof thegpavement surface for entire Dutch

highway network and increased serviceability to the road users.

A disadvantage could be that the existing car sensors are nd dedicated to the specific task of

road asset monitoring. It is therefore likely that the information gathered by these sensors is

less accurate than the information provided by specialist systems. However, redundancy of

data and intelligent algorithms sh ould allow for the discrimination and filtering of relevant

information. Furthermore, it should be considered to what extent this information will be

used. -Car as Sensor® information should initial
deterioration in an early stage; hot spot identificationMore sophisticated technologies like

mentioned in this report can then be used to ex:
as Sensor® is most promising to detelingg the | ocat

potholes and rutting. For ravelling detection, an acoustic sensor may be considered, because
rolling tyre 2 ravelled pavement contact is noisier than on non-ravelled asphalt.

Safety: Safety seems to be only positively influenced as the output of the car as a sensor
technology is principally focused on the safety of the drivers. If the same technology can

also provide road condition information it will substantially increase both the safety and
comfort of road users.

Contracts: Eventually the technol ogy will have an impact when public engagement is
required. Participatory mapping on this scale has not been tried before in The Netherlands.

Al so an impact on data fl ow management i s expect
fleet of cars would provid e an ideal test ground before introducing the technique in public

vehicles.

Quality: Quality of -Car as Sensor® data wil/l be | owe

sensors, however due to the huge amount of sensors, it is believed that statistical analysis
and data mining techniques can still produce relevant information about highway
conditions.

3.5.2 MOBILE 3D VIDEO MAPPNG

Mobile video mapping is specifically designed for recording and measuring features in real -
world coordinates. - Vhgdstle®ystensfeatues ninealighy mi sl eadi
resolution (2 megapixel) digital frame (10 fps) cameras that produce non-interlaced frames
for every meter travelled (at 40 kph). The mobile video mapping imagery is geo -referenced,
so every pixel has XYZ information wi th an error of +/ - 5 cm or better. The system features
high resolution digital photo cameras. First tests of the automatic detection of road signs

and other features that are recorded at traffic speed are promising. Recent improvements in
video imagery, gl obal positioning systems combined with inertial measurement units and
parallel data processing enables the mapping of roads and objects provide a level of
accuracy and detail that is unprecedented. Mobile video mapping is done from a vehicle

that has a number of cameras mounted in pairs on the top (see Figure 9). The system
provides 360°, high resolution (see Table 5) geereferenced stereo imagery for every meter of
road travelled.
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Table 5: Geometric resolution of the Mobile 3D Video Mapping system

Camera distance to object Sl e ()
(mtrs)

1 0.07

5 0.37

10 0.73

15 1.10

25 1.83

50 3.65
100 7.3

Currently the capacity of the system allows about 300 km of road to be mapped in one day.
All video is geo -referenced using a combination of GPS and INS (Wikipedia: Inertial
Navigation System). Known poin ts in the imagery are used as control points, enabling

location precision of around 4 -5 cm.
The Mobile 3D Video Mapping (M3DVM) technique is applied in Belgium for mapping
houses and is currently being tested for road asset mapping. M3DVM is an efficient and safe
technique to collect video data at driving speed with high \~\ '\‘:;’:‘%W N
location accuracy. The combination of stereo imaging with

GPSINS positioning makes that pavement conditions can
be stored in a geodatabase directly and later retrieved
again for comparison.

A drawback is that currently no good techniques exist for

the automated extraction of defects in road surfaces,
except for cracking. Manual post-processing of video data
will be a major factor in the total cost calculation, until
fully - automated feature detection techniques are able to

perform this task. Only for cracking a number of semi - ] ] ] ]
Fig.: 9. Mobile 3D Video Maping

automated techniques have been developed
system

(RoadCrack, WiseCrax, DynaCrack, etc.) that aid the
user in the detection and measurement of cracking
features. However, human intervention is still needed to decide whether or not a feature is a
crack or not. When it comes to safety, since acquisition is done from a car at driving speed
(>= 50 km/h) a matrix sign attached to the rear of the vehicle is needed to warn for a sl ow
moving car.

Legal and contractual aspects have been investigated; in this case the recorded video
information becomes the property of the user of the system.

ARCADIS is currently testing the 3D measurement capabilities of the system. Further
testing is needed to decide whether or not resolution and position accuracy are sufficient for
highway inspections.

Evaluation

Costs: It is expected that the costs for 3D video mapping is comparable with ARAN
operation. The costbenefit ratio will become better whe n 3D video data is also used for
structures and objects inspections.

Benefits : Mobile video mapping of pavements could replace on -site visual inspections in the
near future. When the imagery is combined, based on the GPS/INS data, a seamless and
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gaplessrecording of the mapped route is available for in -office inspection. Since images are
geo-referenced, distances can measured on screen and accurate location and size of defects
can be mapped digitally.

Safety: Mobile video mapping is currently done at spee ds of 40 kph, hence a warning for a
slow moving vehicle is needed, using a rolling road block, also to keep cars away from the
recording vehicle. An advantage of the relative slow moving vehicle is that passing cars do
not cover frames too long.

Contracts: Different types of contracts are possible. The most advantageous types of
contract are those where the user of the system is also the owner of the recorded data. This
means that the data is free for use and further distribution within an organisation. So me
vendors offer this possibility; while others distribute the data under license, therefore
distribution within an organisation is limited or costly.

Quality: Quality of 3D video mapping is high, a total of nine cameras are used. The location
error of poi nts in the imagery is in the order of 4-5 cm.

UNMANNED AERIAL VEHIQES

A number of companies and organisations have looked or is currently looking into the
possibility to use Unmanned Aerial Vehicles (UAV) for inspections such as: TNO, LARS;
Breijn, tested UAV as part of a PhD project and Miramap , which is described in more detail
below.
The MIRAMAP system u ses a helicopter UAV has dimensions of circa 3 meter and exists of
a state-of-the-art navigation and controlling system for autonomous flights from a base
station. The platform is equipped with a live video downlink and an automatic trigger
system for making overlapping digital air photos. Each air photo has position, attitude and
time coding information attached by means of an integrated GPS/IMU system, so Miramap
can deliver up-to-date and very accurate photogrammetric products in a short time span. A
complete workflow was developed that comprises triangulation, 3D mapping on a digital
workstation, automatic DTM calculation and orthophoto production.
The helicopter UAV features mission mode for pre -programmed flight trajectory tracking
that is combined wit h an automatic camera triggering system of a nadir mounted digital
camera. The digital camera currently installed is a Fuji FinePix S3 Pro with a calibrated 28
mm lens. Each digital frame counts 12 Mega pixels and comes with position, attitude and
timing i nformation for further photogrammetric processing.
The system enables collection, processing, and delivery of seamless high resolution
orthophoto & and 3D vector maps to update existing databases. The benefits of this
particular helicopter UAV over traditi onal aerial survey with large format cameras and/or
terrestrial methodologies are its quick, safe and affordable map updates of areas with the
size of a cross section or highway rest area.
Typical photogrammetric flight parameters and a flight plan of a ty pical project area are
shown in Table 6 and Figure 10. The flight plan is uploaded to the helicopter UAV that
automatically follows the pre -determined trajectory and triggers the camera at the
appropriate location.

Table 6. Typical Photogrammetric Flighaameters

Flying height 100 m AGL
Side overlap 30%
Forward overlap 60%
Pixel sze 2cm
Single photo coverage | 80 by 60 M
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Fig.: 10. Typical Photogrammetric Flight Plan (Sourkkramap)

The photogrammetric products are generated in a digital workflow of triangulation, block
adjustment, image matching and 3D stereo models. Currently, Ground Control Points
(GCPs) are used to validate the GPS/IMU data of the system. The first results with an
assessment of the product quality are expected to be presented at the workshop.
MIRAMAP and E-Producties have successfully developed and demonstrated a new
helicopter UAV system for the civil market to produce photogrammetric products. The
system is quick, safe and affordable to collect, process and deliver seamless high resolution
orthophoto ® and 3D vector maps of areas with the siz of a cross section or highway rest
area.

Evaluation

Costs: The cost of the system is the cost of the UAV, cameras and personnel needed.
Benefits : The benefits of a UAV are clear; they can cover large stretches of road in one
operation. Their use can beg be described as instruments to make an inventory of road
assets and also partly monitor their conditions
that UAVs have a higher operational flexibility then the current airplane and allow the
measuring of elongated tracks. At the same time one should wonder the value adding of
putting optical sensors in the UAV as The Netherlands is annually covered by high
resolution (10 cm) digital airborne photography by CycloMedia.

Safety: An issue for safety would be th e fact that drivers could be distracted by the UAV
flying over head.

Contracts: When the technique is developed and acquired by RWS then the contracting
form is not an issue.

Quality: Although image resolution of digital photos acquired from a relatively | ow altitude
is high, it may not be enough for ravelling or crack detection, therefore the added value to
inspections seems limited.

3.54 SPACEBORNETECHNIQUES

The possibilities of using space borne sensors for road inspections were also investigated.
However, it was soon found that the geometric resolution (0.5-1 m) of satellite imagery do
not match the size of defects (0.0210.5 m) and layout (long elongated tracks) of highways.
Problems such as cracking and ravelling can therefore not be identified in satellite images.
The only space borne sensor that could possibly contribute to road inspections by measuring
deformations is Synthetic Aperture Radar (SAR; see also Section 4.9.4).
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Evaluation

Costs: Satellite imagery is relatively cheap to acquire, however for the elongated road
networks the square image format of satellite imagery seems not very cost-efficient.
Benefits: No benefits are currently known since image resolutions are not sufficient to
resolve cracking, or ravelling.

Safety: The safety of this technology is not an issue.

Contracts: Unknown.

Quality: Satellite image resolution has improved dramatically over the past decades, from
tens of metres to submetre resolution today. Despite the future improvements in resolution,
even a 10 cm pixel size will still not be useful for the inspection requirements of RWS.

3.5.5 GROUND PENETRATING RDAR

Ground -penetrating radar (GPR) is a geophysical method that uses radar pulses to image
the subsurface. This non-destructive method uses electromagnetic radiation in the
microwave band (UHF/VHF frequencies) of the radio spectrum, and detects the reflected
signals from subsurface structures. GPR can be used in a variety of media, including rock,
soil, ice, fresh water, pavements and structures. It can detect objects, changs in material,
and voids and cracks (Source: Wikipedia Ground Penetrating Radar). Ground Penetrating
Radar, or GPR, can be used to discriminate pavement layers transitions through their

different dielectric properties. It is therefore able to detect voids filled with water or air, and
investigate the armour in concrete for example. The greatest advantage of GPR over
traditional coring techniques is that it provides the user with a full cover record of the build
up of subsurface layers. GPR is able to pick up changes in pavement thicknesses as an
indicator for the expected life time of the pavement. Coring will still be needed at those
locations where GPR does show complex transitions. However, the number of cores needed
to understand the subsurface conditions can drastically be reduced.

The most promising systems are the socalled 3D air-coupled GPR systems that employ
multiple antennas mounted on one vehicle. The frequencies used in pavement inspections
are between 1502000 Mhz, the higher the frequency the lower the penetration depths but
the higher the resolution. For pavements, depths of 1 m are usually sufficient. 3D GPR
provides the user with a lane -wide vertical profile of the subsu rface. The recording can be
done at high speed (80 kph), which gives a data density of four samples per meter travelled.
For structure inspections lower speeds with higher sample densities are common.

In one project, 3D GPR was able to locate old concretgpavement layers with a smaller width
than the asphalt concrete layer that was later applied. When coring alone had been done, it
is well possible that the existence of a smaller concrete subsurface layer would have been
missed altogether.

Evaluation

Costs: The cost of 3D GPR will be earned back in a project; the number of cores needed in a
subsurface inspection can be reduced with a factor ten.

Benefits : The clear benefits of high speed GPR techniques are that instead of one core per
100 m, maybe only oneper kilometre is needed. Also the lane wide profile gives a lot more
detail than cores can give. GPR can be used for detailed measurements at low speed, e.g. for
structures, but also for network inspections.

Safety: The technique is safe as it is done froma car at driving speed.
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Contracts: When the technique is developed and acquired by RWS then the contracting
form is not an issue.

Quality: Quality of GPR depends on the wavelength used. As a rule, the shorter the
wavelength used, the higher the resoluti on. Drawback of higher frequencies is the lower
penetration depth.

