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Foreword

Concrete infrastructures are of great importance to society. They provide the means
to connect cities, transport people and goods, and protect land against flooding and
erosion. Most concrete infrastructures were built in the past 50 years. In general
they are designed to last for a period of 50—100 years, some even longer. This
implies that more and more of these structures are approaching the end of their
designed service life or that substantial maintenance is required to be able to reach
their designed lifetime. A substantial part of these structures are still functioning
relatively well at the end of their service life and could be given a second life with
proper maintenance and rehabilitation. Certainly repair and upgrading of a structure
will be more favorable than demolishing and newly building, because it will be a
faster method, which causes less hindrance to traffic, it will make use of less mate-
rial, which is better for the environment, and in most cases it is more economical.
The importance of developing strategies for repair and rehabilitation of concrete
structures is also illustrated by the budgets spent in Western countries on infrastruc-
ture. We have now reached the point where the annual budget for maintenance in
most countries is higher than the budget for newly built structures.

This book with the title Eco-efficient Repair and Rehabilitation of Concrete
Infrastructures gives the state of the art of all aspects dealing with the maintenance
of infrastructures. It starts with methods to recognize, assess, and monitor damage
in concrete structures. It discusses innovative strategies for the repair of damage,
where it focuses on new eco-friendly materials like geopolymers, sustainable
cements and concretes, and repair materials with improved properties, like strain-
hardening behavior, low shrinkage, and self-healing and self-sensing properties.
The last part of the book deals with case studies and how to perform a cost-
effective design and maintenance strategy for concrete structures looking at the per-
formance over the complete lifetime.

The editors have managed to compile a book which can be seen as a manual for
proper repair and rehabilitation of concrete infrastructures. It is a must-have for all
engineers and researchers dealing with the design and maintenance of concrete
structures such as roads, bridges, tunnels, dams, and coastal defense works.

Prof. Erik Schlangen
Delft University of Technology, Delft, The Netherlands
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Introduction

F. Pacheco-Torgal
University of Minho, Guimaraes, Portugal

1.1 Repair and rehabilitation of concrete infrastructures
on the context of sustainable development

Rockstrom et al. (2009) proposed an approach to global sustainability defining nine
interdependent planetary boundaries within which they expect that humanity can
operate safely. This include:

1. climate change (CO, concentration in the atmosphere <350 ppm and/or a maximum
change of +1 W/m? in radiative forcing);

2. ocean acidification (mean surface seawater saturation state with respect to aragonite
= 80% of pre-industrial levels);

3. stratospheric ozone (<5% reduction in O3 concentration from pre-industrial level of 290
Dobson Units);

4. biogeochemical nitrogen (N) cycle (limit industrial and agricultural fixation of N, to
35 Tg N/yr) and phosphorus (P) cycle (annual P inflow to oceans not to exceed 10 times
the natural background weathering of P);

5. global freshwater use (<4000 km>/yr of consumptive use of runoff resources);

land system change (<15% of the ice-free land surface under cropland);

7. the rate at which biological diversity is lost (annual rate of <10 extinctions per million
species).

£

Two additional planetary boundaries for which a boundary level was not yet
determined are: chemical pollution and atmospheric aerosol loading. According to
the authors, the “transgression one or more planetary boundaries may be deleterious
or even catastrophic due to the risk of crossing thresholds that will trigger non-
linear, abrupt environmental change within continental- to planetary-scale systems”.
These authors estimated that humanity has already transgressed three planetary
boundaries for changes to the global nitrogen cycle, the rate of biodiversity loss
and, above all, climate change (Hansen et al., 2013, 2016, 2017). Most unfortu-
nately, the repeated fiascos of the so-called Conference of Parties (COPs) in
Warsaw (COP-19) in 2013, Lima (COP-20) in 2014, Paris (COP-21) in 2015 and,
most recently, Marrakech (COP-22) in November of 2016 to agree on important
reductions on greenhouse gas emissions only worsened the climate change scenario.
The major problem being the fact that the major emission emitters: China, US and
India, do not accept severe cuts. If the position of China and India is understandable
from an economic view, the US is not, because it is a well-developed economy, and

Eco-efficient Repair and Rehabilitation of Concrete Infrastructures. DOI: http://dx.doi.org/10.1016/B978-0-08-102181-1.00001-0
© 2018 Elsevier Ltd. All rights reserved.
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on a per-capita historical basis, the U.S. is 10 times more accountable than China
and 25 times more accountable than India for the increase of atmospheric CO,
above its preindustrial level (Hansen and Sato, 2016).

As a consequence of this worrying status, it remains crucial to act in order to
address those problems in a context in which urban human population is growing
exponentially. Each day there are now about 200,000 new inhabitants on planet
Earth and in the next decades human population will almost double, increasing
from approximately 3.4 billion in 2009 to 6.4 billion in 2050 (WHO, 2014). As a
consequence, recent estimates on urban expansion suggests that until 2030 a high
probability exists (over 75%) that urban land cover will increase by 1.2 million
square kilometer (Seto et al., 2012). This overpopulation will require new infra-
structure and will put increase pressure on the existent infrastructures.

Concrete infrastructure encompasses bridges, piers, pipelines, dams, pavements, or
buildings that are crucial to services and economic activities of modern civilization.
Unfortunately, concrete deteriorates due to several causes including: mechanical
deterioration from impact or excessive loading, or deterioration due to physical
causes of erosion or shrinkage. More frequently, however, it deteriorates through
chemical detrimental reactions when it is exposed to environmental conditions
containing chlorides from seawater or from deicing salts, atmospheric carbon dioxide,
or other aggressive media (Glasser et al., 2008).

The importance of concrete durability has been emphasized by Mora (2007),
when he stated that increasing durability from 50 to 500 years would mean a
reduction of its environmental impact by a factor of 10. Concrete infrastructure
with low durability requires frequent maintenance and conservation operations and
its integral replacement is associated with the consumption of huge amounts of raw
materials and energy. Many of the degraded concrete infrastructures were built dec-
ades ago when little attention was given to durability issues (Hollaway, 2011).
Deficient execution due to poor workmanship is also a relevant cause of premature
degradation of concrete infrastructure and reinforcement corrosion (Costa and
Appleton, 2002) and this cause is becoming increasingly relevant in recent decades
(Elrakib and Arafa, 2012), relevant to the cost increase of workmanship.
Additionally, the majority of technical standards and codes that deal with durability
design and control of execution do not make any provisions for the assessment of
concrete cover depth achieved in structures. This constitutes a serious gap, because
failure to comply of the concrete cover depth with the specifications is one of the
main causes of premature deterioration of reinforced concrete structures (Monteiro
et al., 2015; de Medeiros et al., 2016).

Climate change is also increasingly responsible for the premature deterioration
of concrete infrastructure. Not only due to occasional and extreme atmospheric
events, but in a more frequent pattern due to concrete carbonation associated with
the steady increase on CO, concentration (molecules of CO, for every one million
molecules in the atmosphere) (Fig. 1.1). Its important to mention that 2016 was the
first year with atmospheric CO, concentrations above 400 ppm all year round
(Betts et al., 2016) and even if all the greenhouse gas emissions suddenly ceased,
the amount already in the atmosphere would remain there for the next 100 years
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Figure 1.1 Predicted estimates of CO, concentrations. Actual atmospheric CO,
concentration has been plotted side by side along with predicted concentrations for 2000—13
and shown in the inset panel.

Source: From Saha, M., Eckelman, M., 2014. Urban scale mapping of concrete degradation
from projected climate change. Urban Clim. 9, 101—114. Copyright © 2014, with permission
from Elsevier (Saha and Eckelman, 2014).

(Clayton, 2001). Wang et al. (2010) showed that additional carbonation-induced
damage risks for the A1FI emission scenario (CO, concentrations increasing by
more than 160% to 1000 ppm by 2100) are up to 16% higher if there are no
changes to how concrete structures are designed or constructed.

Stewart et al. (2011) found that carbonation-induced corrosion can increase by
over 400% by 2100 for inland arid or temperate climates in Australia. Bastidas-
Arteaga et al. (2013) noticed that climate change might reduce the time to failure of
reinforced concrete structures by up to 31%. Talukdar and Banthia (2013) found
that concrete structures that will be constructed in the year 2030, in areas where
carbonation induced corrosion would be a concern (moderate humidity, higher tem-
peratures and for a dry exposure class), structures are expected to show a reduction
in serviceable lifespan due to climate change of approximately 15—20 years, with
signs of damage being apparent within 40—45 years of construction. Since, in urban
settings, CO, concentrations can be much higher than in nearby rural environments,
and that urban areas are subject to increase temperature levels due to urban heat
island effects, this means that concrete infrastructure located in urban areas are sub-
ject to more intense carbonation-damaging actions. According to Saha and
Eckelman (2014), climate change will accelerate corrosion and degradation of con-
crete structures in Boston. By the year 2055, the chlorination-induced corrosion
depth in concrete structures built in year 2000 may exceed the code-recommended
protected cover thickness of 38 mm. For carbonation-induced corrosion, the
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threshold year is 2077. Rehabilitation of concrete infrastructures to address future
carbonation-induced corrosion under much-higher CO, concentrations, or any other
climate change related deterioration action, can be considered in the context of
urban adaptation. Fig. 1.2 shows a world map concerning the status of urban adap-
tation to climate change in areas with over one million inhabitants, each covering a
total of 1.3 billion people. Many of the existing infrastructures will still be in use
by 2030 and even in 2050 when climate change might have far more substantial
impacts than today, meaning that repair and rehabilitation action will be needed to
prevent premature degradation (Giordano, 2012). Worldwide concrete infrastructure
repair rehabilitation needs are therefore enormous. In US there are more than
60,000 structurally deficient bridges. For China this number exceeds more than
80,000 bridges. In Europe in the next 10 years some 1500 railway bridges are
expected to be strengthened, 4500 have to be replaced, and the deck of other addi-
tional 3000 bridges has to be replaced (Casas, 2015). Consequently, its costs are
staggering. According to OECD, improving the world’s infrastructure will require
an estimated $7 trillion/year USD (Kennedy and Corfee-Morlot, 2013).

