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ABSTRACT: In the early beginning of 2010, a commesive structural health monitoring
program has been launched in The Netherlands téthitle “Integral Solutions for Sustainable
Construction” (IS2C). IS2C is a National ST\@vww.stw.nl/programmas/is@nd company
(25%) program that aims to encourage new technedogind innovations on durability and
service-life assessment for the building and coectn sector in general and for the
infrastructure sector in particular. With the I1S2@ogram, it is the objective to generate
advanced knowledge for the elemenexessary to development a next generatmwadictive
Smulation Model for service-LIFE assessment” (SIMLIFE). These elements are the building
blocks for the simulation model and should genekatavledge in the field of, key performance
indicators, degradation mechanisms, monitoring aldgfron, material / structural performance,
monitoring structural performance, and data managenT he research projects are expected to
be strongly integrated and cover at least two eftkinee following main research directions, i.e.
Sensing & MonitoringDegradation mechanisrasd Materials & Structuresnd should address

a level of research knowledge that goes beyond sfahe art of these research directions. The
IS2C program is aiming to enforce new innovatianghie current state of the art of service-life
assessment and to set a new standard for susticatstruction. Projects that were selected
and currently run under the program address tHewolg issues: 1) Integral chloride sensor
development, 2) Chloride in cracked concrete, J)ilR&hloride Migration method, 4) Li-based
ASR remediation, 5) ASR performance assessment devklopment, 6) Durable repair
materials, 7) Post casting systems, 8) Proof l@adinaged concrete structures, and 9) Data
Management. The paper will provide an overviewhef $tate of the art of the 1S2C program.

1 INTRODUCTION

Structural Health Monitoring for infrastructuralsass as a research direction is getting more
and more the attention of the international regeanxiety. The aging stock of concrete road
and railway infrastructure in the western worlgiking up to significant levels and threaten the
reliability of our mobility and, with this, has hegimpact on the growth of the western

2 STW = Stichting Technische Wetenschappen resertt#eButch National Science Foundation.
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economies. The aging and associating deteriorafitime building materials over its service life
IS a very moderate process of destruction thattsfe structures’ durability, integrity as well as
the traffics’ network reliability. The durabilityf@raditional concrete structures using traditional
materials is relatively well covered by existingdes and regulations. Properly designed and
build structures are expected not have major diiralproblems during their overall life in
service. Major financial risks ensuing from struets expressed in terms of maintenance
requirements may be caused by improper constrydtimes design or flaws in building codes as
well as by (over) loading the structural capacitye do intensified traffic. Therefore, in terms of
structural health monitoring and service-life ass@nt of concrete structures, the robustness of
durability predictions is an issue that is of papamt importance.

With the structural health monitoring program deypeld in The Netherlands called “Integral
Solutions for Sustainable Construction” (IS2C)sitthe ambition to enforce a breakthrough in
the urge to achieve a proactive prediction and todng system for a reliable assessment of the
(remnant) technical service-life of railway and do#nfrastructure, and to quantify the
associating repair and maintenance demands. W#hSRBC program, it is the objective to
develop a new vision and knowledge to define tlegnehts necessary to development a next
generation “predictiveSImulation Model for servicd-1FE assessmeht(SIMLIFE). These
elements are the building blocks for the simulatiomdel and generate the knowledge in the
field of, key performance indicators, degradatiogchmnisms, monitoring degradation, material
| structural performance, monitoring structural fpenance, and data management. The
program attracted projects that covered all theaedh issues addressed above and is now
aiming at enforcing new cutting edge developmemthe current state of the art of service-life
assessment and to set a new standard for sustan@igtruction.

2 SETTING AND RELEVANCE

It is envisioned that the IS2C program contribui@ghe ambition of the Dutch infra-asset
managers to develop new and innovative solutioasdan be used to preserve the vital part of
the national economwiz. the national road and railway infrastructure. Thetherlands is
dealing with a mature stock of bridges, tunnels atfiér infrastructural assets that were mainly
built between in the past, between the 1960s aB0sl@about 30 to 40 years of age). For these
assets significant maintenance is to be expectésinvihe decades to come. Besides, these
uncertainties, governments substantially startedstirmg their spending in infrastructure in
order to stimulate the economic activities. Basedh®se facts, a situation has araised where
durability, maintenance and (residual) service hfssessment are key issues that should be
addressed in view of achieving a sustainable societ