EVALUATION OF OPPORTUNITY ITECHNIQUES

It is expected that the costs for 3D video mapping is comparable with ARAN and other
currently applied technologies. The more as 3D video can also ke used for structure
inspections. The initial costs of implementing
are expected to be substantial. Not only because of the sensors itself but also because of the
need to set up a proper data flow infrastru cture. Initial high costs can be avoided by first
using the RWS fleet and store the information in the car. If a technology appears to be
successful one can expand it towards the commercial and public transport sector. Once
operational , t teehnolodyavill beaesy eficient asatmwibcollect road
conditions in a fast and safe way with proper location information (GPS) and increase the
early awareness of pavement defects. Al so, - Car as Sensor® infor ma
more than just one use.

The benefits of all abovementioned innovative techniques are faster collection of road
conditions with exact location information in a safe way. Also, data may be used for more
than just one use. Video for pavement can also be used for object inventay and inspections.
Positive for the contract or legal side of the video mapping technique is that the user of the
vehicle is also the owner of the recorded data. The technique is mature enough to be applied
in Belgium for mapping housing, and is currently being tested for road assets mapping.
Except for Mobile 3D Video Mapping all innovative techniques are collecting information at
highway traffic speed or are carried out from the air. This means increased safety for the
inspectors as well as less or no hndrance for the road users.

Different types of contracts are possible. The most advantageous types of contract are those
where the user of the system is also the owner of the recorded data. This means that the data
is free for use and further distributio n within an organisation. Some vendors offer this
possibility; while others distribute the data under license.

Quality of 3D video mapping will be higher than current (visual) techniques, while car as a
sensor data quality will be lower, which is compensat ed in part by the frequency and
distribution of data collection.

In Table 7 below the requirements and current inspection techniques are repeated but now
with the addition of where innovations could contribute to inspections.

’ Proper asset management tools are required to take advantage of the early awareness of pavement
defects and optimize the planning to repair or replace pavement.
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Table 7. Requirements, cemnt techniques and innovations.

Measure /inspect Currently used Car Space | M3DVM | UAV [ GPR
technique As borne
Sensor
Skid resistance Wheel towed behind +
car
Rutting IARAN-3 *
aser
Transverse and ARAN-3 +
longitudinal profiles | laser
FWD
Deflection response | Falling weight
deflectometer
Construction layers | Coring (core samples)
Cracks (depth) Asphalt cylinders
Cracks (surface) Visual + +
Ravelling Visual + +
Dirt Visual
'Local defects' Visual + +
Vegetation Visual +

In order to compare the new techniques described above a scoring method was applied that
is explained in detail in Annex 4. The resulting rank order of techniques is shown in Table 8

below.
Table 8. Ranking of techniques for opportunity |

Automated Rank | Speed Cost Traffic Technical | Availability Overall

detection Management and status

6Car as S 1 Extreme Cheap Never Mostly R&D 8.6

Rapid

Mobile Video 2 Extreme Cheap May be Mostly Available 8.2

mapping Rapid required Not used for
pavements

Unmanned Aerial 3 Extreme | Moderate Never Partially R&D 4

Vehicle (UAV) Rapid

Vehicle based 3 Extreme | Moderate Never Partially Available 4

GPR Rapid Not used for
pavements

Space borne 5 Extreme Very Never Not Available 0

Rapid Cheap Not used for

pavements

OPPORTUNITY II: PRERITINGPAVEMENT CONDITION TO PREVENTDEFECTS

A second and even more appealing opportunity is using technologies that collect pavement

condition information before physical defects on the surface like ravelling and cracking

occur. Prevention of such defects will help to improve the road conditions and optimize the

priority setting and planning. This section describes innovative techniques that might

contribute in preventing physical defects of the surface layers by measuring specific

pavement properties such as composition, volume concentration of bitumen, type of gravel

used. Hyper-spectral and radiometric fingerprinting techniques were investigated as

possible new techniques and are explained in further detail below.

In addition a study is discussed that uses a scientific approach to reduce the variability in

the process of paving and increase the quality. The latter is of importance among others for

contractors that make agreements with RWS for the production of very porou s asphalt

concrete (ZOAB) layers.
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3.7.1 aNBSU EVTU'

-Smart Dust® technology is about the creation of
a cubic millimetre application dedicated sensor; a mote. A 'mote' is a tiny sensor node in a

wireless sensor network that is capable of gathering information and communicate with

other connected nodes in the network. Motes can be used to measure light, temperature,

humidity, acceleration, magnetism, movement and other physical conditions. The strength

of using -tSemahnolDaugy ® s t he network wide coverag
availability of data (anytime).

Smart Dust Components

Laser diode
MLV process

Passive CCR comm.
WEMS /palysilicon

Actireheam steering laser comm.
MEMS foptical quality polysilicon

Hor > Analog /0, DSP, Conirol

Sensor COTS CMIOS

NMEMSbulk, surface, ... Power capaciior
Ivhulti-layer ceraric

Solar cell
CMOS ox IV

Thick film hatiery
Soligel V,0;

—p

1-2 mm

Fig.: 11. - Smart c&Bekdle@Robaticepppbnent s (sour

The main components of a sensor node, as shown in Figure 11, are a microcontroller,
transceiver, external memory, power source and one or more sensors gource: Wikipedia).

These sensors connect to each other in the same way that wireless laptops, desktops, and
PDAs around the world are connected to the internet. They require very little power and, as
their pri ce decreases in the coming years, are designed to be disposabl&€rossbow
Technologies was the first company to offer motes commercially. Its latest generation of
devices holds a microprocessor, memory, storage, and an nternal analogue-to-digital
converter; all integrated into a device roughly the size of a coin. The task is considerably
more complicated than simply beaming readings to some number -crunching computer. For
one thing, the computer would quickly be overwhelm ed with data as the number of sensors
increased. For another, the motes would soon run out of battery power if they were
continually radioing data back. The solution is to create intelligent networks of motes that
pre-process the data and only beam back irfformation of interest, such as the stiffness of a
structure, rather than sending back raw data such as reattime sensor readings about how
much each mote has moved.

Placing motes in the pavement during the laying phase and having a complete grid of cheap
sensors would be an appealing challenge. Then, by communicating together, motes could
provide some information about the pavement deformations and deterioration process.
Although the TNO system TISNET ( Traffic Infrastructure Sensor NETwork ) is principally

focusing on traffic flow management, motes are available that can measure temperature,
moisture, loading, etc. and as such can contribute to continuously monitoring pavement
characteristics. As an example, motes with accelerometers were tested to measure vertical
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loading (INTRO, 2008b). Accelerometer8are used to measure themotion and vibration of a
structure that is exposed. The potenti al of
moment the technique is still in a research and development stage. Next to technical

research issues also some practical issues need to be b&d such as how and when these
sensors should be put in the asphalt mix, so as not to be destroyed by high paving

temperature. How to supply power once the sensors are in the asphalt layers? When will
manufacturers start to produce these sensors in huge qiantities to reduce the price? What
communication infrastructure is needed and how about data management issues? Motes

are successfully implemented though in measuring structure deformation like in one of the
biggest bridges in the world; the Golden Gate bridge in the US (see also Section 4.7.1). An

advantage of using motes as a sensor network

independency of the automotive industry.

- Smzq

opi

Another promising usage of -Smart Dumsldi®theechnol

gathering of traffic information like loading to better understand the relation between traffic
flow and pavement wearing. Also the measuring by motes of some pavement characteristics
like temperature, moisture and electric conductivity can be of interest if such parameters are
indicative for pavement conditions. If in the future more is known about the pavement
composition in relation to degradation processes, for instance bitumen rigidness due to loss
of some chemical ¢ o mgcbnolegydowd be deRlo@ed measbring t ®
some chemical components of the pavement and indicate the status of the pavement before
actual defects occur. The tests were not successful as the motes that were being used were
not sufficiently sensitive.

Evaluati on

Cost: It was estimated by TNO that merely 130 million motes are needed to cover the entire
Dutch Highway network. It depends on the future price per mote what the total cost of
using -smart dust® in pavements would be.
Benefits: The potent iDaulsto® t-eEmhanrotl ogy i s huge but

is still in a research and devel opment stage.

technology for pavement inspections could be the gathering of traffic information like
loading to better understand the relation between traffic flow and pavement wearing. Also
the measuring by motes of some pavement characteristics like temperature, moisture and
electric conductivity can be of interest if such parameters are indicative for pavement
conditions. If in t he future more is known about the pavement composition in relation to
degradation processes, for instance bitumen rigidness due to loss of some chemical

components, -Smart Dust® technology could be

components of the pavement and indicate the status of the pavement before actual defects
occur.

Safety:1't i s not believed that -smart dust® wil
Contracts: Motes are already successfully implemented in measuring structure

at t

M ¢

de

po

deformations. An advantage of wusing motes as a sensor n

technology is its independent of the automotive industry.
Quality: Besides the technical research issues also some practical issues still need to be
solved. One is how and when these sensors should be put in the asphalt mix, so as not to be

® An accelerometer measures theaccelerationit experiences relative to freefall. Single- and multi -axis
models are available to detect magnitude and direction of the acceleration as avector quantity, and can
be used to sense orientation, vibration and shock.
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destroyed by high paving temperature? How to supply power once the sensors are in the
asphalt layers?

3.7.2 FINGERPRINTING PAVEENT COMPOSITION

The Netherlands has about 6000 km of highways that are maintained by Rijkswaterstaat
(Dutch Highway Agency). Paving of highways is done by contractors and it is not always
known what materials were or are being used in the asphalt layers. Investigations show
that different lanes on the same stretch of highway can be constructed using different
materials for instance due to the replacement of asphalt for just one lane. Medusa
Explorations is therefore currently validating an innovative technique that uses a gamma
spectrometer and a fingerprinting method to iden tify the composition of asphalt layers with
driving speed. The gamma spectrometer is placed on pavement engineering and research in
the Netherlands.

Technical A spects

The idea is to place a gamma spectrometer on a vehicle and measures the unique
combination of U, *Th and “K concentrations of the asphalt and is matched with a
database of asphalt mixes (library). The technology integrates the radiation over a thickness
of circa 30 centimetres. By measuring these isotopes one can provide information abat the
gravel being used. By using this technology full lane coverage can be provided about the
pavement composition and allows the reduction of taking cores; For example, a sampling
program needed to find polluted pavement materials (Kempen), which normal ly would
need 3 cores for every 100 m could now be reduced to one per 1000 km.

The sensor is vehicle based, mounted on a car and can measure the width of lanes at driving
speed (80120 km/h). Therefore, no lanes have to be closed, and no rolling road block is
needed. The technique allows for collecting data one day and as a rule of thumb the
processing takes another day. GPS (dGPS or RTK/LNK) is used to gecreference the data,
with the current sensor settings using a frequency of 10Hz a resolution or footp rint of circa 3
m is possible. All data is ready for storage in a GIS database. The first results of a test run in
Friesland on the A31 are promising. Benefits of this technology are to provide pavement
composition information in a safe, reliable and non -destructive way for an entire lane at
driving speed. Figure 12 below shows the road layout in latitude and longitude on X and Y.
The colours and numbers indicate the difference in radiation concentrations for different
highway sections caused by different pavement composition.

T W BT
Lwerage:145.88:41.98
Cutputfile:

15250

Fig.: 12. Results of mapping a road with a garspactrometer (sourcktedusa Explorations
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Next to measure the composition of existing asphalt layers, another interesting application
of this technique would be to measure the concentrations of isotopes during the
construction of asphalt layers as indicator of the asphalt quality. This would enable the
creation of a national base map of pavement quality. With concurrent measurements it
would, in theory, be possible to measure the wear and tear of asphalt through loss of
material and associated isotopes activity.

Evaluation

Costs: The cost consists of a HPGe detector, vehicle and operational costs to detenine the
composition of the pavement.

Benefits: The potential benefits of this technique become greater when more is known about
the wearing processes of pavements. First the complex relations between pavement
composition, traffic volumes, other external factors (e.g. weather) and deterioration rates of
asphalt need to be better understood. The described technology offers a fast and efficient
way to deliver the data that can help predict the remaining lifetimes of a stretch of
pavement. A problem that is currently not solved is that radiation measurements are
integrated over a thickness of circa 30 centimetres, and are not restricted to the upper
surface layer.

Safety: The system is designed to detect pavement compositions at traffic speed, hence
poses nospecial risk to road users or inspectors.

Contracts: The system was used already in a study of polluted pavements in an area in the

South of Holland called ~The Kempen?©®.
Quality: The vehicle mounted detector will sample lane-wi de compositi®n - fi ng:¢

integrated over a depth of circa 30 cm.