In the US, the corrosion deterioration cost due to deicing and sea salt effects is
estimated at over 150 billion dollars and infrastructure repair rehabilitation overall
needs are estimated to be over 1.6 trillion dollars over the next years (Davalos,
2012). A climate-change induced acceleration of the corrosion process by only a
few percent can result in increased maintenance and repair costs of hundreds of

Adaptation profiles 3 'x atels,
® FEarly stage . .
® Extensive a2 T
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Couniries without sampled cities

Figure 1.2 Map of global urban adaptation panel.

Source: From Araos, M., Berrang-Ford, L., Ford, J., Austin, S., Biesbroek, R., Lesnikowski,
A., 2016. Climate change adaptation planning in large cities: a systematic assessment.
Environ. Sci. Policy 66, 375—382. Copyright © 2016, with permission from Elsevier
(Araos et al., 2016).



Introduction 5

billions of dollars annually (Bastidas-Arteaga and Stewart, 2015). The annual cost
of corrosion worldwide is already over 3% of the world’s Gross Domestic Product
(GDP) (Bossio et al., 2015). In Europe, bridge maintenance repair and strengthen-
ing requires an annual budget of £215M, and that estimate does not include traffic
management cost (Yan and Chouw, 2012). In US, costs related to wasted fuel and
time loss due to traffic congestion are estimated between 50 and 100 billion dollars
(Report, 2012; Schlangen and Sangadji, 2013). In the in city of Hong Kong, more
than 580,000 vehicles cross its 900 highway bridges on a daily basis (Pei et al.,
2015). This traffic volume is expected to duplicate in the next decades. It can never
be overemphasized that Earth’s populations are growing at a very fast pace and as a
consequence in 2014 there will be 12,000 million vehicles on the road and by 2035
this number will increase to 2000 million and 2500 million by 2050 (Navigant
Research, 2014). This means that concrete highways bridges will be subject to
increase use and will reach the end of their service life sooner than expected and
repair and rehabilitation costs will increase even further. The “Law of Fives” states
that $1 spent on design and construction is equivalent to $5 spent as damage initi-
ates, before it propagates; $25 once deterioration has begun to propagate, and $125
after extensive damage has occurred (Delatte, 2009). This concept highlights the
importance acting as soon as possible to prevent concrete infrastructure reaching a
level where extensive damage has occurred and the rehabilitation costs grow expo-
nentially. This action is related to the assessment of the infrastructure performance,
but monitoring activities are also costly and not all countries can afford it. In the
US, bridges are inspected every 2 years (Rehman et al., 2016). The lack of regular
inspections worsens the problem and contributes to premature infrastructure deterio-
ration, thus leading to possible bridge failure with an inevitable loss of human lives.
Its worth remembering that the 1967 failure of the Silver Bridge in Ohio caused 46
deaths, in 1981 the failure of the Hyatt Regency walkway in Kansas City failure
caused 114 deaths and 216 were injured, and in 2001 the Entre Rios bridge in
Portugal caused 59 deaths.

The European Standard EN 1504 (2004) “Products and Systems for Protection
and Repair of Concrete Structures-Definitions, Requirements, Quality Control
and Evaluation of Conformity”, consisting of 10 standards, is an interesting
and important standard of great interest for construction companies involved in con-
crete repair, including: EN 1504-1:2005: Definitions; EN 1504-2:2005: Surface pro-
tection systems for Concrete; EN 1504-3:2006: Structural and non-structural repair;
EN 1504-4:2005: Structural bonding; EN 1504-5:2005: Concrete injection; EN
1504-6:2007: Anchoring of reinforcing steel bar; EN 1504-7:2007: Reinforcement
corrosion protection; EN 1504-8:2005: Quality control and certification of confor-
mity; EN 1504-9:2008: General principles for the use of products and systems; EN
1504-10:2005: Site application of products and quality control of the works.

It is, by now, a standard that lags behind the state of the art on the field of
repair and rehabilitation on concrete infrastructures. Bartuli et al. (2010) had
already suggested an update of its content. Such an update is more necessary
because a few years ago the European Union passed regulations concerning the
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environmental performance of construction and building materials. On March 9,
2011, the European Union approved Regulation (EU) 305/2011, the Construction
Products Regulation (CPR), that replaced Directive 89/106/EEC, already amended
by Directive 1993/68/EEC, and known as the Construction Products Directive
(CPD). When comparing the basic requirements of the CPR and CPD, one can see
that the CPR has a new requirement: No. 7 (Sustainable use of natural resources),
and also that No. 3 (Hygiene, health and the environment) and No. 4 (Safety and
accessibility in use) have been refined. Meaning, since July 1, 2013, environmen-
tal assessment of construction materials in Europe it is mandatory for commercial-
ization. Since some of the repair materials mentioned in the EN 1504 like
polyurethane and epoxy have a high environmental impact (Pacheco-Torgal et al.,
2012) the future revision of this standard will have to focus on more eco-efficient
repair materials.

The methodology used to assess the environmental impacts of a given material or
activity from cradle to grave is known as “Life Cycle Assessment” (LCA). It “includes
the complete life cycle of the product, process or activity, i.e., the extraction and pro-
cessing of raw materials, manufacturing, transportation and distribution, use, mainte-
nance, recycling, reuse and final disposal”. The application of LCA has been regulated
internationally since 1996 under International Standards Organization (ISO) which
classifies the existing environmental labels into three typologies—types I (eco-labels,
ISO 14024), I (product self-declarations, ISO 14021), and III (EPD’s, ISO 14025)
(Pacheco-Torgal et al., 2013).

The concept of eco-efficiency was first coined in the book “Changing course”
(Schmidheiny, 1992) in the context of 1992 Earth Summit process. This concept
includes “the development of products and services at competitive prices that meet
the needs of humankind with quality of life, while progressively reducing their
environmental impact and consumption of raw materials throughout their life cycle,
to a level compatible with the capacity of the planet”. The eco-efficient repair and
rehabilitation means to increase the service life of concrete infrastructure, and to
use eco-efficient materials when possible, to design accounting for damaging
effects due to climate change and also by taking account LCC and LCA. Thus
greater economic and environmental efficiency can be achieved by designing infra-
structure that is simultaneously low carbon and climate resilient (Pacheco-Torgal,
2014; Kennedy et al., 2014).

The purpose of this book is to make a contribution in this area. Other books
have already been written about repair and rehabilitation of concrete infrastruc-
tures, but some books focus only on strengthening and rehabilitation using fiber
reinforced polymers (FRP)—a material that has some durability shortcomings as
can be seen on a chapter of Part 1 of this book. Others rely only on practical
advice, unsuitable to researchers. None have a strong cover of innovative materi-
als, to which this book dedicates a relevant part, nor do they dedicate even a
minimum attention to repair design, accounting to climate change design effects
or to LCC and LCA of repair and rehabilitation of concrete infrastructure like this
one does.
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1.2 Outline of the book

This book provides an updated, state-of-the-art review on eco-efficient repair and
rehabilitation of concrete infrastructures.

The first part encompasses materials and technologies (Chapters 2—10):

Chapter 2, Service life estimation of concrete infrastructures, concerns service
life estimation of concrete structures and their main mechanisms. They are
described and critically reviewed in the light of properly analyzed experience for,
and behavior of, actual reinforced concrete structures.

Chapter 3, Impact of climate change on the service life of concrete structures,
discusses some effects of climatic variables on concrete durability and some scenar-
ios of climate change. An example of a numerical application about the corrosion
of reinforcements on the Brazilian coast is presented.

Chapter 4, Monitoring of reinforced concrete corrosion, presents an overview of
the state of the art in using sensors for online monitoring of rebar corrosion inside
reinforced concrete (RC) structures. It includes: current technologies for online
monitoring of those structures, embeddable sensors for chloride concentration, pH,
humidity, reference electrode, and other parameters, and then a case study of accel-
erated testing of embeddable sensors.

Chapter 5, Monitoring with optical fiber sensors, deals with the use of distributed
optic fiber for the monitoring of concrete structures. An overview on optic fiber
technologies is given and then a practical guide in order to select the appropriate
optic fiber system for a given monitoring purpose, such as the crack detection or
the strain measurement is suggested.

Chapter 6, Structural health monitoring through acoustic emission, covers the
use of acoustic emission as a structural health monitoring technique to monitor the
performance and integrity of the structure when subjected to fatigue loading.

Chapter 7, Durability problems of concrete structures rehabilitated with FRP,
provides a review of the use of Fiber Reinforced Polymer-FRP composites for the
strengthening/reparation of concrete structures. Special attention is paid to the dura-
bility of FRP’s in terms of their degradation causes and mechanisms; for resins,
fibers, and the whole system.

Chapter 8, Field assessment of concrete structures rehabilitated with FRP, dis-
cusses several test methods to evaluate FRP, with a section to provide a relative
assessment of each available test. The chapter closes by providing a section of the
future of technology and application regarding FRP, with advice.

Chapter 9, Field assessment of a concrete bridge, presents a case study of the
field assessment: visual inspection and load testing of a reinforced concrete bridge,
with cracking caused by alkali-silica reaction. It encompasses the preparation,
execution, and post-processing of the load test. It also includes a discussion of the
cost-savings (economic, environmental, and social) that are obtained through this
procedure compared to a replacement of the super-structure.

In Chapter 10, Assessment of the deterioration of concrete structures using a finite
element model, finite element (FE) modeling is used to assess the deterioration of
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concrete structures is discussed. In particular, focus is placed on reviewing the state
of the art of FE model updating techniques. To illustrate the potential of the method,
a case study is presented and discussed in detail.

Innovative materials for concrete repair and rehabilitation are the subject of Part
II (Chapters 11—20).