The owners of infrastructural assets always haveatance their maintenance decisions based
upon financial and operation priorities. Ownerskl&oowledge about the relationship between
the technical state of a structure expressed imsteof durability, and, the financial and
operational consequences regarding the maintendaogand. This lack of knowledge is
commencing from the state of the material in refato the structural integrity, i.e. the technical
service-life performance. So far, the actual knalgke of the material, expressed in terms of
degradation, is considered the key information ssaey for the asset owner to decide upon the
maintenance priorities. Knowledge among the ratabetween the actual state of a structure
and the repair requirements to keep the structpezational is, at this moment, not reliable
enough to predict the financial consequences otwtres reliably. It provides the clear demand
for the need to generate more knowledge on theasieydar subjects which have also been the
basis for the research issues addressed in ths p&yram.
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With the introduction of the Design-Build-FinancedaMaintenance (DBFM) contracts for
large infrastructural assets, the government hasobjective to shift key responsibilities with
respect to the construction and maintenance preigedg towards the private sector. As a
consequence, consortia consisting of governmeiitidsa and investors are working together in
Private, Public, Partnerships (PPP) and bearingg-term predefined maintenance
responsibilities from 5 up to 25 years. Within thelding and construction sector, this has let to
a significant change in the situation that infrastural assets are now judged more and more in
terms of service-life assessment and less in tefmppsoduct specifications, i.e. from “functional
design” toward “defined performance design”. Thas Hurned out to be the initiation of an
enormous demand for innovation within the constoumcsector.

In order to encourage for new innovations in theaaof interest, three main research directions
were selected, i.e. Sensing & Monitorim@egradation mechanismasid Materials & Structures
(see Fig. 1) that will come together in the 1IS2@goam with the ambition to stimulate the
development of innovative and integral solutionsdostainable construction in general and to
generate new knowledge in the field of service-bfgsessment of infrastructural assets in
particular. Emphasis is on the overlapping areghefthree disciplines and on the interfaces
between the individual disciplines. New innovatidnsthese challenging research areas will
directly contribute to the innovative level of theilding and construction sector as well as to an
improvement of the ability to manage our infrastuual assets in a sustainable way. Besides, it
contributes to an efficient and sustainable useawfstruction materials and in relation to the
design life of structures and its maintenance deiman

» ~ Materials &
~h\ Structures

Figure 1. Schematic representation of the struchealth monitoring program IS2C.

With the 1S2C program, it is envisioned to fill-upe missing link in a long-list of already
finished and many currently running activities e tfield of service-life assessment and long
term performance of infrastructure by introducimgiategral approachn view of the relation
with public and other privately funded programsnmanitiatives have been launched all with
their own unique perspective, resulting in new infation on targeted fields of interest. The
main goal of the IS2C program is to generate navovations and to link together the three
dominant research fields in this arena, i.e. Momtp& Sensing Degradation Mechanismand
Materials & Structuresand to accomplish an integrated approach thafpley a central role in
all running activities. The projects that were deped within the IS2C framework associate the
same vision and cover a variety of research argasoverview of these projects will be
provided in a later section of this paper.
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3 PROGRAM SETUP

The 1S2C program was launched with the ambitiongémerate the elementsecessary to
development a next generatioprédictive Smulation Model for service-LIFE assessment”
(SIMLIFE), in view of sustainable construction. Beeelements should generate advanced
knowledge in the field of six pre-selected reseanctas, covering key performance indicators,
degradation mechanisms, monitoring degradationemadt structural performance, monitoring
structural performance, and data management. \Wihsetup addressed above, the program
aims to generate knowledge by developing projduis tover all research issues addressed
above. The research projects are expected to degstrintegrated and covered at least two of
the three following main research directions of B2C program, i.e. Sensing & Monitoring
Degradation mechanisnasd_Materials & Structuresnd address a level of research knowledge
that goes beyond state of the art.

As illustrated above, the IS2C program combinesefifierts of experimental physicists, sensor
developers, materials scientists and structuralneegs in order to realize its ambitions. For
each project running under this program, it is abered vital that numerical/theoretical
analyses are combined with experimental charaet#izs and validations.

Focus

The focus of the three main research directions is:

= Sensing & MonitoringRobustness and endurance of the sensor systems.
= Degradation Mechanism€hloride ingress and Alkali Silica Reaction.

= Materials & StructuresConcrete and/or composite structures.