HYPERSPECTRALECHNIQUES

(Airborne) hyper
Hyper -spectral information technology to s gingincrease reflsctance

characterize road pavement conditions is relatively ... Cracks decrease reflectance in time
new and in an exploratory stage (Herold et al., 2008

and Pascucci et al. , P08). Imaging spectrometry
basically provides information about the change in
the chemical composition of asphalt; from the
domination of hydrocarbon in the bitumen (new

Reflectance

roads) to domination/increase of the mineral

composition (gravel) in the older roads. It does not 1
only tell you about the relative age of a road but Time

more importantly it tells you about the aging ongoing process; the status of hydrocarbon
erosion tells you something about the stiffening of the asphalt and the chances of cracks and
other deterioration processes. The asphalt spectral libraries that are being setup are not only
applicable for airborne surveys but are also useful for terrestrial observations (e.g.
spectrometer sensors on vehicles). To what extent existing libraries can be generially used
is unknown. Placing the sensor on a car instead of an airplane will positively affect the
geometric resolution (airborne geometry is ca. 50 cm).On vehicles one can use an artificial
light source (strobe). With the technology two processes are keing measured that cause
opposite spectral reflectance (see Figure 13); the aging of asphalt causes an increase in the
reflectance whereas the increase of cracks (in older roads) causes a decrease in the
reflectance as new underlying bitumen (hydrocarbon) are surfacing. These processes might
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neutralize the reflectance, making it difficult to distinguish new asphalt from cracked
asphalt layers. Additional ground observations are therefore required to be able to
discriminate between the two processes. Rainand water on the road (absorption) will have
an effect on the reflectance. Also dirt’ and shadowing will have an effect on the measured
reflectance. In Figure 14 below some results of hyperspectral scanning of healthy and
cracked road surfaces in the USAare shown.

Y Y P Y SRR P

I- I l ] 4

Pavement Condition Index
| Q2%

[ 2540

[Jeoss

B 5570

B 085

[ s5-100

Fig.: 14. Hyperspectral imaging of pavement

Evaluation

Costs: Hyper -spectrometry for pavement condition analysis is in its exploratory phase, no
dedicated research activities are currently ongoing on this matter. As the hyper-spectral
studies are at the exploratory level, therefore the cost element is not known.

Benefits: Benefits are the hyper-spectral characterization of roads can be done either from
the air or terrestrial, depending on the scale and accuracy required. Hyper -spectral imaging
allows the extrapolation of the retrieved fingerprints over larger stretches and can provide
full road network coverage. Disadvantages that have been found so far are that sample
spectral signatures are required for filing t he - fi ngerprint® database.
about the relationship between the hyper -spectral signature of the pavement and the
wearing behaviour of the pavement. Predicting pavement wearing on the basis of pavement
composition is therefore not (yet) possible.

Safety: The technique is safe since data acquisition can be done from the air. The technology
might be particularly useful to determine the chemical composition of asphalt and therefore

in estimating the speed of pavement aging. To what extent this type of information is useful
to better map and be able to interfere in a timely manner is currently not known. Would it

be for instance beneficial to replace asphalt if it has reached a certain chemical composition,
just before physical deterioratio n might start?

° Unless of course dirt is originating from the pavement itself
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Contracts: Because the technology is in a R&D stage, intellectual property rights (IPR) or
embedding issues are at present unknown.

Quality: Its practical implementation might be a problem as features like moisture and dirt
affect the measurements. Additional calibration is then necessary. In combination with other
sensors, the use of airborne spectral observations might be useful if large amount of tracks
have to be analyzed. One might conclude that hyper-spectral information can be used to
understand the status of the aging process by means of its chemical composition. However,
at this moment no conclusive remarks can be made about the type of maintenance
measurements that should be made.

3.7.4 & RECIPE FOR GOOD AB1 BMU "' , BTQBSJ

The TU Twente Construction Management & Engineering (CM&E) department is currently
doing a study to assess the variability of new asphalt layers during the construction. The
ASPARI (Asphalt Paving Research & Innovation) team consists of three full-time
researchers, as well as a number of graduate students. ASPARI is a coperative network of
organisations that work together in research projects and technology development to
improve the performance of the asphalt road construction industry. The issues around more
professional approaches to asphalt paving became relevant and pressing due to changes in
the business environment. Some three years ago CM&E researchers started to talk with the
industry about research into the asphalt paving process. The assumption is that the quality
of asphalt road layers is negatively correlated with total variability in the paving process.
The objectives of ASPARI are to reduce variability in all aspects of the pavement process,
from composition an d delivery of asphalt to the paving, cooling and compaction of the
asphalt. To that purpose GPS and IR cameras are mounted on supply vehicles, pavers and
rollers to record speed and temperature variations. Also a weather station is setup to record
weather conditions during paving. The measurements are set up so as not to interfere with
the paving process. GPS precision is from 510 cm. All information is stored in a GIS
database. The ASPARI founders and ceoperating companies have access to this database.

Technical A spects

ASPARI strives to change the paving industry from a tradition and experience based

process to a scientific, data explicit based process. The goal of ASPARI is to make the paving
process as constant as possible to increase quality, reducgariability and to decrease
premature failures. Benefits are higher quality asphalt of constant quality and with longer
lifetimes in order to support maintenance and better predict and plan pavement renewal. A
GIS record is available with weather informati on and all information about vehicle
movements and cooling rates. To optimize the paving processes and best practice learning
this information can later be used when failures occur. Confidence building is the major
challenge that ASPARI is facing by introd ucing the science based method instead of the
traditional experience based method. However, the paving industry seems willing to co -
operate due to new RWS requirements of longer lifetime guarantees. So far the group can
deliver information within one week but new pilots are set up to deliver information in real
time to the contractor®s workforce.

The assumption is that the quality of asphalt road layers is negatively correlated with total
variability in the paving process. Therefore, GPS and IR cameras ae mounted on supply
vehicles, pavers and rollers to record speed and temperature variations. Also a weather
station is setup to record weather conditions during paving. The measurements are set up so
as not to interfere with the paving process. GPS precision is from 5-10 cm. All information is
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stored in a GIS database. The founders and companies of ASPARI have access to the
database.

Evaluation

Costs: The cost of hardware, IR cameras and GPS is around 2 0 pefvehixle.

Benefits: The benefits are clear by reducing the variability in various steps of the complete
paving process a more constant and higher quality asphalt layer can be produced. The
combination of GPS, IR cameras and a dedicated GIS database can help constructors and
RWS to make more costeffective maintenance plans and a pavement quality check. The cost
of hardware, IR cameras and GPS is around 20.. 000

Safety: Since the technique is only used during the paving process the risk seems to be
limited as paving speeds are low and remote sensing techniques are applied, enabling
inspectors to stay clear of moving vehicles and potential risk locations.

Contracts: When it comes to maturity, so far the group can deliver data on variations back
within one week. However, a pilot is being setup for later this year to deliver back data in
real time to the contractor®s workforce.
Quality: Quality of the science based method is high.

EVALUATION OF OPPORTUNITY IMECHNIQUES

For ®®Smart Dust®® a big factor in the cost
It is believed that the cost of Medusa will be able to save cost of current inspections that
require the collection of tens of thousands of cores. Medusa will be able to pin-point
problem areas, lowering dramatically the number of cores that need to be taken for further
analysis. Safety of the fingerprinting and hyper -spectral technique is higher, since these are
high-speed techniques. ASPARI is a monitoring during pavement construction and so
should be carried out with care. Quality for Medusa and hyper -spectral techniques are
indicated as neutral, since the alternatives for coring depend completely on good databases
for comparison and identification. When it comes to maturity, Medusa has already been
tested for composition scanning and has been applied in a polluted pavements project for
RWS. The hyperspectral techniques and the ASPARI programme are still in a pilot stage.

It is assumed by the authors that in the future more will be known about pavement ageing
and deterioration processes. Especially the link between factors such as weather, traffic
volume and individual and total loading on pave ment conditions should be studied further.
It was learned that studies are already carried out to learn about pavement behaviour under
stress (Reference: Annex 6: Review & Evaluation Meeting). With calibrated and validated
models that can decrease in skidresistance, rutting, ravelling and cracking to traffic volumes
and load then the abovementioned techniques, can provide some important parameters that
are needed in these models and therefore contribute to the prevention of defects in the
future.

In Table 9 below the requirements and current inspection techniques are repeated but now
with the addition of where innovations could contribute to inspections.
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Table 9. Requirements, current techniques and innovations.

Measure /inspect Currently used Smart Medusa Hyperspectral | ASPARI
technique Dust | fingerprint TU
Twente

Skid resistance WhQEI towed -+ + + +
behind car

Rutting ﬁRAN'g + + + +
aser

Transverse and ARAN-3

longitudinal profiles | laser
FWD

Deflection response | Falling weight +
deflectometer

Construction layers Sl (e
samples)

Cracks (depth) Asphalt cylinders

Cracks (surface) Visual + +

Ravelling Visual +

Dirt Visual

'Local defects' Visual

Vegetation Visual

Loose parts Visual

In order to compare the new techniques described above a scoring method was applied that

is explained in detail in Annex 4. The resulting rank order of techniques is shown in Table

10 below.

Table 10. Ranking of techniques for opportunity I1.

Prevention and Rank | Speed Cost Traffic Technical | Availability | Overall
prediction Management and status
6Smart Dus 1 Extreme | Moderate | Never Mostly R&D 8
Rapid
Medusa fingerprint 2 Extreme | Cheap Never Partially R&D 4.3
Rapid Tested in
field
Hyperspectral 2 Extreme | Cheap Never Partially R&D 4.3
Rapid
ASPARI, TU Twente 4 Slow Moderate | Never Partially R&D 25
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CHAPTER

Structures

INTRODUCTION

The Netherlands has circa 5000 structure$’ (bridges, fly -overs and tunnels). In 1960 the
Netherlands featured 361 km of highways, in 1990 2200 km and in 200/ 2400 km. The largest
wave of bridge and tunnel construction was
average lifetime expectancy of circa 6680 years, some structures do not longer comply with
current safety standards and needs. One of the bggest challenges that RWS meets has been
the increase in traffic and axle loads of trucks in the last three decades. Nowadays 4050
metric ton trucks are common while in 1960 8-10 ton trucks were the heaviest vehicles on

the road.

It was found that in fac t a relatively small group of structures are in poor technical

condition ™, while most of structures are still in good condition. Most risks are not strictly
condition based, but are caused by loading up to or over theoretical accepted limits.
Experience learns that structural failures are mainly due to human design or construction
errors. Other risks are related to factors unknown during the period of construction. As an
example, about 1200 bridges with a concrete bridge deck do not longer fulfil the current
safety requirements on shear strength due to a flaw in specific design codes in the past.
Incidentally, risks are caused by unknown material properties during design. An example

is the occurrence of damage due to ASR (Alkali Silica Reaction) in concrete ASR only occurs
if specific aggregates are used in a combination with specific cement types in a humid
environment. For ASR damaged concrete bridges with plate type bridge decks a structural
assessment of the residual bearing capacity needs to be done. Ker this assessment,
progression of the ASR-damage needs to be monitored. Progress of ASR can best be
monitored by measuring the expansion of the concrete, caused by the ASR. Because the
effects of ASRexpansion are small compared to the effect of temperaure and moisture
changes, all tree items need to be monitored simultaneously. By using temperature,
moisture and expansion sensors (for 20 bridges on A59) stakeholders have information on
the development of ASR in these bridges. The bridge decks in highway A59 are equipped
with fully automated monitoring systems that use solar energy, and data transfer is
automated through GPRS communication, and a secure website where data can be analysed
and presented in numbers and graphs showing the ASR expansion over the years. Once
ASR occurs, the risks are mostly related to the initial robustness of a structure. For example
a concrete beam with a 3D reinforcement net is robust, because the reinforcement will still
keep internally ASR damaged concrete in place. On theother hand, a concrete plate type

°In this report bridges, tunnels and fly -overs are consideredasstu c t ur e s kgnEwetkegh):. -Al |

other elements along the highways like gantries are considered as objects (Chapter 5).
** About 50 structures are in poor condition and were black listed.
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bridge deck with no shear reinforcement may collapse due to the negative impact of ASR on
the shear strength of affected concrete (see also Section 4.4).

Another issue that was r ai s ed27dAugust2009)idfatigue - Ex per t

in steel bridge constructions. The deterioration is not immediately visible, since it develops
from within the steel, manifesting itself only later with tiny cracks on the surface. This
problem is related strongly to loading of b ridges and good vehicle load monitoring could
help predict fatigue in an early stage.

Current experience reveals that visual inspections are adequate as with this method aspects
of deterioration can be timely foreseen (without risks). One might argue that sensor
technologies for structure inspections are only useful on an ad hodasis once a risk threshold
of a structure has been surpassed. Because of the relatively low cost of prevention and the
mostly expensive sensor solutions the cost benefit ratio of using sensors is high.