Chapter 11, Geopolymer mortars based on different aluminosilicates, presents
geopolymeric repair mortars based on metakaolin, fly ash and slag. This chapter
also includes some comments about the EN 1504-3 requirements for the
performance (including durability) and the safety of products and systems to be
used for the structural and non-structural repair of concrete structures.

Chapter 12, Geopolymers mortars based on a low reactive clay, discloses results
of an investigation concerning the development of geopolymeric repair mortars
based on a low-reactive Tunisian clay. Geopolymeric mortars were studied for
workability, compressive strength, adhesion, unrestrained shrinkage and modulus of
elasticity. Several concrete beams, rehabilitated with a metallic grid and geopoly-
meric mortars were also tested for flexural strength.

Chapter 13, Assessment of corrosion protection methods for reinforced concrete,
presents an evaluation of different prevention and control methods for the corrosion
of reinforcing steel embedded in concrete after exposure to aggressive environ-
ments, including chlorides and/or carbonation. The methods include: the addition of
permeation-reducing materials, the application of electrochemical methods, and the
use of a geopolymer coating.

Chapter 14, Sulfoaluminate cement based concrete, concerns the synthesis of
sulfoaluminate cement using primary and alternative raw materials, its hydration
reaction with the presences of admixtures and OPC, its durability, and its usages for
repairing in concrete infrastructures.

Chapter 15, Engineered cementitious composites based concrete, surveys
Engineered Cementitious Composites (ECC) as new generation high-performance
concrete repair and rehabilitation materials. Mechanical, dimensional stability, and
durability properties of these High Performance Fiber Reinforced Cementitious
Composites are discussed, along with a number of successful field applications.

Chapter 16, Self-healing concrete with encapsulated polyurethane, addresses the
case of bacteria-based concrete. Production aspects of bacteria, suitable for concrete
applications, are reviewed, including some cost-related comments. The cases of
direct addition of bacteria to concrete and the application of bacteria for concrete
surface protection are discussed in detail. Protection strategies, through encapsula-
tion or immobilization of bacteria, are reviewed. Important data and discussion con-
cerning the application of encapsulated bacteria for self-healing concrete are
included.

Chapter 17, Concrete with super absorbent polymer, reviews self-healing
concrete using encapsulated polyurethane. Its resulting crack closure efficiency,
regain in impermeability, mechanical properties, and durability is demonstrated.
The possible extension in service life which can be obtained through the use of this
self-healing technique is described.
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Chapter 18, Concrete with self-sensing properties, presents an overview of these
properties and its effects on fresh and hardened concrete. It then discusses potential
applications in concrete, including the use of SAP as an admixture for internal
curing to mitigate autogenous shrinkage, improve freeze-thaw resistance, and
induce self-sealing/healing of cracks. The focus is to review recent studies of SAP
in concrete, identify gaps in knowledge and highlight future research needs.

Chapter 19, Bacteria based concrete, gives an overview on the current state of
development of the technology of self-sensing concrete, also highlighting the most
fruitful research, directions for the full development of its potential. Topics covered
in the chapter include composition and processing of self-sensing concrete, strain
sensing methods and models, main fields of applications, research trends and open
problems.

Chapter 20, Bio based admixture with substances derived from bacteria for the
durability of concrete, assesses the performance of bio-based admixture as corrosion
inhibitor for steel bars used in concrete as reinforcement. Electrochemical methods,
such as linear polarization and impedance spectrometry, were used to check the
influence of the bioadmixture towards steel corrosion.

Finally, Part III presents Design, LCC, LCA and several case studies (Chapters
21-25).

Chapter 21, Eco-efficient design of concrete repair and rehabilitation, covers
eco-efficient design of concrete repair and rehabilitation. A framework for eco-effi-
cient design is presented and a case study concerning a concrete mix design for a
reinforced concrete beam is included.

Chapter 22, Cost-effective design to address climate change impacts, poses
the problem of adaptation for deteriorating RC structures, due to climate change
actions. It describes a framework for evaluating the cost-effectiveness of adapta-
tion measures that accounts for deterioration models, probabilistic methods, and
cost-benefit analysis. The methodology is illustrated with an example focusing
on cost-effective adaptation of existing RC structures placed in coastal French
cities.

Chapter 23, Life cycle cost and performance analysis for repair of concrete
tunnels, discusses concrete tunnel maintenance: from the tunnel structure, deteriora-
tions and maintenance practice, to the eco-efficient maintenance. In order to realize
the maximum utilization of the facility with the minimum LCC, a framework was
proposed with the performance and LCC as the benchmarks for the decision-
making, and was successfully applied to a tunnel.

Chapter 24, Life cycle analysis of strengthening concrete beams with FRP,
analyses the implications, with respect to the environmental dimension of sustain-
able development, resulted from considering different carbon fiber reinforced
polymers for strengthening reinforced concrete beams.

Chapter 25, Life cycle analysis of repair of concrete pavements, closes Part III
with a chapter on the current state-of-practice in life-cycle cost analysis (LCCA)
and life-cycle assessment (LCA) of concrete pavement as critical to developing
eco-efficient concrete pavement repair solutions for overall sustainability.
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Service life estimation of concrete
infrastructures

Robert E. Melchers and Igor A. Chaves
The University of Newcastle, Newcastle, NSW, Australia

2.1 Introduction

Reinforced concrete (RC) can be a wonderful material for infrastructure applica-
tions, able to provide high structural strength and long-term durability, even in
severe exposure environments. More than 100 years of practical experience sup-
ports its use (Broomfield, 1999; Gjorv, 2009). It can, however, also behave quite
poorly in similar environments, with deterioration of the concrete itself and—signif-
icantly for infrastructure applications—the faster-than-expected rate of corrosion of
its reinforcement (Gjorv, 1971, 1994). Reinforced concrete structures prone to dete-
rioration are usually those not protected from the environment. Sometimes they are
prone to material degradation or damage from loading that may cause concrete
cover to crack. Examples include: RC bridges, reinforced concrete road decks, RC
railway sleepers, concrete-lined water channels and retaining walls, harborside piers
and other structures, and offshore oil and gas platforms.

If the concrete surfaces of a RC structure are protected by a physical barrier
such as ceramic or other low-permeability tiles, protective coatings of durable
paints or bituminous materials, or enclosed within the weather-proof skin of a build-
ing, long-term durability is unlikely to be a design consideration or a problem for
asset owners. Local failures of such protective systems, however, can cause serious
problems, for the same underlying reasons as those to unprotected RC structures.
To be adequate, protective systems must be well-designed and properly applied.
They also require adequate (and periodic) maintenance.

To protect steel reinforcement against corrosion, it is possible for some types of
RC structures to use cathodic protection. The electrons required to keep the steel
from corroding are supplied from another source, either a sacrificial metal (such as
zinc or aluminum) or by a direct current through a so-called “impressed current”
system. Both these methods can work only for steels that are wet. They also require
maintenance and usually are relatively expensive with an on-going annual cost.
These techniques do not work to protect the concrete matrix.

For modern infrastructures, the decision whether to protect or not, and the form
the protection might take may hinge on the expected life with and without protec-
tion, and on overall economics. Many older RC structures are not protected. This
chapter deals with unprotected concrete structures and the estimation of their
expected service life.

Eco-efficient Repair and Rehabilitation of Concrete Infrastructures. DOI: http://dx.doi.org/10.1016/B978-0-08-102181-1.00002-2
© 2018 Elsevier Ltd. All rights reserved.
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Estimating the expected life of an item of infrastructure, or the expected safety
over a defined lifetime, may be considered a problem in structural reliability. In
its simplest form it considers just one stochastic loading process Q(t) applied to a
structure. The strength or resistance capability of that structure is then considered
to have an uncertain strength, defined, at any time ¢, by the random variable R(r)
(Melchers, 1999). Fig. 2.1 shows these variables and their corresponding probabil-
ity density functions at time ¢, as well as the notion that the strength deteriorates
as a function of time. This may include deterioration factors like fatigue. The
expected life #; for a given, acceptable level of the probability of failure, pgs is
the matter of most concern to structural engineers and asset owners, even though
it is seldom presented to them in the way shown here. Equally, the expected
probability of failure p; for a defined lifetime is of interest. Furthermore, for more
complex systems, both Q(¢f) and R(¢f) are made up of multiple components and
may be stated as Q(¢) and R(z).

The probability of failure pg(f) can be estimated or predicted using conventional
structural systems reliability analysis (Melchers, 1999):

pilt= DfQ(x)'fR(x)dx 2.1)

where f() is the (conditional) probability density function for Q at time ¢ and simi-
larly for R at . The failure domain Dy conventionally is defined by a performance
function (or Limit State function) that may be stated as G(X)=G(R,Q)=
R — 0 <0, where X collects all the relevant random and other variables which, for
the simplest case shown here, are simply Q and R. Of course G(X) is time depen-
dent if one or more of the components of X is time-dependent. Stochastic variables
may be included in a variety of ways but often the simplest approach is to consider
them using a simple combination rule (Melchers, 1999). It is now clear that to esti-
mate the probability of failure pi(f) as a function of time ¢ requires knowledge of
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Figure 2.1 Schematic relationship between loading process Q(t), deteriorating resistance R(7)
and probability of failure py.
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the functional form of the decrease in R(¢), that is, of the deterioration function.
This is the subject of much of the present chapter, although, as will be seen, for
most practical situations that function is relatively complex and itself influenced by
a considerable number of potential variables. Once that function is known, the
actual estimation of service life, or probability of failure, according to Eq. (2.1) can
be performed using techniques described elsewhere (Melchers, 1999; Paik and
Melchers, 2008).