Goal and main deliverables: Elements for SMLIFE

The goal of the 1IS2C program is to generate newMenige on service-life assessment that
goes far beyond the methods and procedures thauemently used in the daily practice of the
construction sector. The elements to be generaitbéhwhe scope of the IS2C program are the
necessary building blocks for the development efribxt generation simulation model that is
based on an overall vision on service-life assesgnamd will overrule all currently available
prediction models. In order to limit the scope lvd 1S2C program and to structure the projects
that run under the 1S2C umbrella, the dominant etgm of the simulation model are pre-
selected and are considered as the main reseaahb af this program. In total, six different
research areas have been preselected addressiegdhech areas of the key elements. In short,
these elements hold:

Key elements:

1 - Key Performance Indicators

2 - Degradation mechanisms

3 - Monitoring degradation

4 - Material / Structural performance
5 - Monitoring structural performance
6 - Data management

These key elements are considered to set the eatithe framework of the IS2C program. In
order to address the scope of these key elementstaled description of the scope that
indicates the focus of the key elements has bedrordted and comprises:
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1 - Key Performance I ndicators:

Determining the criteria at which degradation atitn occurs. Quantifying the state of
durability at a moment of initiation and determitige reduction of performance in the
propagation phase in relation to the design pamnmmetNanotechnology and/or miniaturize
sensor-based systems to measure the actual stadegoddation in relation to the critical
performance criteria are considered within this &®ment as well.

2 - Degradation mechanisms:

Determining the degradation mechanisms in cemesgdaaterials, limited to chloride ingress
and alkali silica reaction (ASR). Determining théical parameters and processes that activate
stimulate and/or promote the deterioration of éxgstind or new types of (blended) cements
and concrete. Associated effects induced by coufaetbrs such as (micro) cracking due to
thermal, mechanical and/or imposed deformationgamngidered in this key element as well.

3 - Monitoring degradation (chemical / physical):

Determining monitoring systems for measuring theualc state of degradation by using
advanced sensing technologies (RFID, MEMS, Lab-bip); that can operate in a distributed
sensor network, while requiring low power supplylyonThe monitored actual state of
degradation provides feedback data from real strastto the SIMLIFE model.

4 - Material / Structural performance:

Determining the effect of degradation processetheractual material properties and determine
its effect on the residual performance of strudufinese effects should be determined for both
existing aged and newly build and/or repaired $tmaés and include the effect of “hidden”
bearing mechanisms and its effect on the servieeasessment. It accounts for tolerances and
non-conformities during construction on the mategraperties and structural performance.

5 - Monitoring structural performance (mechanical):

Determining monitoring systems for measuring théuacperformance of structures using
advanced sensing technologies (MEMS, etc) thatopeemate in a distributed sensor network,
requiring low power supply only. It includes forlagonships between the internal effects of
materials degradation and the external changesuntgral performance. Providing the ability
to generate feedback to the SIMLIFE model, and geeelecision info for actual performance.

6 - Data management:

Determining system info for data management necg$sarganize the input for the SIMLIFE
model, i.e. input necessary to assess the seiféced structures based on the indicated
degradation mechanisms, the materials and strligtarformance and including the feedback
of data coming from monitoring / sensing of degtia mechanisms and structural
performance. It includes effects of local spatianitoring and global systems response. The
system should account for the management of theatag large amounts of data generated by
the monitoring systems and include decision makilggrithms that can account for the effect
of damage and/or deterioration of sensors anaiisaequences for the quality of the input data.

Towards a coherent portfolio of projects

With the 1S2C program it is the ambition to createoherent portfolio of projects that deliver
the key elements of SIMLIFE and contribute to thesrall 1IS2C objective. Consequently,
projects should comply with the structure of th@@Sprogram (see Fig.1) and integrate in a
way at least two of the three key elements adddeabeve. More schematically, projects are
selected on a basis that they cover the issuesuttimedl in accordance with the scheme
presented in Table 1. In this Table, a preferrddctien of links between the main research
directions and the key elements has been provitleel.scheme indicates the basic structure of
the integrated projects that run under the IS2@siral health monitoring plan.
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Table 1: Preferred outline for a coherent projextfplio.