INSPECTION REQUIREMETS

At this moment three inspections types are relevant to the Dutch structures:

1) Adhocstructure inspections can be daily (the

correct functioning of a structure in relation to day-to-day safety issues.

2) The annual contaestan®p ni (Opechi on focuses on
structures according to NEN norms. Annual structure inspections (condition
inspections) include the visual inspection of paint layers, steel, wood or concrete, and
visible sand bodies. The inspection is mostly done by two persons because of safety
issues. They annotate on notebooks (analogue) and describe the physical features in
rather generic terms. The inspectors are trained not to judge what they see but to
provide an objective description of the structure condition.

3) Everysix?’years mai nt e rnstandheudiaggduticihspecti ons ar e
focus on the risk assessment of a structure; RAMS (Reliability, Availability,
Maintenance, Safety). RAMS are risk (severity) scaled according: 0 is negligible risk,
while 5 means an unacceptable risk, and 6 is a calamity (direct closure). This procedure
of risk based inspections was introduced in 2006.

Maintenance decisions for major repairs and replacements and planning are based on the
six-yearly inspections, whereas the regular (small) maintenance is based on standard
procedures and findings in the annual inspections. This means that maintenance is done
when a certain type of wearing causesa visible feature and surpasses a certain risk level.
Whereas the use of the NEN norms do not inform the manager about the risks of a possible
observed deterioration feature, the RAMS inspections tell less about the physical features
that are being observed and more about the risks.

Basically all structure inspections are based on visual observations by experts. To what
extent, sometimes costly, innovative inspection technologies can contribute to structure
inspections should be put in relation to life cy cle costs and the expected technical and
functional life span of a structure. A statistical analysis of Dutch civil structures data on
failure rates (van Noordwijk & Klatter, 2004) shows that the expected technical lifespan for

 Fixed bridges (D u t cvhste brugge®are inspectedonce every six years, whereas bridges that can
mo v e ( Douetweehe g b-a r) are Beinguegagrieed @nce every five years.
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predominantly concrete struc tures is 80 years. However, if uncertainties regarding future
functional demands are taken into account, a 90% reliability interval shows that the lifespan
may vary from 40 to 100 years. This great range is explained by the fact that under Dutch
circumstances the actual lifespan is dictated by changing functional demands as a result of
environmental developments instead of the technical deterioration of a civil structure. The
relation between offering some of the new inspection technologies should be placed against
the remaining functional and technical life span of a structure and the costs for replacement
or life time extension (Bakker et al., 2006). This holds in particular for the Dutch structures
that are as an average about 50 years old. Another impornt criterion in this choice is the
economic value of a structure. A list of structures inspections, reasons for inspection and
limitations is given in Table 11 below.

Table 11: Structure inspection requirements and reasons (source: RWS).

Inspection Reasons

Overall quality

Graffiti Offensive

Joints For steel joints - rubber wearing out

Construction

Defamation

Cracks Reinforcement corrosion/corrosion of pre-stressing
tendons

ASR (alkali-silica reation) or other | Special reaction within certain concrete mixes.
chemical degradation

Surface deterioration Protection of metal from salt and water

Steel/concrete composition Shear connectors failure

Weathering steel

Paint Stop corrosion, need for painting

Hydraulic wear in CSBS

Connections (welds, rivets, bolts) | Are weak points in steel construction

Seals

De-icing salts (spray) Salts leak though joints/gaps
Unique risks of specific types of Construction

bridges

Joint seals Can break and ‘jump'

Cracks in concrete, rust staining Risk of losing pre-stress

Voids in grouted ducts Tendon corrosion

Fatigue in steel Deformation may reduce load bearing capacity

Cables (look at surface at close
range)

Alignment (bending)

Cleanness/comfort

Emergency exits and walkway Safety/emergency
Ventilation Safety/health

Fire resistance Safety/emergency
Lighting Safety/vision
Ground stability Sliding/caving
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CURRENT PRACTICE

As mentioned earlier the three inspection types mentioned in the previous section are
initially carried out visually (see Table 12) sometimes supported with some photography.
This means that only visible deterioration features will be noticed and possible hidden
defects will remain unnoticed. So far experience learns that invisible deterioration features
do not often reach acritical RAMS level. Based on these inspections and the type of defects,
it is determined if risks may be present that needs further investigation. If that is the case
more in-depth inspections are carried out and may include sensor technologies like the ones
measuring ASR (see also Section 4.4), load testing (e.gEBK Ingenieur technology*?) and
cracks.

According to structure experts the visual inspections are adequate as with this method
deterioration features can be timely foreseen without risks. One might argue that sensor
technologies for structure inspections are only useful on an ad hodasis once a risk threshold
of a structure has been surpassed. Because of the low costs of prevention and th mostly
expensive sensor solutions the cost benefits ratio of using sensors is high. In Table 12 in
yellow is indicated which inspections are done visually. One can see that a majority of
checks on structures are still visual checks that require visiting the structure.

Table 12: Structure inspection requirements and currently used techniques (source: RWS).

Inspection Currently used techniques

Overall quality Specialist, checklist, visual

ASR (alkali-silica reaction) or other Sensors on selected bridges

chemical degradation

Graffiti Visual

Joints Visual

Construction Visual

Cracks Visual and tests

Surface deterioration Visual

Paint Visual

Hydraulic wear in CSBS* Visual (bulging, deformation, alteration in load or water
level)

Joint seals Visual (weekly, expert)

Cracks in concrete, rust staining Visual

Cables (look at surface at close Visual

range)

Alignment (bending) Visual

Emergency exits and walkway Check

Fatigue in steel Visual (straightness) / measure (max. deformation)

Connections (welds, rivets, bolts) Look for movement, defects, visual

Weathering steel Visual (irregularities) / thickness measuring

Seals Look for gaps, visual

Deformation Tachymetry and levelling

De-icing salts (spray) Check for high risk areas

Ground stability Geo-technical

® EBK is using a combination of acoustic and deformation technology for controlled maximum load
testing of structures.
* CSBS:Corrugated steel buried structures
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LEADING PRACTICE

-24/ 7® ASR monitoring

Since2001,bi dges in the A59 highway in the Netherl
sensors (Bakker, J.D., 2004 & 2008). The purpose of these sensors is to measure Alk&lilica
Reactions (ASR) in concrée. ASR only occurs if specific aggregates are used in a
combination with specific cement types in a humid environment. For ASR damaged

concrete bridges with plate type bridge decks a structural assessment of the residual bearing
capacity needs to be done After this assessment, progression of the ASRdamage needs to
be monitored. Progress of ASR can best be monitored by measuring the expansion of the
concrete, caused by the ASR. Because the effects of AS&pansion are small compared to
the effect of temperature and moisture changes, all tree items need to be monitored
simultaneously. By using temperature, moisture and expansion sensors (for 20 bridges on
A59) stakeholders have information on the development of ASR in these bridges. The bridge
decks in highway A59 are equipped with fully automated monitoring systems that use solar
energy, and data transfer is automated through GPRS communication, and a secure website
where data can be analysed and presented in numbers and graphs showing the ASR
expansion over the years. Once ASR occurs, the risks are mostly related to the initial
robustness of a structure. For example a concrete beam with a 3D reinforcement net is
robust, because the reinforcement will still keep internally ASR damaged concrete in place.
On the other hand, a concrete plate type bridge deck with no shear reinforcement may
collapse due to the negative impact of ASR on the shear strength of affected concrete. Access
to sensor data is done through the internet, with a secure and dedicated website that allows
the viewing of archive data and construction of various graphs.

Wind and Structural Health Monitoring System for Bridges in Hong Kong

The advantage of the continuous monitoring of ongoing ASR processes in structures (or
Wind and Structural He alth Monitoring System (WASHMS) is a sophisticated bridge
monitoring system, costing US$ 1.3 million, used by the Hong Kong Highways Department
to ensure road user comfort and safety of the Tsing Ma, Ting Kau, and Kap Shui Mun
bridges that run between Hong Kong and the Hong Kong Airport . In order to oversee the
integrity, durability and reliability of the bridges, WASHMS has four different levels of
operation: sensory systems data acquisition systems, local centralised computer systems
and global central computer system. The sensory system consists of approximately 900
sensors and their relevant interfacing units. With more than 350sensorson the Tsing Ma
bridge, 350 on Ting Kau and 200 on Kap Shui Mun, the structural behaviour of the bridges is
measured 24 hours a day, seven days a week.

The sensors indude accelerometers strain gauges, displacement transducers, level sensing
stations, anemometers, temperature sensors and dynamic weight-in-motion sensors. They
measure everything from tarmac temperature and strains in structural members to wind
speed and thedeflection and rotation of the kilometres of cablesand any movement of
processes in the bridge decks and towers. These sensors are the early warning system for the
bridges, providing the essential information that help the Highways Department to
accurately monitor the general) by sensors is that changes in the structure are picked up
immediately.

The structures have been built to withstand up to a o ne-minute mean wind speed of

95 metres per second. In 1997, when Hong Kong had a direct hit from Typhoon Victor, win d
speeds of 110 to 120 kilometres per hour were recorded. However, the highest wind speed
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on record occurred during Typhoon Wanda in 1962 when a 3 second gust wind speed was
recorded at 78.8 metres per second, 284 kilometres per hour.

The information from these hundreds of different sensors is transmitted to the data
acquisition outstation units. There are three data acquisition outstation units on Tsing Ma
Bridge, three on Ting Kau and two on the Kap Shui Mun.

The computing powerhouse for these systems is in the administrative building used by the
Hi ghways Department in Tsing Yi. The local central computer system provides data
collection control, post-processing, transmission and storage. The global system is used for
data acquisition and analysis, assessing the physical conditions and structural functions of
the bridges and for integration and manipulation of the data acquisition, analysis and
assessimg processes (SourceWikipedia ). See alsavionitoring Hong Kong's Bridges Real -
Time Kinematic Spans The Gap

Thermography
Temperature anomalies in the structure components might be indicative for moisture in the

lining, the presence of cavities or air inclusion are be an indication for inhomogeneous
material composition. In the Netherl ands leakages occur in tunnels and viaducts so it might
be useful to technologies that indicate the presence of such phenomena in the structure by
measuring temperature anomalies. Thermography includes the measurement of surface
temperatures of an object. A well -known application of these thermal images is detecting
errors or defects in the thermal insulation of buildings. The thermographic images will show
up weak points in the thermal insulation by way of temperature anomalies. In Figure 15
below an example is given of water leaking in tunnel liking that was discovered by
thermography.

T T T T -

Fig.: 15. Thermal image of water from a leakage in the lining of a tunnel (Source: §pacetec

When thermographs certain defined temperature and weather conditions should be met.
Therefore, the observation of temperatures inside the structure over a certain period of time
is required before the technology can be applied. Thermal measurements are best made in
winter and at night to avoid the interference of direct sunlight. As the required conditions
are not consistent the date for the measurement- depending on weather - can only be fixed
at short notice. Therefore the measurements must be made quickly and within a short space
of time because of the surface temperatures in he tunnel change permanently. The scanner
systems must be able to cope with certain velocities and speeds. Spacetec is a German
company that applies thermography in an operational way.
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US Transport Research Bureau

In the US the Transport Research Bureau TRB) presented the 2 Strategic Highway
Research Programme SHRP2) results in an international conference™. A number of
structure inspection techniques were identified as leading practice in t he US (SourceUS
TRB, SHRP2TTI3). The results of the investigation are summarized below.

Vibration Based Bridge Monitoring

Technology principles: damage detection due to structural deg radation of bridges such as
corrosion of rebars, ASR/DEF, determination of fatigue and fracture, damage detection due
to earthquakes, identification of stiffness changes in bridge piers and girders. An advantage
is the technique is a global technique, so aly a limited number of sensors is required to
monitor a large bridge. Limitations are maybe that the method is limited because of the data
interpretation. In addition, it is difficult to relate changes in eigenfrequencies and modal
shapes to damage detedbn since changes in environmental conditions such as temperature
and humidity also cause changes in modal parameters. Also, localization of defects are

difficult since only a few sensors are used and low accuracy due to low frequency.

X-Ray Backscatter

Technology principles: detection of defects in bridge decks, crack detection in pavements,
corrosion of reinforcing steel in concrete, detect material flaws and defects. Advantages:
demonstrated ability to probe through several centimeters of concrete or steel, can provide
images with high resolution and contrast, equipment can be installed in a van and operated
at around 8 kph. Limitations: nuclear technology, limited experience with infrastructure
applications. Barriers to implementation: the aforementione d limitations noted may deter
implementation.