Before proceeding, it should be noted that increasingly there is interest in “whole
of life” or “life-cycle cost” analysis. This considers not just the probability of vio-
lating some defined probability limit, or a defined minimum lifetime, but the total
expected cost Cg, including allowances for renovation, repair and maintenance
costs and their probability of occurrence as well as the cost(s) of failure and the
probability of failure:

Ce= Y pCi 2.2)

where p; is the (conditional) probability for the occurrence of event i that has corre-
sponding cost C;, and the i ranges over the full range of possible scenarios (mainte-
nance possibilities, repair scenarios, failure scenarios, etc.). The p; values may be
obtained, if enough information is available, from estimates such as given by
Eq. (2.1), or, more generally may be estimated subjectively or based on historical
data (Bakker et al., 2017).

The concept of adding steel bars to concrete to produce structures dates back to
the late-1800s but its commercial use did not commence until the early 1900s.
Much of the early efforts were devoted to making the concept feasible, practical,
and economic. Most attention was given to structural strength issues and the devel-
opment of fundamental theory for design purposes. Much of this is now mature,
and increasing practical and research attention is being given to the production of
higher-strength RC structures with less cement, in part because of economics and in
part because of the environmental impacts, notably the production of carbon diox-
ide associated with the making of cement. As will be seen, this trend has implica-
tions for durability.

Early in the history of reinforced concrete structures, some concern was
expressed about their durability, particularly in marine environments but it appears
experiences varied widely (Wig and Ferguson, 1917; Wakeman et al., 1958; Lewis
and Copenhagen 1959; Lewis, 1962). Development of understanding of the causes
of deterioration and of the processes involved has progressed since, but as described
in Section 2.2, is still not complete. One of the difficulties is the correlation
between actual experience under realistic (field) conditions, perhaps over many dec-
ades, and what can be learnt from laboratory testing, usually under conditions
designed to accelerate the processes. As described in the rest of this chapter, efforts
to increase understanding is the subject of on-going research, increasingly focussed
on building models for predicting the amount or rate of deterioration, both for use
in lifetime estimation and for specifications in design codes. Section 2.3 deals with
one form of deterioration potentially leading to reinforcement corrosion, namely
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“carbonation,” while Section 2.4 considers the important problem of “chloride-
induced” reinforcement corrosion. How this relates to actual field experience is dis-
cussed in Section 2.5. It includes a small number of case studies to illustrate the
point that well-made reinforced concrete structures can survive many decades with
no apparent (and usually no actual) evidence of reinforcement corrosion. How these
data should be reconciled with some of the conventional thinking about chloride-
induced corrosion alongside fundamentals in corrosion mechanics is considered in
Section 2.6. This section also brings the discussion to the cutting edge of current
research understanding the processes involved in leading up to reinforcement corro-
sion and to its quantitative modeling. Section 2.7 deals with implications for practi-
cal structures—many of these are entirely consistent with what is considered good
practice based on empirical experience. The new research findings, however, also
suggest new ways of increasing long-term durability.

2.2 Causes of reinforced concrete infrastructure
deterioration

2.2.1 Overview

The causes of deterioration of a RC structure fall in two broad categories: deteriora-
tion of the concrete itself, and deterioration (i.e., corrosion) of the steel reinforce-
ment. One may lead to the other if, for example, the concrete cover to the
reinforcement is damaged, providing little, if any, protection and the reinforcement
might as well be exposed directly to the environment. Unfortunately, the cases of
reinforcement corrosion in practice have not always taken this possibility into
consideration.

2.2.2 Physical damage

Physical damage of concrete, such as damage to the concrete cover of the reinforce-
ment and the cracking of concrete, should be considered. Careful analysis of the
corrosion of reinforcement for concrete highway bridges in Germany (Volkswein
and Dorner, 1986), Austria (Lukas, 1985), and the US (Beaton and Stratfull, 1963)
showed that the prime cause of extensive reinforcement corrosion was the damage
done by motor vehicles and lorries to the bridge deck concrete cover, and that this
was particularly bad where no bituminous wearing or riding course had been
applied. The blame for the aggressive corrosion is usually placed on the use of cal-
cium and sodium chlorides during frost periods, but it is clear that severe corrosion
would have occurred in any case.

Cracks in concrete have always provided a source of concern. If the cracking is
along the direction of reinforcement bars, it is highly likely that the bars underneath
are undergoing active corrosion. Cracks transverse to the reinforcement that did not
intersect them have been considered to have no influence on the initiation of
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reinforcement corrosion, provided the cracks were of moderate size (Beeby, 1978).
This was based on the results of relatively short-term testing of concrete specimens
with longitudinal bars and pre-formed cracks, using sodium chloride (NaCl) solu-
tions and in laboratory conditions. This led to cracks up to 0.3 mm crack-opening
size to be considered acceptable, including for observations of existing structures.
More recently, however, it has been found that even hairline cracking, barely visi-
ble to the naked eye, can cause very severe localized corrosion of reinforcement if
the crack intersects the reinforcement (e.g., Melchers and Li, 2006). In many cases,
there are tell-tale rust marks on the surface, but not always. The reasons for such
severe, and dangerous reinforcement corrosion will become clear in Section 2.6.

2.2.3 Material-related deterioration

The making of concrete has varied little since the early 1900, except for tighter con-
trols on mix proportions and a tendency to use less cement if possible, by the use of
various additives. These are, however, a relatively recent phenomenon. During the
1960s, there was a gradual change in the making of cement. It involved the use of
higher clinkering temperatures and finer grinding. There have been claims that this
change has had an effect on the durability of concretes, but objective evidence for
this claim is difficult to find and it did not appear as a critical issue in a wide-
ranging survey of the reinforcement durability of many structures (Melchers and Li,
2009). Comparisons of the older and newer cements show relatively little change in
the critical components (Cornish and Jackson, 1982; Nixon and Spooner, 1993).
There are many other variables that can influence durability (Hewlett, 1988).

The setting reaction when cement is mixed with water and aggregates produces
a material with a high pH—typically 13.5—14. The higher pH values are imparted
by the alkalis NaOH and KOH, while the principal alkali, Ca(OH), imparts a pH of
about 12. In contrast, solutions of the almost-insoluble calcium carbonate (CaCQOs3)
have a pH of around 10.

Probably the most important aspect for the durability of concretes is the “alkalin-
ity” of the concrete, perhaps more easily visualized as its “acid-buffering capacity.”
Good quality concretes have a high alkalinity and thus can absorb a large amount
of acid attack and still retain useful pH values. As usual, the alkalinity of concrete
can be considered in terms of the concentration of hydroxide ions, i.e., [OH ].

Since concretes are made from aggregates and the highly alkaline cement, it is
possible for certain reactions to occur between these components. This can give rise
to alkali-aggregate reactions (AAR) and alkali-silica reactions (ASR) that damage
the concrete matrix (Jensen, 1996; Richardson, 2002; Gjorv, 2009).

2.2.4 Atmosphere-related deterioration

Atmospheric deterioration is mainly through the physical effect of weather wearing
away the finer particles of a concrete surface, and, in polluted atmospheres, the pos-
sibility of chemical attack, particularly from airborne sulfur. In moist conditions
these form sulfuric acid that attacks the alkaline surfaces of the concrete.
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Another, indirect deterioration mechanism is that of carbonation (Parrott, 1987;
Richardson, 2002). Particularly for concrete surfaces which are only occasionally or
periodically wet, atmospheric carbon dioxide (“acid rain”) can diffuse into the con-
crete and convert the critical alkali, calcium hydroxide (Ca(OH),), to calcium car-
bonate (CaCOj3). This lowers the pH of the concrete—in particular its surface—and
thus its resistance to chemical attack. If sufficiently aggressive, carbonation also
has an effect on reinforcement corrosion (see below).

2.2.5 Effect of seawater

Surprisingly, unpolluted seawater tends to have a protective effect on concrete. This
is as a result of the high carbonate content (calcium and magnesium carbonates) of
natural seawater, and the tendency for these carbonates to deposit as solid species
on the high pH surfaces, particularly of new concrete. The deposits provide a layer
of carbonates that help reduce diffusion of gasses such as oxygen into the concrete,
even if such diffusion is very slow in water-saturated concretes.

2.2.6 Reinforcement corrosion

Like all other forms of wet corrosion, the corrosion of steel reinforcement involves
chemical reactions. Some are known as electrochemical reactions because they may
occur at slightly different locations and thus transportation of electrons is required
to balance the equations. Typically, one part of the reaction is the oxidation of fer-
rous iron (at anodic sites) (Jones, 1996):

Fe — Fe’™ +2¢~ (anodic reaction) (2.3)

This releases ferrous ions into the adjacent water and allows electrons (e ) to
move through the metal to other locations. Typically, these are the cathodic site(s),
where the electrons combine with (i.e., reduce) oxygen dissolved in water to form a
hydroxide:

O, +2H;0 +4e~ — 4(OH)™ (cathodic reaction) 2.4)

This reaction (2.4) is then followed by a purely chemical reaction, at these
cathodic sites, to produce the usual first form of hydrated iron oxide (i.e., rust):

Fe’* + 20H™ — Fe(OH), (2.5)

In practice the Fe(OH), may oxidize further to other forms of rust such as mag-
netite, but this does not change the basic scenario. Note that Eqs. (2.3) and (2.4) are
inter-connected through the transfer of electrons between anodic and cathodic sites.
(It is noted that cathodic protection works through interrupting this flow of elec-
trons or obtaining it from another metal rather than from Fe in Eq. (2.3). In both
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cases this reduces the demand for electrons from the anodic reaction, and thus the
metal loss.)

Like all chemical reactions, Reactions (2.3—2.5) can occur only if the relevant
thermodynamic requirements are met. These are the Gibbs free energy requirements
in chemistry. In corrosion theory, it is more common to employ the equivalent elec-
trochemical form given by the well-known Pourbaix diagram for the metal and lig-
uid being considered (Jones, 1996). In both cases, the criterion depends on the pH
of the solution. Whether the reaction occurs also depends on the available electro-
chemical potentials. These are either imposed (such as by an applied voltage, as in
electrochemical tests (Huet et al., 2005)) or are those freely available from the
metal and the liquid compositions. This means that in pure water, general corrosion
of ferrous iron can occur only for pH < approximately 9 (Jones, 1996; Chitty et al.,
2005). For waters containing chlorides, however, the electrochemical potentials
(free energies) are higher and it has been observed that pitting corrosion (but not
much general corrosion) can occur at much higher pH values—up to ~13
(Pourbaix, 1970). It is important to note that all these conditions refer to whether
corrosion can actually occur. They say nothing about the rate of corrosion and thus
about its severity in practice.