KE Key Degradation | Monitoring |Materials/ |Monitoring |Data
MRD Performance | Mechanisms | Degradation | Structural Structural | Management
Indicators Performance| Performanc
Sensing & N A A N N
Monitoring
Degradation N \ A N \
Mechanism
Materials & N N N
Structure

KE = Key Elements; MRD = Main Research Directions

4 PROJECTS SELECTED

In line with the STW procedures and after a tholopger reviewing process, 9 projects (23
PhD positions) were selected that complied withviseon and structure of the 1S2C program.

In short, these projects comprise: 1) Integral Gtéo sensor development, 2) Chloride in

cracked concrete, 3) Rapid Chloride Migration mdih) Li-based ASR remediation, 5) ASR

performance assessment tool development, 6) Durapéer materials, 7) Post casting systems,
8) Proof loading of aged concrete structures, an@®@&a Management. In this section brief
summaries of these projects will be provided amdntiain research issues will be addressed.

1: Anintegral in-situ chloride sensing and monitoring system for concr ete structures

In order to come to a reliable sensor for in-siteasurement of chloride concentrations a full
integral approach is proposed where the sensolajevent, the chloride induced degradation
mechanism and the materials performance are deaglsimmultaneously by three PhDs. The
first project will be on the development of a Chser that can measure the actual chloride
concentration directly from its in-situ conditiom & porous network of cement-based materials.
The second project puts emphasis on the varioasgoat mechanisms of Cl in concrete and its
relation to damage mechanisms. The third and lagég is on the morphological changes of
the microstructure and its consequences for theridel measurements. In order to come up
with a sensor with long term stability it is foreseto make use a of sensor technologies such as
employed by lab-on-a-chip systems.

2: Measuring, modelling and monitoring chloride ingress and corrosion initiation in
cracked concrete

Chloride ingress and subsequent reinforcement siomaletermine for a large part the service
life of concrete structures. Various factors arghhly uncertain, however, so far, research has
addressed chloride ingress models and test proeedibat are available for concrete which is
not loaded and not cracked. In practice, all caecetructures are loaded and cracked to a
certain extent. In comparison with chloride diffusi chloride transport through cracks happens
very fast, potentially causing early corrosion@hforcement. In practice, corrosion at cracks is
considered less severe, however, the local conditiesponsible for chloride corrosion are not
well understood. Apparently counteracting factoxéstethat mitigate corrosion in cracks,
possibly due to (self)healing and/or blocking ofrosion products. Presently there is ho non-
destructive measurement technique available fatystg chloride transport in concrete. NMR
promises to provide such a technique. Main inflirgndactors are only known qualitatively.
Experimental work on micro and meso level will lmd to elucidate the mechanism.
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3: Chloride penetration in cracked and uncracked concrete structures (RCM method)

In recent years, there is a clear trend towardgydder durability of concrete structures. This
requires the development and subsequent introducfigperformance criteria as a design tool
for practice. For existing concrete structures, théoride profiles obtained reflect the real
exposure conditions prevailing during the precedliegod. This information forms the basis for
the quantification of key parameters (apparentagarfconcentration, diffusion coefficient and
aging factor), featuring in models that describenbimed moisture (in surface zone) and
chloride transport. Evaluation of laboratory accatied migration tests is eventually resulting in
a straightforward test procedure. This includesmaparison between the migration coefficients
determined on labcrete (potential quality) as opda® the migration coefficient on realcrete
(using iodide as migrating ion), while includingetbffect of cracks.

4: Modelling, non-destructive testing and Li-based remediation of deleterious Alkali-Silica
Reaction in concrete structures

Alkali Silica Reaction (ASR) is a silent killer abncrete as it often becomes apparent only five
to 15 or more years after placement, and is alsmahisdiagnosed. Left untreated, ASR can
continue to cause further expansion and crackifg¢clwnegatively influences tensile strength
and affecting its structural capacity. SecondlyRABay render the affected concrete vulnerable
to additional deterioration, such as increased tpatien of chloride which causes corrosion of
reinforcing steel, attack by freezing and thawimgl sulphates. Hence, detection, prevention
and mitigation of ASR is of critical concern wheesayning structures for long-term durability.
This is the objective of this research project, esong the complete knowledge chain from
fundamentals of degradation up to underpinned rétied methods.