4.5 OPPORTUNIT Ill: SUPPORTINGN-HELDINSPECTIONTECHNOLOGIES

45.1 TAGGING STRUCTUREELEMENTS

It appears that the condition of the older structures (60s-80s)- and in particular the concrete
- depends on the responsible (sub-)contractor at that time. In the past, concrete was
fabricated by placing a local factory nearby the road construction. This local process resulted
sometimes in poor concrete mixtures and for sure it makes the past construction process and
knowl edge about the used material less transparent. Those structures with poor concrete or
cement mixtures are faster deteriorating then structure built by other contractors. Proper
information storage of the structure is a prerequisite for proper asset management.
Information like construction drawings and the construction processes would be very

helpful for the inspections to better understand the risks of a structure. In practice however,
it proves difficult to retrieve such information, especially for older structures. For the
recording, storage and retrieval of RWS structures information the DISK 2006 database is
used. DISK 2006 is not an asset management system by the way. It reveals technical
information of a structure but not the condition of a structure. Conditions of structures are
stores in Excel sheets at district level.

During the construction phase of a structure the objects are labelled in order to know where
they need to be placed. By tagging the objects with information like composition, age, ori gin

*2nd International Symposium on Non -Destructive Testing for Design Evaluation and Construction
Inspection, 25 April 2008 Ljubljana, Slovenia

003031/CG9/0MO /001999/ep ARCADIS | 45


http://www.trb.org/AboutTRB/Public/SHRP2.aspx
http://onlinepubs.trb.org/onlinepubs/shrp2/TTI3.pdf
http://onlinepubs.trb.org/onlinepubs/shrp2/TTI3.pdf

ADVANCED INSPECTIONS PROJEJ:T

etc. it would help the inspectors to read out the characteristics of such objects during the
inspections in the field. It would also be helpful in assisting asset managers to better
understand the condition and history of objects within a structure. Wi th the current
development of modern 3D design software tools of Autodesk and Bentley like Navisworks ,
Civil3D and Navigator the relation of 3D design, build and maintenance of structures allows

the object approach of structure elements including the incorporation of origin and
maintenance history of these elements. 3D asset management becomes therewith in the
reach of managers (see Figure 16 below).

Fig.: 16. 3D Construction software allows the approach structure items as separate objects and attach
additionalinformation of such objects (attributes).

A simple RFID (Wikipedia: Radio Frequency ldentification ) tag can also be incorporated
into bridge elements. They can provide the inspector with potentially compl icated

information to carry out inspection routines. Finally, having completed an inspection or
operation, the inspector can synchronize the collected data with the rest of their IT system.
In addition, tags can be both read-and-write -capable, and read-only; the write capability
enables information to be written back to the tag from the reader. The system developed and
implemented for one of the pilots was to improve the asset management and maintenance
scheduling system part of the process. The system usesagging and hand-held devices to
automate asset tracking and the scheduling of maintenance tasks (Sourcelnnovation &
Reseach).

The 3D design and construct software approach coincides with the recent 3D inspection
technology developments. Tao (2006) provides an overview of the advantages of the
different 3D information image based (like Mobile 3D Video Mapping, see also Section 3.5.2)
and point cloud based (like Mobile 3D Laser Mapping, see also Section 5.5.1) acquisition
techniques (see also Table 13 below).

Table 13: A comparison of 3D Data Collection Approaches (Tao, 2006).

Performance Image Image Image Point cloud-based | Point cloud-based
based based based (airborne) (ground)
(satellite) (airborne) (ground)
Accuracy Low Medium High High High
Resolution Low Medium High Medium High
Turn around Fast Medium Low High High
time
Cost Low Medium High High High
Texturing Low Medium High N/A N/A

By taking advantage of the 3D CAD/GIS software development and the progress with 3D
visualization software, inspectors and managers will become able to better follow the
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conditions of the road features (in particular structures and obje cts) in time and analyze
defects (including XYZ) in a virtual 3D environment.

Point
oD

Line
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2D

Volume
3D

K\/
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o

Fig.: 17. Vector information as discerned in CAD and GIS systems.

This means that 3D inspection technologies like 3D laser & 3D video empowers asset
management as the observed objects (in terms as being used in GIS applications; see Figure

17) can
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Fig.: 18. Connections between RFID tag, database asit@handheld devices.

It provides wirelessly collected data that can be presented through the web browser for
remote access and interface to the existing asset management system. An overview of the

tagging and system is shown in Figure 18 above. The tagging systen consists of three

components:

e A centralised database with reporting through the web browser.
e Wireless hand-held devices with data transfer capability bet ween the database and

RFID tags.

e RFID read/write passive tags embedded into or on to the boilers and front doors of

houses in the Bourneville Village.

When inspections are carried out in the open air, then an accurate DGPS and mobile

communications technology may be sufficient, and the physical installation of RFID tags in
structures is not necessary. e idea is that an inspector- carrying a GPS and GPRS enabled
tablet PC or smart phone - reaches a certain structure element, he or she will receive
inspector ®s

inspection i

nf ormat.i

on

based

on

t he

information abou t the element ready for inspection are stored in a central database. After
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the inspection is done, inspection results are automatically send back and an update is made
of the database.

Evaluation

Costs: The main conclusion is that this technology is becoming cheaper.

Benefits: RFID tags should offer construction new opportunities to improve the

maintenance of assets and manufacturers to develop smart products and new services. The

potential savings (money and efficiency) that are inspection related are:

e Availability of -real time® dat a.

e Reduction in paperwork.

¢ Reducing incidents and associated cost of having incorrect information at the inspection
site.

e Web-enabled information system.

¢ Demolition and disposal (e nd of product life) information.

Safety: Impro ved health and safety is expected.

Contracts: The technique will help dispute resolution between contractor and RWS. Also it

will allow contractors to offer new value added maintenance services.

Quality: RFID tagging is a proven technique, used in transport logistics, airplane

manufacturing and maintenance; it is used in all modern passports to store bio -metric and

other information. Therefore, it is believed that the technique is mature and reliable.

4.5.2 CABLEINTEGRITYUSINGELECTROMAGNETISM

Corrosion of bridge cables or ropes is not always evident from visual inspection, as
corrosion often originates in the interior of cables. Magnetostrictive sensing (MsS)
technology is being developed to identify anomalies in bridge cables from a single location
on each @able. MsS Technology uses structureborne elastic waves, called guided waves,
which propagate along the structure confined and guided by its geometric boundaries.
Guided waves in relatively low frequencies (under 200 kHz) can propagate a long distance
along the structure at speeds of more than three miles per second. A good example of this is
the sound of the train wheels we can hear from miles away by pressing our ears against a
railroad track. The MsS is a device that generates and detects guided waves
electromagnetically in ferromagnetic materials. With MsS, a pulse of relatively low -
frequency guided waves is launched along a structure from a fixed test location. When the
propagating guided -wave pulse encounters defects, such as corrosion or fatigue damag, a
portion of the waves is reflected back to the original test location, where it can be detected
by the same sensor and analyzed for evidence of structural anomalies. Since these guided
waves propagate at a high speed, MsS Technology can rapidly inspectsuspender ropes from
the bridge deck and provide comprehensive struct
of Pure Technologiesis a vendor that offers such MsS based measuring device.

Evaluation

Costs: Moderate costs must be expected for this type of inspection.

Benefits: Rel ati ve quick availability of -real time®
tension cables. Inspectors do not have to reach difficult to access locations fowisual checks,

but instead can keep their feet on the ground while the system measures where possible

defects are located along cables.

Safety: Inspectors will still need to go to the structure location for checking the state of

cables; hence an element brisk is still present.
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Contracts: Services are available world wide and some US bridge owners will outsource this
type of inspection on a regular basis.
Quality: The technique is able to locate where a possible defect is located in a cable.

45.3 DIGITAL PHOTOGRAPHY

Bridge inspections are based around visual inspection and the quality and variability of

observations is a concern. In the UK it is currently tested if and how photographic images

can supplement the visual inspections of structures (McRobbie et al, 2007). It is believed that

the use of digital images leads to more consistent observations and the possibility to

quantify developing problems more objectively. Any image collection system to be used in a

real application of this approach must fit the fo llowing conditions:

e Safe- ideally it should be able to operate from a safe place without the need for a road
closure.

e Fast- both to deploy the system in position, and to collect images.

e Simple - should only require setting up and starting with no further human input at
any location, other than moving it to the next location.

e Reliable - should collect position data (bearing and elevation) for each image repeatedly
and accurately.

e High resolution - should collect images at high enough resolution so that they satisfy
the image requirements after the re-projection process.

During the research the image collection and display investigations have been studied of
multiple imaging positions, single imaging positions, spherical images, and mathematically
transforming images to re-project them as if they were taken perpendicular to the face of
interest in order to remove the effects of parallax. The enhanced multiple position collection
set up which was used appears to be the most suitable approach. Currently the method
requires manual intervention to orientate the camera correctly and record distance
measurements. If the original images are of high enough quality and resolution then the
camera orientation data and the distance information can be used to re-project the images
and remove the effect of parallax. This re-projection produces images which are far easier to
interpret manually and are still suitable for use with the various segmentation and
classification algorithms.

Initially the analysis of the photos wa s performed manually, and the results of this image
based assessment were compared to the onsite assessments of the structure condition. The
first stage of the study has shown that there was sufficient information and detail in the
images to perform meaningful and useful image based condition assessments. The 2nd stage
of the research focused on the use of automatic image processing techniques. Research up
to the end of Stage 2 of this project has found that there is potential for the use of images for
conducting offsite inspections of structures to a level of accuracy that is comparable with

that achieved on-site. Costsbenefits analysis of introducing this technology has not been
performed.

Evaluation

Costs: As it is an extra tool to support the visual inspections it is expected that the costs of
the inspections will become more costly but that the quality and objectivity of the inspection
will increase.
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Benefits: The support of digital imagery for structure inspections will not only lead to more

objecive and consistent observations but is also of

properly archived, the inspector can refer to observations that were made earlier. Image
classification might support the inspector to compare different stages of deterio ration and
quantify and qualify the process.

Safety: Inspectors will still need to go to the structure location for taking photographs;
hence an element of risk is always present.

Contracts: Unknown.

Quality: Because of the time consuming process to prodice nadir photographs it might be
interesting to test if the Mobile 3D Video Mapping (M3DVM) system as described in Section
3.5.2 offers a good alternative of the digital photography procedure described here.

4.6 EVALUATION OF OPPORTUNITY IIITECHNIQUES
In ord er to compare the new techniques described above a scoring method was applied that
is explained in detail in Annex 4. The resulting rank order of techniques is shown in Table
14 below.
Table 14. Ranking of techniques for opportunity II.
Aiding inspections Rank | Speed Cost Traffic Technical | Availability | Overall
Management and status
RFID tagging 1 Rapid Expensive | Never Partially Available 3.2
Not used
by RWS
Cable scan 2 Slow Moderate Never Partially Available 3
Not used
by RWS
Digital photography 3 Very slow Moderate Never Partially Available 25
Not used
by RWS
4.7 OQQOPSUVOJUZ'NONTORISGAFBEFECTS

Bridges are some of the most critical, val uabl e

transportation infrastructure. Proactive monitoring , management and surveillance of these
structures are of the utmost importance to their owners and managers. Monitoring of
structures, seven days a week, 24 hours a day is a possibility using wireless in situ sensors

Il i ke - mot es®. Th endtheiripossiileuse énpavenfent anediseussedan
Section 3.7.1. Could the use of motes be of interest to support Stratural Health Monitoring
(SHM). SHM is estimating the state of structural health, or detecting the changes in structure
that affect its performance. Two major factors are the time scale of change and the severity
of change. Time scale looks at how quickly the change occurs, and severity is the degree of
change. Two major categories of SHM are disaster response and continuous health

monitori ng (ambient vibrations, wind, etc.). Motes focus in particular on the latter through
indirect damage detection by monitoring changes in structural properties and/or behavior).

A number of innovative sensors that are being used or might be of interest for structure
monitoring is provided where the concept of
pavement monitoring is explained. The same small and more or less dedicated sensors can
also be used in structures to measure: deformation, tension, corroson, moisture, loads, and
more (see also Wikipedia: List of sensors). Some innovative sensors for structure monitoring
are treated below. These sensors all have their own specific purpose and ttey often measure
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just one type of defect. Therefore, it needs to be kept in mind that often a combination of
sensors will be needed to monitor the integrity of a structure.

IN-STU SENSORS

Golden Gate Bridge Wireless Sensor Network
In 2006 a wireless sesor network (WSN) was designed, installed, and tested on the Golden
Gate Bridge in San Francisco, in order to monitor ambient vibrations (Sukum, 2007). The

motes used were accelerometers for monitoring two directions of movements (vertical and
transverse), and a thermometer to measure accelerometer temperature for compensation.
The cost of each node is about $600. Sixtfour of these motes were distributed over the
main span and southern tower (see Figure 19a and 19b), comprising the largest wireless
vibration sensor network ever installed for structural health monitoring purposes. The
spatially dense array resulted in an increase in effective measurements compared to single,
isolated, sensors, and further allowed high locations to be analyzed easily and acairately.
One of the main challenges that require future investigation is the data sampling and
communication deficits of the sensor network.