Corrosion can continue to occur only if the thermodynamic requirements con-
tinue to be met. The rate of the inter-connected reactions (2.3) and (2.4) is con-
trolled, in most cases, by the rate at which electrons can transfer between them. For
most metals, and slightly less so for water, the conductivity for electron flow is
very high and not limiting. Often, the limiting condition is the rate at which gaseous
oxygen can accept electrons to become ionized oxygen as in Reaction (2.4).
Usually, this is limited by the rate of oxygen availability and, in turn, this is limited
by diffusion considerations. In drier conditions, the rate of the reaction may be lim-
ited also by the availability of water to combine with oxygen to allow (2.4) to
proceed.

Consequently, if oxygen is not available, corrosion should not occur. Even small
amounts of oxygen, however, permit some corrosion and, if combined with other
conditions, could cause severe corrosion—particularly localized corrosion. One of
these is the presence of species of very low pH. For example, for pH <4, corrosion
can be severe (Jones, 1996). The other is the presence of chlorides or similarly
aggressive species (e.g., other halides). These have always been recognized as par-
ticularly aggressive—shown to be so in laboratory experiments as well as in, say,
coastal atmospheric exposures of steels. But care is required in translating observa-
tions from one environment to another. In studying the corrosive effect of various
salts, including NaCl, on immersed strips of steel, Heyn and Bauer (1908) observed
almost no difference in corrosion mass loss over an extended period of time. The
observations caused considerable controversy, particularly since the electrochemical
nature of corrosion was at that time still not well-understood (Evans, 1960).
Subsequently, however, Brasher (1967) and Mercer and Lumbard (1995) have pro-
vided both explanations and supporting evidence that the critical aspect of the 1908
experiments was that the solutions were stagnant. Under these conditions even a
small availability of oxygen was sufficient to create an oxidation layer sufficient to
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out-compete the chlorides. In fact, Mercer and Lumbard (1995) have shown clearly,
using rotating specimens in chlorinated water, that chlorides become progressively
more important on corrosion mass loss as the speed of rotation is increased. At zero
water velocity, the concentration of chlorides had no effect on corrosion mass loss.
These observations are important because inside well-made concretes, conditions
will be stagnant, but they apply only to general corrosion such as measured by
mass loss. For pitting, the above observations about pitting in aerated chloride solu-
tions, apply. Once the pitting process has been established, however, pitting can
continue under almost-anoxic conditions and can become very severe (Wranglen,
1974; Jones, 1996).

2.2.7 Summary

In practice, usually the most critical factor in the service life of RC structures is
reinforcement corrosion. Its causes must be separated from damage to the concrete
cover. Whether from externally applied loadings such as traffic loads, from environ-
mental factors such a thermal cracking, or from internal stresses caused by AAR or
ASR. In the following two sections, the two major causes of reinforcement corro-
sion are considered: carbonation-induced corrosion and chloride-induced corrosion.
They draw on the summary of the basic mechanics and reactions for corrosion
reviewed above.

2.3 Carbonation-induced corrosion of reinforcement

Carbonation is the process in which the alkaline calcium hydroxide Ca(OH), in the
concrete reacts with carbon dioxide (CO,) to produce calcium carbonate (CaCOs)
(and also a limited amount of calcium bicarbonate) within the concrete matrix
(Hunkeler, 2005). The reaction is at least a two-step process:

CO, + H,0 < {H,CO;3) (2.6)

where the { } is used to indicate that product, carbonic acid, usually exists mainly
as a solution of the low solubility CO, in water. It is a weak acid with, at atmo-
spheric pressure, a pH around 5.5—6 and thus will react with the Ca(OH), in the
concrete to form CaCOs:

Ca(OH), + {H,CO3} — CaCO; + 2H,0 2.7)

Carbonation also may be the result of carbon dioxide reacting with the hydrated
silicon and aluminum oxides and the sodium and potassium hydroxides (NaOH and
KOH) in the cement.

Typically, the gaseous CO, diffuses from the atmosphere through the concrete
cover. Considering its large molecular size, typically the diffusion is slow—much
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slower than that of oxygen or water, and for most good quality high density low
permeability concretes carbonation is not of practical concern (Parrott, 1987).
Furthermore, the diffusion of CO, through water, as might be present in the pores
of concretes, is very slow. This means that carbonation is very unlikely for wet con-
cretes or concretes under water.

There is a long history of inferring that there is a causal relationship between the
pH of ~ 10 resulting from the carbonation process (Reactions 2.6 and 2.7), and the
initiation of reinforcement corrosion. This follows observations that, in concretes
carbonated as far as the reinforcing bars, the bars usually are corroded.
Additionally, laboratory tests using alkaline solutions or accelerated testing
appeared to support the inference (Parrott, 1987). Although this simple correlation
has been widely accepted, it is simplistic and there are some problems with it.
Some texts refrain from mentioning pH values in their discussion of carbonation
(e.g., Bertolini et al., 2004).

As noted above, corrosion theory and controlled experiments have shown that,
under normal oxygenated conditions, steel in immersion exposures requires the pH
to be below ~9 for general corrosion to occur. The pH can be higher only in the
presence of halides such as chlorides, and then pitting is dominant. Since carbon-
ation does not involve chlorides, a pH of ~10 should be protective. In fact, this is
one of the mechanisms for corrosion protection set up by impressed current protec-
tion for steels in seawater (Jones, 1996). In a classic field trial (Humble, 1949),
when the current was applied, there was a gradual build-up of calcium carbonates
on the metal surface and no corrosion. When subsequently the current was turned
off, no corrosion took place until such time as the calcium carbonate layers fell off,
months later, due to wave action. This demonstrates that calcium carbonate is pro-
tective and does not directly cause corrosion. Similar findings are available for con-
cretes that retained their pH above 10 for more than 60 years, and only where the
pH had fallen below 9, such as at cracks in the concrete permitting entry of sea and
rain water, was corrosion observed (Melchers et al., 2009). And, as discussed fur-
ther below, there is field evidence that concretes made with limestones or non-
reactive dolomites take much longer to show signs of reinforcement corrosion.

A closer examination is required of the carbonation process to explain these
apparent contradictions. One of the earliest descriptions of observations of concretes
that were considered to have suffered carbonation noted a miss-match between the
apparent front of the carbonated zone, as measured by pH tests, and whether the
reinforcement showed corrosion (Hamada, 1969). The explanation is not difficult to
find. As CO, diffuses into the concrete it will be neutralized by the alkalinity of the
concrete, and as further CO, enters, the neutralization front will move further into
the concrete, leaving behind CaCOj5 (Fig. 2.2). Also, under high CO, concentrations
inside the concrete, calcium bicarbonate (Ca(HCOs3),) may result, and this has
some additional alkaline buffering capacity (Hunkeler, 2005). The level to which
the concrete pH then falls is an interesting question since it is generally assumed
that it will fall low enough for corrosion to initiate, that is to pH <9.

Because the measurement of pH inside concretes is difficult, many of the experi-
ments have used solutions to simulate concrete pore waters. Even then, for
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Figure 2.2 Migration of CO, into concrete showing progressive loss of pH and the transition
zone between carbonated concrete and the original concrete with high pH.

carbonates in solution and for rock samples, the measurement of pH is known to be
difficult and liable to give different results, depending on the environmental condi-
tions. Under anaerobic conditions, the pH for a saturated solution with calcium car-
bonate is ~9.9. As air is introduced the pH falls slowly to around 8.4 at standard
temperature and pressure (Garrels and Christ, 1965). This is one reason why con-
crete structures, broken open, eventually show much worse corrosion than when
first broken open. It demonstrates the importance of the permeability (mainly to
oxygen) of the concrete. High quality concretes are far more likely to have close to
anaerobic conditions next to the reinforcement bars (as discussed further in
Sections 2.4 and 2.5).

As the CO, continues to diffuse into the concrete, the carbonation front will
move further into the concrete. Depending on the rate at which neutralization can
occur, relative to the rate of ingress of CO,, some CO, is likely to precede the car-
bonation front (Fig. 2.2). This means that, when all local alkalinity has been con-
sumed, such as at the reinforcement bar, any further ingress of CO, will not be
neutralized. It is this carbonic acid at the reinforcement bar that must be responsible
for corrosion attack.

Carbon dioxide in water, as carbonic acid, is, although a weak acid, well-known
in the oil and gas industry to be very aggressive in terms of corrosion attack of
unprotected steels (Jones, 1996). Thus, the net result of the carbonic acid preceding
the carbonation front once alkalis have been exhausted is that it causes reinforce-
ment corrosion ahead of the carbonation front reaching reinforcing bars. This corre-
sponds to the observations recorded by Hamada (1969) for many of the RC
structures he examined in detail. In summary, it is not necessarily the lower pH
of the CaCOj3 (and bicarbonate) produced by the ingress of CO,, but the eventual
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un-neutralized carbonic acid, at pH ~6 in normal atmospheric temperature and
pressure conditions, that causes initiation of reinforcement corrosion.