5: Development of a Performance Assessment Tool for Alkali Silica Reaction (PATASR)
PATASR is proposed as a unique platform for engsyeghere vital material, environment and
structural parameters can be processed to revieR Afated performance of a particular
structure during its service life. The outcome fleg a full-scale technical report as well as
financial implications of the desired concrete dasiPATASR is also proposed as a tool for
inspection and rehabilitation projects of alreadgRA affected structures, where it could be
possible to obtain realistic information on the aémng performance. An additional feature of
the tool is that it acts as a database for aggeegaiment and environment profile information
centre, which enables transfer of knowledge toftitere projects and generations in a user-
friendly platform.

6: Durable Repair and Radical Protection of Concrete Structuresin View of Sustainable
Construction

Areas with poor quality concrete are susceptibl@eaetration of hazardous substances, like
CO2 and chloride ions, resulting in premature detation of the concrete and corrosion of the
reinforcing steel. In areas where the concreteityual really poor repair may be required. An
ideal situation would be if manual repair can tgtakfrained by applying a robust cement-
based self-healing coating. These two approachikdeviconsidered in this project, i.e. firstly
the development of durable and predictable concegtair and, secondly, the development of
cement-based self healing coating. The startinghtpéor this study is the Engineered
Cementitious Composite (ECC) with emphasis on theddmental knowledge of the bond
properties between ECC and the substrate interfetoe.acquired fundamental knowledge of
bond properties will then be used as basis fordwelopment of a cement-based self-healing
coating. It will be investigated how the self-haglipotential of ECC can be ensured in a robust
way, even if the thickness of the ECC-based coasimpt more than a few millimeters and can
contribute to enhanced long-term performance otie structures.
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7: Post-Cagting effects on Concrete Dur ability

When considering the whole concrete execution m®cthe issues of packing and curing are
considered to be of paramount importance. Packingoocrete directly affects the concrete
quality from the interior and determines both tistathce at which the aggregates are situated to
each other and the volume of entrapped air. Vibnatechniques are used to improve the
concrete compaction and promote the release opdickets of entrained air captured in the
concrete during the casting. Curing techniques basically applied to affect the concrete
quality from the exterior using surface treatmegerdas. Emphasis of the current research
project is on improving and optimizing the in- aexternal techniques to improve the quality
and durability performance of in-situ concrete.

8: Smart proofloading of concrete structures

Proof loading of existing concrete structures isnethod that is used to make sure that a
structure can resist at least the legal load, ptest by design codes. The method is applied if
there are doubts on the bearing capacity of a tstreicwhich is damaged by deterioration
processes (ASR, CI) or has been designed accamaliolg design methods which are not in line
anymore with modern load requirements. Especiallthe USA proof loading is an option that
is often chosen for situations that the detaila diridge (like type, amount and location of the
reinforcement) are not accurately known. The ptojeaon the questions with regard to the
bearing capacity of bridges in Europe addresséfel lof proof loading in relation to prevent
irreversible damage and to ensure sufficient safeting proof loading.

9: Infrawatch: Data Management for Monitoring Infrastructural Performance

In terms of condition assessment of infrastructiasgets, sensor systems are mounted to
structures in order to monitor the environmental vasll as the internal performance.
Environmental conditions are related to the climathanges in which the structure has to be
operational, and, in terms of performance, the ragleand internal actions acting on the
structure are to be recorded. Long and enduring Bd@nitoring systems are necessary that
generate large amounts of data that needs to Headed in a smart way such that relevant
changes in the data will be noticed and that assgtagement systems will be informed and/or
alarmed efficiently. Managing the huge amountsatadextracted from the monitoring systems,
requires integral knowledge in the field of datanagement. With the current research project it
is the objective to design, develop and optimizéata management system for measuring and
reporting the actual performance of large infragtital projects.

5 CONCLUSIONS

The outline of the structural health monitoring jpod for infrastructural assets that currently
runs in The Netherlands, called “Integral Solutidos Sustainable Construction” (IS2C), is
addressed in this paper. An overview is provideabiathe setting and relevance of the program
followed by a description of the program setup.soef the program is the integration of three
main research directions, i.e. Sensing & Monitoringgradation mechanisrasnd Materials &
Structuresand should generate new and cutting edge resessalis necessary for the six key
elements being the building blocks for the SIMLIFBdel. The model is considered to be able
to generate technical knowledge to asset managemysiems regarding the long-term
behaviour of the cementitious construction material

The IS2C program is a National research programvha only possible with strong support of
STW and the indispensible support the Dutch andpeones. The program strengthens the ties
between academia and industry and contributesitoable and innovative construction sector.
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