SF /) Sausalito
(south) | £hoo+ A1\ (north)
R N | AN
B 1251t [Foag_ _'___ 42001t — —
o/ 56 nodes ‘
8 nodes A [
Fig.: 19a. Layout of the motes on the Golden Gate bridge Fig.: 19b. One mote

Steel and cable integrity using acoustic technology
In addition to conventional dissolution corrosion (or rusting), high -strength steels are

susceptible to failure through brittle fracture caused by stress corrosion, hydrogen
embrittlement and fatigue. These corrosion mechanisms cause a significant loss of ductility
in the steel, and failure can occur without measuring a gradual loss of cross-section in the
wire. The presence of corrosion in high-strength steel wire in bridges can have serious
consequences and eventualcan lead to the collapse of a bridge. In most cases, corrosion of
high -strength steel wire in bridges is not visually evident. Most of the methods used to
investigate the condition of stressed wires in post-tensioned concrete structures and bridges
invol ve a representative sampling of the overall structure. Hence, there is a possibility that
corrosion and wire failure in localized areas may not be detected. A comprehensive health
monitoring system that can provide information on deterioration for the enti re structure
would therefore be useful. A continuous acoustic health monitoring system developed for
this purpose has been applied to various bridges. Such an acoustic monitoring system has
been developed by Pure Technologiescalled SoundPrint®. The system has been developed

from the observation that failures of pre -stressing wires generated an audible acoustic
response. If these events had frequency or energy characteristics sufficiently different from
ambient acoustic activity in a structure, it would be possible to identify the events, as well as
their location and time of occurrence. The types of sensors used were broadband pieze
electric accelerometers. Piezeelectric crystals are man-made or naturally occurring crystals
that produce a charge output when they are compressed, flexed or subjected to shear forces.
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The tool helps to ensure the long term integrity of post -tensioned, pre-tensioned and cable
stayed bridges. The sacalled SoundPrint® sensors detect and locate tension wire failures
through continuous non -intrusive monitoring. By analyzing the time taken by the energy

wave caused by the break as it travelled through the concrete to arrive at different sensors,
the software was able to calculate the location of the wire break, usually to within 300 - 600

mm of the actual location. The capability of the system to accurately identify and locate wire
break events showed that the system to be 100% correct when spontaneous events classified

as "probable wire breaks" were investigated versus "non-wire break events".

Evaluation

Costs: Most sensors are expensive calibrated devices.

Benefits: - 24/ 7® avail

ity of

-real

ti me® dat a

structures. Dedicated sensors are developed for specific tasks, whether it is measuring

pressure, moisture, temperatures or crack widths. Online monitoring of sensors enables an
early warningsystem when using software that checks pre-set thresholds against sensor
readings. Measurements are archived and therefore can readily be used for evaluation and

analysis.
Safety: Remot e -onl i

ne® monitoring i

inspectors are to be expected once the sensors are in place.
Contracts: Long time service and maintenance contracts needed, comparable to A59 ASR

monitoring contracts.

possi bl e;

Quality: Calibrated sensors deliver very accurate readings of the parameter they measure.

One prerequisite is that the sensor is measuring what the inspectar wants it to measure. In

one example a sensor was measuring moisture in the shafts that was drilled rather than the

moisture in the surrounding concrete. The latter was solved by a decrease in drilled shaft

diameters.

EVALUATION OF OPPORTUNITY IVTECHNRQUES

In Table 15 below the requirements and current inspection techniques are repeated but now

with the addition of where innovations could contribute to inspections.

Table 15. Requirements, current techniques and innovations.

Measure /inspect Currently used In-situ
techniques Sensors
Overall quality Specialist checklist
ASR (alkali-silica reation) or other chemical | Sensors on selected bridges +
degradation
Ground stability Geo-technics
Graffiti Visual
Joints Visual +
Construction Visual
Cracks Visual and tests +
Surface deterioration Visual
Paint Visual +
Hydraulic wear in CSBS* Visual (bulging, deformation,
alteration in load or water level)
Joint seals [voegen] Visual (weekly, expert) +
Cracks in concrete, rust staining Visual +
Cables (look at surface at close range) Visual +
Alignment (bending) Tachymetry and levelling +

Emergency exits and walkway

Check
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Measure /inspect Currently used In-situ
techniques Sensors

Fatigue in steel visual (straightness) +
measure (max. deformation)

Connections (welds, rivets, bolts) Look for movement, defects

Weathering steel* Visual (irregularities) +
Measuring thickness

Seals Look for gaps +

Deformation Tachymetry and levelling

De-icing salts (spray) Check for high risk areas +

In order to compare the new techniques described above a scoringmethod was applied that
is explained in detail in Annex 4. The resulting rank order of te chniques is shown in
Tablel 6 bel ow. The costs of sensors are indicated
includes the positioning of sensors in the structure, calibrating them, maintaining them,
setting up a wireless network (if applicable) and storing and interpreting the data readings.
This makes the initial costs high but at the end the benefits may prevail as less visual
inspections are required, timely identific ation of wearing might safe substantial

maintenance costs, less traffic hindrance whichhas a huge economic effect and- last but not
least - the safety of inspectors increases. For each of the above technologies (and for
structure inspection technologies at large) holds that a sound decision should be made about
the expected life cycle costs when implementing a (semi)automatic technology in relation

to the expected life span and economic value of a structure

Table 16. Ranking of techniques for opportyiiv.

Automated Rank | Speed Cost Traffic Technical | Availability Overall
detection Management and status
In-situ sensors 1 Extreme | Moderate Never Mostly Available 6.8
Rapid Dedicated
sensors are
used by RWS

OPPORTUNITY II: PREMETION OF DEFECTS

In this section techniques are described that help prevent corrosion of steel or cracking due
to deformations. The latter, deformation monitoring can be required for the following
applications relevant to RWS and HA:

e Roads

e Tunnels

e Bridges and Viaducts

e Foundations

e Construction sites

Deformation monitoring (also referred to as Deformation survey) is the systematic
measurement and tracking of the alteration in the shape or dimensions of an object as a
result of the application of stress to it. Deformation mon itoring is primarily related to the
field of applied surveying, but may also be related to the civil engineering, mechanical
engineering, plant construction, soil and rock stability mechanics. The causes for
deformation monitoring are changes in the bedrock, increase or decrease of weight, changes
of the material properties or outside influences (see also Wikipedia: Deformation
Monitoring ). Early detection of deteriorating protective paint layers or small deformations
can help prevent larger problems, such as corrosion and cracking.
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49.1 SMART PAINT ° C-CUBE

The status of the building material and the construction part is difficult to measure.
Moreover so as certain ageing and deterioration processes are not always weltknown. The
use of osmosis meters is an example of measuring the condition of the concrete. TNO/TU
Delft in a joint project developed the C-cube technology to measure the ageing of paint. It

was successful, however, it only measures paint conditions on steel, not on othe surfaces
such as concrete or wood.

Bridges, buildings, locks are constructions whose sustainability is ensured by a protective
layer coating. Coatings protect steel structures against corrosion by forming a barrier
between the metal and its surroundings . C-cube provides a coating where the barrier
function can be measured enabling prediction of when coated steel will start to rust. Some
coatings are better then other coatings and after a while the application of a new layer
coating is necessary. It will cost an organization hundreds of thousands of Euros when it is
decided to do this kind of maintenance. The company C-Cube International offers managers
detailed information about the quality of the coating, to support such decisions. The

dilemma often is, when painting too early money is wasted, but when painting too late rust

will form and the construction will last less long."

The quality of coating is often measured by a visual scan, which hardly explains how
corrosion develops. The quality of paint layers deteriorates once applied, even before
rusting occurs. The thin layer of paint changes over time from an impermeable barrier into a
kind of sponge that let water and salt pass through. A problem is that this is often not
immediately visible.

C-Cube Smart Paint will give information in numbers and graphs on how the qu ality of the
paint is. Public and private parties have already expressed interest in the C-Cube
International developed method. To have the ability to predict when corrosion will occur
enables: timely scheduling of maintenance, the possibility to determine how maintenance is
performed, and checking whether a coating is correctly applied.

Evaluation

Costs: Moderate.

Benefits: - Smart ® paint technol-cobgisongang ant sheuldbent s | i ke
closely followed by RWS. So far, the Gcube technology only measures paint conditions on
steel, not on other surfaces such as concrete or wood. At the moment CCube exists as a
prototype in the basement and needs further adaptation to work in the field. As an example
the interpretation and signalling of the condi tion of the coatings needs further exploration.
Contract: Commercially available product.

Safety: Not an issue

Quality: For maintenance more knowledge is required to better understand the relation
between the dielectric readings and the wearing processto be able to decide when coatings
need to be replaced.

49.2 FIBRE OPTICS

Geo-detect® is a textile with embedded fibre optic sensor technology. The sensor warns in a
very early stage for unwanted deformations. The geo-textiles are manufactured with optical
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glass fibres woven in. These glass fibres feature at selected distances so called Fibre Bragg
Gratings (FBG's). An FBG is a location on the glass fibre where the refractive index of the
fibre material has been modified over a short length (3 - 10mm) by a laser. The key is that for
laser light that is send through the glass fibre, only a specific wavelength is reflected. If a
length change occurs at an FBG then the wavelength of the refleted light will also change.
This change is measured by a scanner and translated into the fibre length change and the
movement or deformation of the body in which the fibre is located (see Figure 20 below).

Input

m-

Qutput

wavelagn

Fig.: 20. Function of an FBG (sour¢geadetec}.

With multiple |ocations along the same fibre tr:¢
created with their own specific wavelength rebound. In this way the location in the

construction can also be identified. By applying a particular pattern of FBG's, the distributed

form change behaviour over the entire surface of the geo-textile is made visible. The

detection pattern depends on the distribution of the fibres, the distance bet ween FBG - s an
the degree of variation in FBG. For each individual application, the configuration can be

adapted to the requirements of the client. The system can be equipped with alarm and

preventive alarm functions that warn when preset values are reached (see Figure 21).

Fig.: 21. Shape change of glstect textile caused by a crack (SouBamdetec}.

A scanner is permanently installed in a suitable location (up to 10km distan ce of the
measured object). The measurements are stored and can be viewed on a remote computer in
real-time via a wireless connection. Any shape changes are detected with a handheld
monitor. This very cost -effective implementation is ideal for e.g. dike mo nitoring.
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Evaluation

Costs: Expensive

Benefits: Very sensitive technique to measure deformation, temperature and strain. Using
FBG®s, problem | ocations can be accurately ident
early warning.

Contract: Commercially available in Netherlands, however still also R&D. Was tested in the
1Jkdijk project (Wikipedia: [Jkdijk).

Safety: Not an issue, and traffic management is not required.

Quality: For maintenance more knowledge is required to better understand the relation
between the dielectric readings and the wearing process to be able to decide when coatings
need to be replaced.

4.9.3 DEFORMATION SENSORS

El ectronic levelling sensor s ctiansinbuddingssreld t o me a ¢
structures. StabiAlert is such a system where every five seconds a reading is registered by

the electronic levelling sensors, which are stored and can be remotely followed.

Many companies install and/or produce electronic settlement sensors that can measure

deformations in constructions due to overloading, nearby earth moving works or

movements in soil through piping or other geo -physical processes. The electronic level

sensorscould also be placed at strategic points in bridges to continuously monitor

deformations of structures.

Evaluation

Costs: Moderate, depending on life time expectancy of the structure.

Benefits: Very sensitive technique to measure deformations. The sensitiity of the system
enables early warning.

Contract: Commercially available in Netherlands.

Safety: Not an issue, and traffic management is not required.

Quality: For maintenance more knowledge is required to better understand the relation
between the dielectric readings and the wearing process to be able to decide when coatings
need to be replaced.