Extensive literature exists for estimating the rate of inward diffusion of CO, and
hence the “depth of carbonation” x(f) as a function of exposure time f. It uses
Fick’s second law (of diffusion) to obtain a relationship:

er(x, 1) = ¢y erfe [x/2 (D 1)1/ (2.8)

where c¢; and ¢, are the concentrations of CO, in the exterior atmosphere and at the
carbonation front, the latter a function of distance into the concrete x, and time ¢,
and D = the diffusion coefficient of CO, in carbonated concrete (i.e., that on the
left side of the transition zone in Fig. 2.2). A simplification for Eq. (2.8) is obtained
using the first two terms of the approximation for the complementary error function
“erfc”:

e, 1) =i [1 = (x/a)(D 1)/ (2.9)

where a is a constant. In the case of complete carbonation ¢, in Eq. (2.9) will be
zero. Extracting x produces

x=Kt /2 (2.10)

where the so-called “carbonation constant” K includes c¢; and D and is known from
observations to have a wide range of typical values, varying from 2 to 6 for low
permeability (high-quality) concretes to K >9 for highly porous, poor-quality con-
cretes. Various modifications to these relationships have been proposed to better fit
some experimental data (e.g., Bertolini et al., 2004; Hunkeler, 2005). However, the
variability in predicted carbonation depth x for defined conditions and concrete
properties remains very high, typically some two orders of magnitude (Glass and
Buenfeld, 1997).

Fortunately, practical experience indicates that carbonation is not a critical issue
for well-made, dense, low-permeability concretes. Industry experience is that good
quality concretes permit only a few millimeters of carbonation depth, even over
extended periods of exposure (Parrott, 1987). Nevertheless, carbonation receives
considerable discussion in reinforcement corrosion texts.

2.4 Chloride-induced corrosion of reinforcement

It has long been thought that the build-up of aggressive ions such as chlorides on the
surface of the reinforcement in concrete structures will cause the reinforcement to
corrode once a sufficient chloride ion concentration has been reached (e.g.,
Richardson, 2002; Hunkeler, 2005; Gjorv, 2009). In modern RC construction, the use
of seawater has been banned for many years. It follows that the chlorides must come
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from outside the concrete structure, for example from surrounding seawater or from
seawater spray in coastal regions. To assist in estimating service life for such RC
structures, much research attention has been given to the rate at which chloride ions
can reach the reinforcement. Principally, the transport phenomenon has been taken to
be diffusion, expressible through Fick’s second law of diffusion (see Eqs. 2.8—2.10
above) but now with chloride concentrations. Again, the actual transport phenomenon
is not purely diffusion and thus (Eq. 2.10) is an approximation. Various modifications
have been proposed also in this case (e.g., Hunkeler, 2005).

The situation is complicated by the effect of environmental conditions. In the
atmosphere, rain may allow chlorides close to the surface to leach out again, but
leaving higher internal concentrations. This may occur also as a result of wet-dry
cycling, including in tidal conditions. In fully-immersed conditions, inward chloride
diffusion is usually assumed to be low as a result of the known build-up of calcium
and magnesium carbonates on the concrete surface (see above). These carbonate
layers are also a diffusion barrier for oxygen transport and diffusion. Overall quanti-
fication of these effects has been difficult, in part attributed to wide variations in
concrete properties (Hunkeler, 2005). Practical experience supports measures to
reduce chloride diffusion and other forms of transportation for RC structures
directly exposed to the environment, including thick concrete cover, high density
concrete, permeability-reducing additives such as protective coatings and water-
proofing agents and “good-quality” workmanship. In some cases, cathodic protec-
tion may be useful.

The actual effect of chlorides was, for a long time, attributed to their direct
attack on the steel reinforcement. Much research effort has focused on ascertaining
the “chloride threshold” at which corrosion commences. Other investigations have
focused on the ratio [Cl1 J/[OH ], i.e., ratio of the concentration of chloride ions to
the concentration of hydroxide ions, following Hausmann (1988). Despite the
extensive investigations, both criteria still suffer from wide variability and problems
with repeatability (Bentur et al., 1997, p. 31; Angst et al., 2009). This may be due
in part to the “stochastic nature of initiation of pitting corrosion. ..” (e.g., Bertolini
et al., 2004) but it has been increasingly recognized that the situation is more com-
plex. Specifically, it has become clear that the action of chlorides is not necessarily
a direct attack of the steel reinforcement, although the precise mechanisms involved
have remained elusive. The terminology “chloride-induced” corrosion is now cur-
rent. As described in Section 2.6, some recent progress has been made, but it is first
necessary to learn something from the observations of actual structures exposed to
realistic environments.

2.5 Practical experience, observations and investigations

2.5.1 Introduction

By definition, durability studies require long-term observations. They cannot be
replicated with confidence in laboratory trials. Although accelerated testing, for
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example, can be done using salt sprays, higher temperatures, impressed current on
the reinforcement, etc., the relationship of the results obtained to actual in-service
behavior remains tenuous, as well as in fields other than reinforcement corrosion
(Poursaee and Hansen, 2009; Lee et al., 2010). An alternative is to try learning
something from actual operational experience with real structures. The usual draw-
back is that there are few structures available for investigation, they tend to be one-
off so that investigation of causative parameters is difficult, and typically they are
not well-documented (or the documentation no longer exists or cannot be found).
Nevertheless, the approach does have merits and can be considered an archeological
one, such that with care useful observations can be made. Several investigations
along these lines have been described for reinforced concrete structures (e.g.,
Melchers et al., 2009) as well as for materials of potential use in nuclear waste stor-
age facilities (Chitty et al., 2005). In the following sections, the corrosion perfor-
mance of a number of reinforced concrete structures exposed to marine
environments is described, admittedly briefly, and a summary is given of a much
wider overview of cases reported in the literature.

2.5.2 Hornibrook Bridge, Brisbane

In 2010 the 2.7 km long reinforced concrete substructure supporting the timber
superstructure of a narrow bridge at Bramble Bay, Brisbane and immediately adja-
cent to the Pacific Ocean was demolished after some 80 years service. The sub-
structure consisted of 879 reinforced concrete driven piles, each 400 X 400 mm in
cross-section with (in most cases) only 4 reinforcing bars of 32 mm (1—1/4") diam.
with 40 mm cover. The piles extended through the tidal and atmospheric zones, but
they showed, when removed, little or no visible evidence of reinforcement corro-
sion and certainly no longitudinal cracking along the reinforcement (Fig. 2.3).

Figure 2.3 Piles in storage after demolition, showing no exterior evidence of internal
corrosion. Even after the extended period (80+ years) of exposure in the marine atmosphere,
the tidal zone and immersed, there were no signs of longitudinal cracking along the lines of
reinforcement.
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Several samples of the piles were taken for detailed investigation (Pape and
Melchers, 2013). Some samples were cut across with a concrete saw and the pH
sampled over the cross-sections. Fig. 2.4 gives one example. It shows, as did all
others examined, that, even after 80 years, almost all the concrete still has a pH of
at least 9 and predominantly ~12. The cross-sections mostly showed no sign
of reinforcement corrosion around the perimeters of the bars. The chloride levels
in the concrete at the reinforcing bars were very high, up to 3% by weight of
cement. This is significantly higher than any permitted by conventional design
requirements (typically 0.4% by weight of cement). Steel reinforcing bars, when
extracted (with considerable difficulty) from the very high strength concrete
(around 60 MPa) showed almost no signs of corrosion. The few rust products
were identified as those associated with corrosion under very low oxygen condi-
tions, such as the “green” rusts.

Further investigations revealed that the bridge designer and constructor
demanded high quality workmanship and always erred on the side of adding more,
rather than less, cement. The likely sources of cement, sand and aggregate were
identified, but no inference could be made that the materials had any significant
influence on the durability performance of the piles.

Of the nearly 900 RC piles extracted from the seabed, only one was removed
with any incident. That pile was found to be cracked, transversely, about half way
along and about halfway through the thickness of the pile. Of the four reinforcing
bars, those intersected by the transverse crack had corroded right through and some
way back along the reinforcement itself. Almost no visible evidence of rust pro-
ducts on the exterior pile surface was noted, however, and on the cross-sectional
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Figure 2.4 pH map of typical pile cross-section, showing pH predominantly 12, except at

the one small rust spot where the pH is ~7.
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cracked zone there were only “watery-looking” rust stains. The likely reasons for
this behavior have been described elsewhere (Melchers, 2015).

2.5.3 Handrails at Arbroath, Scotland

Immediately next to the North Sea at Arbroath on the East coast of Scotland there
is a 1.6 km-long reinforced concrete balustrade constructed during 1943. It runs
along and above the beach and consists of almost 1000 precast concrete handrail
elements each about 2 m long and 130 X 150 mm in cross-section, with four 6 mm
diam. steel reinforcing bars. 90% of the elements dating from 1943 were still in
place in 2006, when the whole system was inspected in detail. The other 10% had
been replaced in 1968 and in 1993. Remarkably, when inspected in 2006, all repla-
cements were badly damaged by longitudinal cracking from reinforcement corro-
sion (Melchers et al., 2009). The 1943 concretes, however, had no longitudinal
cracking.

Samples of the 1943 elements were selected at random by local Council staff
and used for detailed investigation. When cut with a saw, the concrete samples
showed the presence of seashells inside the concrete. This can be taken as implying
the concrete was made using the local beach sands and perhaps also seawater. All
samples showed very high concentrations of chlorides in the concrete, much higher
than the accepted thresholds for corrosion initiation. Concrete cover and aggregate
size showed wide variations in amount and size. Almost no evidence of external
rust staining was observed for the whole structure, except the 1968 and 1993 ele-
ments. This may be because of the high rainfall in the area washing away soluble
ferrous chloride rust products (Melchers and Li, 2009). Almost all the cross-
sections of the 1943 concrete elements examined showed pH of 9—10 or more.
Most notably, where rusts were observed on the cross-sections, and this was rare,
the local concrete pH at reinforcement in all cases was <9. No cases of corrosion
were observed for higher concrete pH values.

When a number of lengths selected at random from the 1943 concrete handrails
were broken open, they almost always revealed reinforcement that appeared to be
in “as-new” condition. One section, however, revealed extremely severe corrosion
at a transverse crack, with almost complete loss of the reinforcing bars. Similar to
the Hornibrook Bridge, on the cracked concrete surface and inside the concrete
locally, where the bars had corroded away, light watery rust staining was observed
(Melchers and Li, 2009).

2.5.4 Other cases

Several other cases with features generally similar to those above include:

1. Maria Island cement works silos (1922) (Melchers et al., 2014),
2. Newcastle Harbour fortifications (1941) (Melchers, 2010a)
3. Thames Estuary forts (British Navy, Airforce) (1943) (Melchers, 2011),
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4. U-Boat bunkers along the East Atlantic coast (1940s) (Melchers, 2011; Melchers and
Pape, 2012),

5. Mulberry Harbour Phoenix caissons (1944) (Melchers, 2010b)

6. Concrete lighters (Severn Estuary, Sydney Harbour) (Melchers, 2010b; Melchers and
Pape, 2010)

7. German highway bridges (Lukas, 1985)

. Cylindrical bridge piers in the Gulf of Mexico (Lau et al., 2007).

9. Progreso Piers, Yucatan, Mexico (Melchers, 2015).

o]

These cases all showed long-term durability, despite some—such as the
Mulberry Harbour caissons, having been made quickly and under difficult condi-
tions such as a shortage of skilled labor. In this case, it is clear from the records
that all design efforts were concentrated on simplicity and resistance to storm con-
ditions (Wood, 1948). No attention was given to durability. Many of the caissons
are still largely intact off the Normandy coast, where they are almost entirely under
water. Some caissons were not used at Normandy, however, and are in the UK,
exposed for many years to primarily marine atmospheres (Fig. 2.5). Nearly all show
some corrosion, but it is modest considering the length of exposure and the expo-
sure conditions.

2.5.5 Synthesis of observations

Before all the above cases were examined, it was already proposed that there should
be revision of the notion that corrosion initiation was also the beginning of serious
longer-term corrosion, expressed in the well-known Tuuti (1982) model
(Fig. 2.6A). This model for the progression of corrosion with time assumes that
there is negligible or no corrosion in the period prior to the initiation time #; after
which corrosion becomes serious (Richardson, 2002; Hunkeler, 2005; Gjorv, 2009).

Figure 2.5 End view in 2009 of one of the two Phoenix caissons used as breakwaters in
Portland Harbour, UK, showing typical condition of the concrete. Both caissons were
constructed in 1943 and intended for use with the Mulberry harbours, but not used.
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Figure 2.6 (A) Classical Tuuti (1982) model showing no corrosion (damage) until
followed immediately by progressive serious corrosion (damage), (B) modified model with
separation between initiation at #; and start of active corrosion at t,.

Working with corrosion damage rather than corrosion, Weyers (1997) and Bentur
et al. (1997) have proposed that serious corrosion might occur at a time later than #,
to allow for minor cracking to facilitate chloride diffusion, such that when the chlo-
ride threshold was reached, significant and damaging corrosion could begin. A simi-
lar idea was proposed for bending cracks in beams (Francois and Arliguie, 1999).

Working with corrosion loss rather than damage, Melchers and Li (2006) pro-
posed there should be separation in time between the time to initiation (#) and the
time to active reinforcement corrosion (f,.) (Fig. 2.6B). The rationale for this pro-
posal was that initiation of corrosion involves a different set of physico-chemical
mechanisms to those responsible for active reinforcement corrosion. Support of this
concept can be seen in the analyses of reinforced concrete structures in field situa-
tions as described below (Melchers and Li, 2009). Other support includes long-term
laboratory exposures of pre-cracked beams which showed corrosion commencing
soon after first exposure that “practically halted” after a short time, before increas-
ing again much later (Yu et al., 2015).

The separation of ¢ and 7,., was used to review and analyze the reported observa-
tion given in almost 30 reports, extracted from the literature, covering around 300
individual reinforced concrete structures and compared with chloride content and
with type of aggregates (fine and coarse) (Melchers and Li, 2009). Cases suspected
of AAR or ASR were removed. The results are shown in Fig. 2.7. It is seen that
there is a difference of 10—20 years between ¢; and ¢, and that, overall, chloride
concentration is not a major influencing factor. There is also a considerable differ-
ence in the trends, depending on the type of aggregate used in the concrete—lime-
stone and non-reactive dolomites on the one hand, and igneous aggregates on the
other. The concentration of chlorides next to the reinforcing bars was estimated,
and in some cases showed a large degree of uncertainty, but as seen in Fig. 2.7, this
has little effect on the overall trends. In this regard, it is of interest that a number of
(more historical) papers have described cases of good quality, apparently-durable
concrete being made with seawater (and in some cases also with alkaline materials
such as coral) (Wig and Ferguson, 1917; Narver, 1954; Wakeman et al., 1958;
Dewar, 1963; Mather, 1964; Bogqi et al. 1983; Burnside and Pomerening, 1984). It
is noted that the use of seawater as mixing water for making concrete was not pro-
hibited in most countries until the 1960s, apparently in part as a result of tests
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Figure 2.7 Times to initiation () or active corrosion (f,.) as a function of concentration of
chlorides estimated to be next to the reinforcement and of the type of aggregate used for the
concrete. The typical range of threshold values in chloride concentration for corrosion
initiation also is shown.

reported by Shalon and Raphael (1959) (see Richardson, 2002; Gjorv, 2009).
However, as discussed further in Section 2.6, these tests are unlikely to be represen-
tative of concrete industry practice.

2.6 Recent research on the effects of chlorides

The summary results (Fig. 2.7) show that, contrary to the conventional wisdom, the
concentration of chlorides estimated to exist adjacent to reinforcing bars in real con-
crete structures has little effect on the times # and t,.. This is consistent with the lab-
oratory results discussed in Section 2.2 for corrosion of steel in stagnant solutions
showing little general corrosion, although pitting may occur. Fig. 2.7 also shows a
substantial difference, on average, between ¢, and 7, and this reinforces the notion
that they are governed by different mechanisms (Melchers and Li, 2006). This possi-
bility is under investigation in a long-term exposure trial, having commenced in
2004, in which several series of model concrete specimens each 40 X 40 X 160 mm
long, with a central 6 mm diameter steel reinforcing bar, are exposed continuously to
a 25°C high-humidity environment. The high humidity of the environment ensures
carbonation can be discounted. Most of the specimens were made with (Pacific
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Ocean) seawater as mixing water, some with additional salt and some with soft tap
water. Almost-yearly recoveries and detailed examinations are being made. Although
the tests are on-going, some observations are of interest.

After 10 years exposure, the most striking observation was that, irrespective of
water/cement and aggregate/cement ratio, the amount of general corrosion was
extremely low, and was only slighter greater for higher chloride content at the rein-
forcing bars. This is entirely consistent with the observations reported in Fig. 2.7.
The high density, low permeability concretes showed higher pH values for the con-
crete nearer the reinforcement, usually around pH 12. This was consistent with
observations of no corrosion for the corresponding reinforcing bars.

Where corrosion had occurred on the reinforcing bars, it was predominantly pit-
ting—often on an otherwise un-corroded bar (Fig. 2.8A). In most of these cases
there were multiple pits, and primarily along one side of the reinforcing bars. This
side corresponded to the lower horizontal part of the bar surfaces relative to the
casting direction and the shaking table used for compaction of the concrete. Closer
examination revealed the presence of air-voids in the concrete at the steel interface.
These were significantly larger and more frequent along the lower side of the rein-
forcing bars. They were also larger for the less-dense concretes. From this, it can be
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Figure 2.8 (A) Reinforcement bar (6 mm diameter) with part of the surrounding concrete
removed showing rust products at isolated points. The rust products would have had to be
within voids in the concrete matrix removed from the steel surface. A little of this can be
seen at lower right. (B) Model for localized corrosion (pitting) showing the importance of
air-voids in creating cathodic areas.
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concluded that the air-voids provide pockets of oxygen necessary for the cathodic
reaction (Jones, 1996). The pitting is the result of differential aeration at the edges
of the air-voids (Fig. 2.8B), consistent with basic corrosion theory (see Section 2.2).
It also is consistent with observations that corrosion pits on reinforcing bars do not
always align closely with air-voids (Verbeek, 1975; Angst, 2011).

The scenario shown in Fig. 2.8 does not accord with the representation common
in text books and some literature. Typically, these show a cathodic reaction on the
un-pitted, un-corroded parts of a reinforcing bar, without air-voids. It is assumed
that the resulting reaction corresponds to active corrosion. This, however, requires a
rate of oxygen supply sufficient to sustain the corrosion reaction and, while this
may be realistic for poor quality concretes that permit oxygen diffusion far enough
inward to reach the reinforcing bar surface, it is unlikely for high quality concretes
with very low permeability. As noted in Section 2.5, field observations show clearly
that, for high quality concretes, rusts, if any, are of the extremely low oxygen type,
including “green”-rusts (Gilberg and Seeley, 1981).

One of the series of specimens (series C) was made with sulfate-resistant cement
rather than the standard, commercial, blended cement used for all the other series.
An interesting feature of this cement is that it produces a concrete of a dark color
that becomes lighter soon after exposure to the atmosphere (Hanson, 2015). In the
present test program, it was noticed after just 2—3 years that, when the specimens
were broken open, the concrete was dark in color around the reinforcing bar but
much lighter in color around the outside (Fig. 2.9). Examination of the interiors of
the concrete specimens in the other series, not made with sulfate resistant cement,
showed a similar, but less clear pattern. In the series examined the outer lighter
zone was wider in width for the more permeable concretes.

Detailed investigation, using scanning electron microscopy and energy dispersive
spectroscopy (SEM/EDS), X-ray diffraction (XRD) and pH examination, showed
that the light-colored concrete was essentially devoid of Ca(OH),, contained little
or no C (and thus no calcium carbonate as would be caused by carbonation) and
had relatively low pH readings, typically 8.7—9.5 (Melchers and Chaves, 2016). In
contrast, the dark colored concretes showed much higher pH readings (11—12) and
the clear presence of Ca(OH),. The concrete from the lighter zones showed a much
more open, and presumably more permeable structure, compared with the dark

Figure 2.9 Specimen C4, made with seawater after 10 years continuous exposure, after
breaking open, showing dark interior, typical of concrete made with sulfate resistant cement
and the light outer zone found to be devoid of alkalis such as calcium hydroxide.
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inner zone. From these observations, it was concluded that calcium hydroxide is
lost from the concrete by leaching from the concrete after dissolution in water, not-
ing that the dissolution is accelerated by a greater concentration of NaCl (Johnston
and Grove, 1931) and that the more permeable concretes are likely to present a
greater area of material for dissolution.