49.4 INSARTECHNOLOGY

Most SAR applications make use of theamplitude of the return signal, and ignore the phase
data. Synthetic Aperture Radars (SAR) produce all weather, day and night, high resolution
images of the Earth's surface providing useful information about th e physical characteristics
of the ground and of the vegetation canopy, such as surface roughness, soil moisture, tree
height and bio-mass estimates. Most of those SAR applications make use of theamplitude of
the return signal, and ignore the phasedata. However SAR interferometry (Wikipedia:

InSAR) uses the phase of the reflected radiation. INSAR technology combines two or more
SAR images of the same area and using algorithms to calculate differences in thephase of
the waves returning to the satellite. Since the outgoing wave is produced by the satellite, the
phase is known, and can be compared to the phase of the return signal. In principle the
surface displacement measurement can have a precision of 2%5% of the SAR wavelength.
Typical SAR wavelengths are in the range 3-30 cm, implying millimeter to centimeter
precision in surface (see also Figure 22 below). It has applications for geophysical
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monitoring of natural hazards, for example earthquakes, volcano es and landslides, and also
in structural engineering, in particular monitoring of subsidence and structural stability.

The phase of the return wave depends on the distance to the ground, since the path length
to the ground and back will consist of a numbe r of whole wavelengths plus some fraction of
a wavelength. This is observable as aphase difference or phase shift in the returning wave.
The total distance to the satellite (i.e. the number of whole wavelengths) is not known, but
the extra fraction of a wavelength can be measured extremely accurately.

www.HansjeBrinker.net

Fig.: 22. Deformation study of the Kornwerderzand structure in the period-2002 based on ERS
images. The blue points at the east side of the bridge indicate a relative displacement of ca. 3 mm/year.
A closer field study shows indeed deformation cracks with ca. 5 cm vertical displacement (source:
HansjeBrinker.net)

INSAR is of particular interest to monitor relative deformation of manmade structures that
avail of rectangular corners; so called permanent scatterers. Although one can not exactly
indicate what part of a structure causes the reflection, it is not always known what is the
permanent scatterer, however, INSAR has proven to be a useful technology forhotspot
indentificationof structure defor mation over large areas. This can be done on a monthly
basis.

SAR data availability
A variety of factors govern the choice of images which can be used for interferometry. The
simplest is data availability - radar instruments used for interferometry common ly do not

operate continuously, but acquire data only when programmed to do so. For future
requirements it may be possible to program SAR data acquisition, but for many areas of the
world archived data may be sparse. This however is not the case for The Naherlands where
SAR data was recorded as early as 1992. This makes the use of INSAR technology in the
Netherlands of particular interest as the archived images allow studying the deformation
history of for instance road structures. Data availability is fur ther constrained by baseline
criteria. The two images or stack of images if one wants to study deformation in a larger
time span, must be accurately co-registered to a sub-pixel level to ensure that the same
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ground targets are contributing to that pixel. Where co -registration is poor or the maximum
baseline is exceeded the pixel phase will become incoherent the phase becomes essentially
random from pixel to pixel rath er than varying smoothly, and the area appears noisy. This is
also true for anything else that changes the contributions to the phase within each pixel, for
example changes to the ground targets in each pixel caused by vegetation growth,
landslides, agriculture or snow cover. Although atmospheric corrections are necessary, in
general it can be stated that weather conditions do not affect.

Specialist work
Although professional commercial -off-the-shelf (COTS) software is available it is strongly

recommended that INSAR specialist companies are hired to perform the tasks and provide
the highway agency with point deformation information. Experience learns that the
selection of SAR data in itself is already a very critical element in the processing path that
determines the final results.

ALOS

Most used SAR data are ERS and Radarsat. Recent INSAR studies are also looking at the
potential of ALOS data. ALOS -PALSAR is from the Japanese Space Agency and has a R&D
focus. Based on the data availability and required accuracy one should consider what type

of SAR data are required. Whereas ERS data from the European Space Agency can reveal
important information for the Netherlands, Radarsat might provide better operational
services.

Evaluation

Costs: Archived SAR data sets are mostly cheaper then images that need to be acquired on
request (see also Table 17 below). As the SAR imagery covers a large area it will probably
cover a substantial amount of structures. This makes that the INSAR technology per
structure observation might become relatively cheap.

Benefits: INSAR technology is particular useful as hot spot indicator of relative
deformations of road structures over large areas. By using archived data sets a first
indication of the amount of scatterers of a structur e (Step 1) will make it clear if this
technique is useful as hot spot indicator of structure deformation.

Table 17. Pricing of SAR data

SAR data type Costs (1) FOV (km?) Resolution (m)
Archive New

ERS 400.- 700.- 100x100 30
Radarsat-1 standard 930.- 2350.- 100x100 25
Radarsat-1 fine 930.- 2350.- 50x50 8
Radarsat-2 standard -* 2400.- 100x100 25
Radarsat-2 ultra fine - 3350.- 20x20 g
ALOS-PALSAR 620.- 30x30 30
polarimetric

ALOS- PALSAR fine 620.- 70x70 20

*No archive data policy yet available as Rada?siaas been active since early 2008

Safety: Not an issue for the space borne technology.

Contracts: The distributing space agency will remain owner of the raw satellite imagery.
This means that purchaser of the images is not allowed to further distribute the images
except with written approval of the agency or its reseller. Dependent on the agreement
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between the SAR value adding organization and the customer, the customer can obtain the
ownership of the derived information.

Quality: It should be considered that the more data sets are available for a certain area, the
more reliable are the results. This can mean that 1620 scenes per area (if availablgare
required to provide reliable information. Most probably, the standard images reveal

sufficient information to identify hotspots. As one SAR scene can cover an area up to
100x100 sqg km (field of view) one should consider the costs to identify hotspots with INSAR
technology on the basis of the amount of structures that can be identified by one SAR scene.
Next to the data costs one should consider the expert (processing) costs. Activities that need

to be considered by the expert aswell as the highway agency are:
Step 1: Are the structures providing sufficient and reliable permanent scatterers?
Step 2: What is the deformation of these scatterers in time?
Step 3: Regular (monthly?) provision of deformation parameters?

The information can be provided in a digital format through Internet and linked with the

structures that are present in the respective databases.

EVALUATION OF OPPORTUNITY VTECHNOLOGIES

In Table 18 below the requirements and current inspection techniques are repeated but now
with the addi tion of where innovations could contribute to inspections.

Table 18. Requirements, current techniques and possible innovations.

Inspection Currently used Smart | Deformation | Fibre [ INSAR
techniques Paint Sensors Optics
Overall quality Specialist checklist
Graffiti Visual
Joints Visual +
Construction Visual
Cracks Visual and tests +
Surface deterioration Visual
Paint Visual +
Hydraulic wear in CSBS Visual (bulging, + +
deformation,
alteration in load or
water level)
Joint seals [voegen] Visual (weekly, +
expert)
Cracks in concrete, rust staining Visual
Cables (look at surface at close Visual*
range)
Alignment (bending) Tachymetry and + +
levelling
Emergency exits and walkway Check
Fatigue in steel visual (straightness)
measure (max.
deformation)
Connections (welds, rivets, bolts) | Look for movement,
defects
Weathering steel Visual (irregularities)
Measuring thickness
Seals Look for gaps
Deformation Tachymetry and + + +
levelling
De-icing salts (spray) Check for high risk
areas
ASR (alkali-silica reation) or Sensors on selected
other chemical degradation bridges
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Inspection Currently used Smart | Deformation | Fibre [ InSAR
techniques Paint Sensors Optics
Steel/concrete composition Separation between
flange and concrete?
Ground stability Geo-technics +

In order to compare the new techniques described above a scoring method was applied that
is explained in detail in Annex 4. The resulting rank order of techniques is shown in Table

19 below.

Table 19. Ranking of techniques for opportunity V.

Prevention and Rank | Speed Cost Traffic Technical | Availability [ Overall

prediction Management and status

INSAR 1 Extremely | Cheap Never Partially R&D 4.7
rapid

Fibre opticsi F B G 6 2 Extremely | Expensive | Never Partially Available 4.1
rapid Not in RWS

Deformation sensor 2 Extremely | Expensive | Never Partially Available 4.1
rapid Not in RWS

Smart paint 4 Moderate | Moderate | Never Partially Available 34

Not in RWS
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CHAPTER

Objects

INTRODUCTION

In this chapter the inspections of some other relevant road objects are discussed that ae
needed to ensure the safe and correct use of roads. All other assets than the ones described
under pavements and structures are categorized as objects. In this chapter we treat the
inspection of safety barriers, road signs, lighting, gantries for the sup port of signs, and white
lines.

INSPECTION REQUIREMEN

A variety of -defects® can occur regarding the
vegetation along the roads hampering safe drive conditions to rust on the safety barriers

t hat mi ght acwelé&ukctons. Whersa® DVM functionality is controlled

electronically or by means of software (see Section 1.3), the condition of the physical

structures like gantries is checked visually (see Table 20). Inspections that might support

Table 20. Categies of object categories and inspections (source: RWS).

Categories Inspections

Safety barriers Gaps

Broken, deformed of cracked components

Structure i nuts / bolts / welds

Corrosion (reinforcement)

Tension

Incorrect height

Anchorages (i.e. p _osts) - movement and ground condition

Ingress of water to post sockets

Excessive weeds

Concrete cracks/spalling
Gantries Welding

Paint damage/rust
Foundation failure

Height
Signage Readability/visibility
White lines Reflectivity
\Vegetation Length
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5.3 CURRENT PRACTICE
As can be seen in Table 21 below, inspections of road objects are still done visually, either by
stopping by or while slowly driving by an object. Sometimes more detailed inspections are
needed using specialized inspection tools. It is believed that a big improvement would be to
use a video or laser technique to record the position and objects accurately.
Table 21: Object inspection requirements and currently used techniques (sourc®RSV.S
Category Inspect Technique curren tly used
Safety . . ) .
barriers Alignment and height Visual, drive by
Welding Visual, drive by, X -ray
Gantries Paint damage/rust Visual
Foundation failure visual, vertical alignment
Signage Readability/visibility Visual, drive by
White lines Reflectivity Visual, drive by
Vegetation Length Visual, drive by
Road Reflectance Luminance factor and colour;
marking TEST 95
Discoloration and reduction Luminance factor and colour;
in the luminance factor TEST 95
Fencing Condition visual
It is believed that a big improvement would be to use video and or laser techniques to
record the state and position of objects accurately.
5.4 LEADING PRACTICE

Belgium uses a Mobile 3D Video Mapping technique to map road signs and other objects in

urban areas.

Visual Roads Dat abase
To support the

management and

maintenance o

potential. The number of field survey can be reduced significantly. Furthermore, the

database can be used for the maintenance and checking of other data sets ofoad

information. The quality of operation increases, road safety is improved and working with

the Visual Roads Database is a joyful experience. These are the results from an investigation

of the Directorate-General for Public Works and Water Management and market partners

(Gerke and Vosselman, 2008). A brief costbenefit analysis showed that the total cost (collect

video, develop software, post-processing of images) were higher than when using the classic

way of visually inspecting.

Using this method only for maintaining a database would therefore not be cost-saving.

However, once the database is filled with images, they can also be used for other purposes.

Therefore, it was decided to do a broader study and find what other tasks and activities

would benefi t from a Visual Roads Database (VWD) of the Rijkswaterstaat roads network

(Geo-Info, 2008-6).

Since postprocessing by people is still costly and tedious work, a lot would be gained when

objects could be detected automatically in imagery. This would dramat ically decrease the

number of video

stills

inspections (see also Figure 23 below).
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Fig.: 23. Onscreen inspection of defects.

The ideal inspections of objects would comprise the recording of objects at driving speed
and evaluation of defects by a computer. This may still sound like a distant future, however,
recent developments in camera resolution and computer storage and machine vision bring

55 OPPORTUNITY VI: AUTOMATED INSPECTIONS
this scenario a little closer again.
55.1 MOBILE 3D LASER MAPRG

Mobile 3D Laser Mapping (M3DLM) system is based on a set of 360 laser scanners
positioned on a moving platform, in this case a van. Lidar technology “ is made for Mobile
Mapping because lidar can maintain high accuracy and high resolution from rapidly

moving platforms. They operate at very rapid measurement rates (up to 200.000 pulses a
second) to produce inherently 3-dimensional data: Fast, accurate, eyesafe lasers coupled to
high-speed scanners with large fields of view, operating day or night to collect survey -grade
measurements. M3DLM is a high speed inspection technique that normally will not require
the closure of lanes as the gathering of information is at traffic speed. With the current
configuratio n an area of about 100 meter wide can be recorded in one instance meaning that
several lanes can be recorded instantaneously. Sometimes a second or third scan is required
for higher accuracy and point density. Speeds during scanning range from 40-120 km/h but
is typically 80 km/h. A combination of GPS and an inertial navigation system (INS) is used

to correct for movements of the vehicle carrying the laser and frame cameras (see also
Figure 24). The X, Y, Zerror in point locations is not mo re than 2,5 cmat a speed of

40km/h. At a driving speed of 80 km/h the location accuracy is circa 4 -5 cm, which is
deemed sufficient for various inspection standards.

“LIDAR (Light Detection and Ranging) is an optical remote sensing technology that measures
properties of scattered light to find range and/or other information of a distant target. The prevalent
method to determine distance to an object or surface is to uselaser pulses.
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Fig.: 24: Vehicle position and movement is accurately measured by GPS/INS

In addition video cameras are being used in the M3DLM configuration to support laser data
interpretation (Figure 25).

Fig.: 25. Each laser pixel is assigned with a colour coming from the video imagery to support laser
data interpretation

The distance inspected each day is limited to 80 km; this is mainly due to the large data

volumes generated by the system. Examples of a test drive in the Netherlands can be found
in the Figures 26 and 27.
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fS & biatet ey i

Fig.: >26. Safety b

Fig.: 27 Laser scanning result of a gantry
Cost of data col | ec100penkilomeatre, aviglethecosi ofmaab-teolry for
post-processing of data is two days of work per one day scanning. The system can be rented
or purchased. Recorded data is property of the user of the system, whether it is rented or
owned by the agency. Cost of purchasing the new hardware is relatively high, with 1.3 M G
for a complete system, vehicle, lasers and cameras, andncluding the necessary software.

In the Netherlands, M3DLM is currently being introduced for the retrieval of XYZ values of
structures. It is not being used yet for inspections of objects. In combination with 3D video
imagery it might be a powerful inst rument to inspect the geometric characteristics of objects.

Benefits:

e Fastrecording of road, structures and terrain.

e Safe laser for the recording team and other road users

e The hindrance of traffic is minimal.

e The accuracy and reliability are comparable with total station measurements.

e Limited mobilization costs.

e One can both do day and night scanning.

e One can view cloud points from any position, not only from the position of the sensor.
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Risks:
e New processes and people needed for data analysis

e Storage ard processing of large volumes of point and video data.

e Does not work well in rain, snow, fog.

e  Geometric accuracy decrease when driving in between high rise or tunnels to due to
lack of GPS signal. Can be solved by using Ground Control Points (GCPs)

Evaluation

Costs:Ap pr ox i mE® len. As a rule of thumb every day of data collection will cost

two days of data processing. The cost of purchasing a complete M3DLM vehicle including

all hardware, software and a service contractis 1,3 M.

Benefits : Mobile laser mapping of objects could replace on-site visual inspections in the near
future. When the imagery is combined, based on the GPS/INS data, a seamless and gapless
recording of the mapped objects is available for in-office inspection. Since images are g@o-
referenced, distances can measured on screen and accurate location and size of defects can
be mapped digitally.

Safety: Mobile Laser Mapping is done at traffic speed, hence poses no risk to road users or
inspectors. The |-agaéa@ligbpfthumassed i s -eye
Contracts: Different types of contracts are possible. The most advantageous types of
contract are those where the user of the system is also the owner of the recorded data. This
means that the data is free for use and further distribution within an organisation. Some
vendors offer this possibility; while others distribute the data under license, therefore
distribution within an organisation is limited or costly.

Quality: Quality of M3DLM is high, millions of locations are sampled fo r every metre of
road travelled. The location error of points in the point cloud is in the order of 2,5 cm.

5.5.2 MOBILE VIDEO MAPPINGOF OBJECTS

The technological whereabouts and specifications of mobile video mapping are provided in

Section 3.5.2. Mobile 3DVideo Mapping is specifically designed for the identification of

objects and to measure features. The mobile video mapping imagery is gecreferenced, so

every pixel has X, Y, Z information with an error of +/ -5 cm or better. The 360° feature of

the system allows the gathering of 3D object information. The relative high position of the

cameras with respect to the safety barriers migl
Figure 28).

Fig.: 28. A relative high position of the camera (left pigtanght allow to provide information of the
-inner side® of the safety barriel

Mobile 3D Video Mapping seems to be an efficient technique to collect road object
information at driving speed with high location accuracy as well as high resolution imagery.
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The combination of stereo imaging with GPS/INS positioning makes that road objects

conditions can be directly stored in a geo-database and retrieved in a later phase for instance

for comparison (-archiving®). I't adctsows more obj
The 3D video recordings as produced by this system can greatly contribute to Visual Road

Database {isuele Wegendatabank; VWEhat is under investigation by RWS-DID (ITC

report, 2008). The basic idea of the VWD is to capture all data being necessay to manage

and maintain the Dutch highways by means of optical images or similar appropriate sensing

sources. It is believed that with the VWD t he number of field survey can be reduced

significantly and that road maintenance and planning can be improved b ased on sound

information. The VWD should provide images of various road characteristics like:

e hectometer signs (including number e road marki ngs
identification) e vegetation/landscape

e viaducts, bridges, noise protection e crash barriers
installations e traffic signs

e entries/exits e road shoulder

e road surface material (paving) e illumination installations

Round view and a dense sequence of data capture (< 10 meters) is preferred and can be
provided by the 3D video mapping. The mobile video mapping configur ation also gathers
geometric information of the road objects at the same time. With the current video system
pavement deterioration at an early stage like ravelling is difficult to retrieve however. At the
same time one should clearly define the requirements specifications (see also Section 3.3).
The VWD information should be updated at least once a year and immediately after
relevant changes. The VWD information should be accessible from any internal and external
working places. A prerequisite that is also being observed during the Advanced Inspections
Workshop (Reid & Oostrom, 2009).

Since postprocessing of imagery by people is still costly and tedious work, a lot would be
gained when objects could be detected automatically in the video imagery. This woul d
dramatically decrease the number of video stills now need to be processed manually during
-oncreen® inspections. Due to the high overlap o
repeatedly present in a variety of frames, which improves the chances of successful
automatic feature extraction (= Computer vision ). This task however is still not satisfactorily
solved in computer vision for arbitrary objects in arbitrary situations.

Evaluation

Costs: A brief cost-benefit analysis showed that the total cost (collect video, develop
software, post-processing of images) were higher than when using the classic way of
visually inspecting. Using this method only for maintaining a database would therefore n ot
be costsaving.

Benefits : Mobile video mapping of objects could replace on -site visual inspections in the
near future. When the imagery is combined, based on the GPS/INS data, a seamless and
gapless recording of the mapped objects is available for in-office inspection. Since images
are georeferenced, distances can measured on screen and accurate location and size of
defects can be mapped digitally.

Safety: Mobile video mapping is currently done at speeds of 40 kph, hence a warning for a
slow moving vehi cle is needed or a rolling road block is used.

Contracts: Different types of contracts are possible. The most advantageous types of
contract are those where the user of the system is also the owner of the recorded data. This
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means that the data is free fa use and further distribution within an organisation. Some
vendors offer this possibility; while others distribute the data under license, therefore
distribution within an organisation is limited or costly.

Quality: Quality of 3D video mapping is high, a total of nine frame cameras are used. The
location error of points in the imagery is in the order of 4 -5 cm.

EVALUATION OF OPPORTUNITY VITECHNIQUES

In Table 22 below the requirements and current inspection techniques are repeated but now
with the additi on of where innovations could contribute to inspections.

Table 22. Categories, inspection requirements and innovations.

Categories Inspections Mobile Mobile
Laser Video
Mapping Mapping

Safety barriers Gaps + +

Broken, deformed of
cracked components

Structure i nuts/ bolts /

welds

Corrosion (reinforcement)

Tension

Incorrect height +

Anchorages (i.e. posts) -
movement and ground +

condition

Ingress of water to post

sockets

Excessive weeds +

Concrete cracks/spalling +

Gantries Welding

Paint damage/rust
Foundation failure
Height +
Signage Readability/visibility
White lines Reflectivity +
Vegetation Length +

+ |+ |+ |+

In order to compare the new techniques described above a scoring method was applied that
is explained in detail in Annex 4. The resulting rank order of techniques is shown in Table
23 below.
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Table 23. Ranking of techniques for opportunity VI

Automated Rank | Speed Cost Traffic Technical | Availability | Overall
detection Management
Mobile 3D 1 Extremely | Cheap | Never Mostly Available 8.6
Laser Mapping rapid Not used in
RWS object
inspections
Mobile 3D 2 Extremely | Cheap | Always Mostly Available 6.8
Video Mapping rapid required Not used in
RWS object
inspections
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CHAPTER

Embedding new
technologies

The previous sections provide information about innovative road inspection technologies
and methods. This section discusses who, why, what part and how within the RWS
organization these technologies can or should be embedded. It is clear that RWS- from a
technical and organizational point of view - is looking for new ways to collect, host and
share information about their assets. When discussing the embedding of innovation
inspection technologies it is recommended to (re-)consider the role of the national and
regional institutions as well that of the private market sector. Next to these technical issues
regarding the embedding of new technologies it is also of importance to consider issues that
are related to the adoption of new technologies within the organization a nd the new ways of
working within the RWS organization. This section addresses organizational issues around
(1) the embedding of new inspection technologies within the RWS organization, (2) the
increasing role of the private market sector in relation to ro ad maintenance and inspection
and (3) change management issues.

It is not the intention to provide final answers in this section regarding the embedding of
new inspection technologies, as this depends on the RWS policy and the direction it wants
to go regarding road asset management and inspections (see Figure 33).

THE CURRENTSITUATION

The RWS organizations that are responsible for the road conditions are the 10 regional
institutions (see figure 29). Underr ytGh eDirsetgriiocnte
mi ght reside. Roads obviously fall under the re:
the Regional institutions and their Districts are responsible for the maintenance of the Dutch

road network, the national institutions provide counsel about policies, standards and

procedures. Furthermore the national institutions are responsible to provide overview of the

road network at a national level and maintain therefore national databases.

Board

National Specialist Institutions Regional Institutions
(DVS, DID, DI (10)

I |

e (w“, m

Fig. 29 Organization chart of the RWS institutionsathare relevant to this study
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As the regional institutions are responsible for the maintenance of the roads in their region
one would expect therefore that the road inspections are carried out by the regional
institutions (or their subordinate districts) as it would mean that the source of road
condition information is closest to those who are responsible for maintenance. Although
some of the technical inspections are part of
on a regular basis, practice learns that the regional institutions are carrying these technical
inspections on an ad hodasis as they are understaffed and absorbed by dayto-day traffic
flow management. A benchmarking report (Kersten and Steenis, in prep.) is expected to
address this point and describes that-e x ¢ e pt & cohr o (seehRigure 33 - the
contribution of the regional institutions to the technical inspections is low. The report
observes that the technical inspections are fragmentized but mainly carried out by the
various national specialist institutions (see 1, Figure 30). Furthermore, the information that
is gathered by the regions during inspections is locally stored and differs from one region to
the other (see 2 Figure 30). Accessibility to the different informati on sources is crucial to
understand the condition of the road system and includes pavement, structure s and other
road objects (see 3Figure 30). This is of particular importance for the regional institutions.
As this is currently not always the case impro ved accessibility to the information is

identified as a need for better road asset management (Advanced Inspections Workshop
(Reid and Oostrom, 2009)).

‘ Collection F«{ Processing ‘ Analysis

| Collection z 1 g Processing t 2 | Analysis ; 3.4 I Planning | Priorities |
& [’ i

=
- | — ]

Fig.: 30. This report focuses on the collection of road condition iafi@min relation to
decision taking (upper flow diagram). The lower diagram illustrates how currently road
information is being collected and how it affects the decision making within RWS (for more

details see benchmarking rep@térsten and Steenis, jorep.).

The information retrieved by the technical inspections is relevant for the national and
regional decision making about budget allocati ons for road maintenance (see 4Figure 30).
The above described collection process implies that the actual respmsible organization for
road condition management and maintenance (the regions) do not have good access to
proper and up -to date information about the conditions of the road system they are
responsible for. The regional institutions are not able therefore to enter the discussion about
planning and priority settings at the same level as the national organizations. This is not an
ideal situation for the regional managers, nor for the national institutions as information is
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incomplete and distributed over a va riety of databases (see Figure 30) that are not well
connected and stored in a variety of formats.

THE ROLE OF THEPRIVATEMARKETSECTOR

Wi th the RWS mari kneti puheprivatesha®et sector will play an
increasing role in the operational asset management activities of RWS including road
inspections (see Figure 31).

Fig.: 31. Within the RWS asset management maintenance loop the role of the private
market sector will increase. To what extent is still under discossiothe upper figure the
current RWS situation is given, in the lower diagram the possible future situation for
RWS. The -Future® figure also shows
Source: PIM° Congress)

This means that the commercial market is not only engaged in the Design & Build phase of
an infrastructure, but that they will increasingly be engaged in Maintenance contracts as
well (DBM contracts).

* PIM stands forPartnerprogranma Infrastructuur Managemerdnd is a 4 years RWS program in order to test

new policy & management procedures.
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