The loss of calcium hydroxide from the outside inwards can be seen as a “front”
that penetrates from the outer surface into the concrete, along the way lowering the
local pH to ~9 (unless calcium carbonates are present in the concrete in which
case the pH may be somewhat higher—see Section 2.2). When the pH 9 front
reaches a reinforcing bar, the stage is set for that part of the bar to commence active
corrosion, since the thermodynamic conditions are now satisfied (see Section 2.2).

The mechanisms outlined above are considered to be those primarily responsible
for what has been termed ““chloride-induced corrosion” of reinforcement. Of course,
for concretes in current practice not made with seawater, the overall process also
includes the inward diffusion of chlorides. In this case, the effect on calcium
hydroxide dissolution will be more gradual as the concentration of chlorides builds
up, but the principle remains the same. It follows that, taken together, the total time
to the commencement of active reinforcement corrosion must include the rate of
inward diffusion of chlorides relative to the location of the reinforcing bars and the
outward rate of loss of alkalis, governed in most cases not by diffusion but by the
much slower rate of calcium hydroxide dissolution.

2.7 Practical implications for service life assessment

Much of the laboratory work directed at durability issues, including that in
Section 2.6, has focused on un-cracked, unstressed concretes, although there has
been some interest in the effect of cracking on reinforcement corrosion. That earlier
work came to the conclusion that cracks transverse to reinforcement bars were of
little importance, at least for carbonation, and that, even if the cracks penetrated to
the reinforcement, the severity of corrosion was directly proportional to crack width
and that, in any case, autogenous healing of the concrete tended to reduce any long-
term effect, a view supported by observations of high concrete pH values adjacent
to cracks (Beeby, 1978; Bentur et al., 1997, p.50). Unfortunately, these findings
were derived from relatively short-term experiments and also from field observa-
tions on structures such as the British Navy and Air Force forts constructed in the
Thames Estuary during the Second World War. These forts have shown good dura-
bility overall, but most likely this is because their aggregates were local limestone.
As discussed above, this tends to impart greater alkalinity (or acid-neutralizing
buffering capacity) to the concrete.

There is now strong evidence from field observations that transverse cracking,
even if only hairline, and particularly if it intersects the reinforcement bars, can be
very destructive of reinforcement in longer-term marine exposures (Section 2.5).
This should not be surprising in view of the observations of alkali leaching in
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seawaters (Section 2.6). The cracks would facilitate the earlier entry of seawater to
the bars and thus facilitate dissolution and leaching out of the concrete alkalis. In
cases of wide-spread cracking and for quite-permeable concretes, the concrete itself
provides little protection and the bars can be expected to corrode at a rate and in a
manner similar to that of bare steel in seawater. It follows that, in addition to high
alkalinity (pH buffering, or acid-neutralization buffering capacity), the concrete for
structures particularly in marine atmospheric environments must be of high density,
very low permeability, and possibly have significant (and practically feasible)
cover. Simply increasing cover thickness by itself is unlikely to be sufficient (Lau
et al., 2007). Similarly, deeper cracking, of whatever crack size, should be avoided.
The interaction of these measures remains a matter for further research, but at least
the underlying mechanisms involved have now been identified.

For reinforced concrete permanently submerged or wet, in unpolluted seawater,
corrosion of reinforcement bars is known to be very low for long periods of expo-
sure, even for relatively poor-quality concretes. In most texts and papers, this is
attributed to the low oxygen content of seawater inhibiting corrosion (e.g.,
Richardson, 2002). This does not, however, correspond to the significant corrosion
of bare steels in seawaters, even if submerged. For these, the oxygen dissolved in
seawater is more than enough to permit corrosion. From the above discussion, it
can now be seen that the critical factor is the development, in a reasonably short
time, of layers of calcium and magnesium carbonates on the exterior surfaces of
immersed concrete. This will occur even if the concrete is of poor quality and may
even penetrate some way into porous concrete. These carbonate layers reduce the
rate at which O, (and NaCl) can migrate into the concrete. In principle, these layers
might also reduce the rate at which outward transport of alkalis could occur,
thereby retaining the concrete alkalinity at a higher level for longer. Yet, rather
than rate of transport or diffusion, the rate-limiting step most likely is the rate of
dissolution of Ca(OH), and this is known to be slow, even with NaCl present. It fol-
lows that for concretes permanently immersed or wet with seawater, increasing the
thickness of concrete cover, as often advocated, is not likely to be particularly
effective (cf. Lau et al., 2007). Other measures, such as reducing the permeability
through waterproofing agents, addition of fines, or more effort in grading of the
aggregates to produce a denser concrete are all likely to be beneficial—not just in
reducing the rate of ingress of chlorides, as conventionally assumed to be the criti-
cal step, but in reducing the surface area of calcium hydroxide available for dissolu-
tion within the concrete matrix. In addition, keeping the depth of transverse
cracking as low as possible to reduce the pathways for faster inward and outward
transport of species relative to the reinforcing bars is also likely to be beneficial.

2.8 Closure and outlook

The above results are largely derived, directly or indirectly, from observations on
actual structures or surrogates for actual structures, rather than from laboratory
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studies on highly artificial samples, in solutions, and (for electrochemical tests)
under artificially accelerated conditions. While the limitations of these various tech-
niques are well-recognized in some circles (Lee et al., 2010; Poursaee and Hansen,
2009), the limitations currently appear to not be reflected in most texts, and, unfor-
tunately, not in many technical papers. Much more care needs to be taken to ensure
that surrogate testing replicates the conditions inside real concretes. Once this is
done, it should be possible to verify (or disprove) the inferences described above,
as obtained from long-term testing and from observations on real structures. Such
testing should also enable a more refined approach to be developed in quantifying
the parameters involved—in particular to develop models for # and 7,... In practice,
it is the latter that is of most significance. Once reinforcement corrosion has com-
menced in a serious way (such as at 7,.,), the end of effective service life has been
reached. After that, remedial action is expensive. It is far better to try and find
ways of extending the time #,.. The discussion given herein provides a basis for
finding such research. In all such investigation, attention should be given to the
degree of uncertainty involved, including the variability in corrosion studies.

The results described herein are consistent with fundamental notions and results
in corrosion science, yet the overall mechanisms differ from the conventional wis-
dom in some important ways. This is particularly the case for the idea that rein-
forcement corrosion initiation in a concrete is governed by mechanisms that differ
from those that govern the commencement of serious, active, corrosion (i.e.,
Fig. 2.6). The present results also bring a degree of unity to the mechanisms
involved—for both carbonation-induced corrosion and for chloride-induced corro-
sion, it is ultimately the loss of protective alkalinity that permits initiation at a local
level and then eventually, active corrosion.
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Impact of climate change on the 3
service life of concrete structures

Ronaldo A. Medeiros-Junior
Federal University of Parana (UFPR), Curitiba, Brazil

3.1 Introduction

The study of the durability of concrete structures (reinforced and prestressed) is
fundamental to evaluate the behavior of the material in the long term. Knowledge
regarding the degradation processes of concrete structures is essential for the design
of optimized projects and the execution of more-durable structures. This science
also contributes to the projection of a rational recovery program, as well as helping
in the responsible management of social, economic and environmental resources.

According to Mehta and Monteiro (2014), concrete is not an eternally durable
material, since the microstructure and, consequently, the characteristics of the mate-
rial are changed over time, as a result of the interaction with the environment.
Thus, the useful time of a material in a safe and economically viable way is limited,
resulting in the concept of “service life.”

Most concrete degradation processes are related to climate variables, and data
collected over the years has shown that climate change is a reality on planet Earth.
Several sectors of society are concerned about the effects of climate changes. These
effects are emerging as a response of the environment to the often disordered inter-
ventions caused by human action in nature (Cortekar et al., 2016; Freeman and
Yearworth, 2017).

Works and research are developed worldwide to deepen knowledge on this sub-
ject, as well as propose preventive actions as the negative impacts caused by cli-
mate change are increasingly visible (Talukdar and Banthia, 2013). In the same
way, international agreements are motivated in order to minimize these effects,
aiming to achieve satisfactory environmental, economic and social consequences.

Increasing planet temperature, melting polar ice caps and raising seawater levels
are just a few examples of phenomena that are linked to climate changes that may
interfere with the durability of concrete structures.

3.2 Effect of climate on the mechanisms of degradation
of concrete structures

Aggressive agents acting on concrete structures are usually grouped into three agent
types (chemical, physical and biological). However, the action of these agents
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happens simultaneously, which makes it difficult in some situations to fully under-
stand and reproduce this degradation under controlled conditions (Medeiros-Junior
and Lima, 2016). In general, the mechanisms of degradation of concrete structures
are complex and are influenced by the interaction between the environment and the
material. The importance of the different climatic parameters in this interaction is
quite diverse depending on the different processes of degradation.

The degradation mechanisms can be divided into three types: (1) degradation of
the concrete itself; (2) degradation of the reinforcement; and (3) degradation of the
structure itself. The main causes for the decrease in concrete performance are leach-
ing, expansion by sulfate attack, and alkali-silica reaction (ASR). Regarding the
reinforcement, the main mechanisms are related to corrosion by chloride attack and
carbonation. Finally, the structure itself may undergo mechanisms of degradation
from mechanical actions, thermal origin movements, impacts, cyclic actions,
shrinkage, and creep (Mehta and Monteiro, 2014).

The classification and dimension of the climate where a concrete structure is
exposed gives an idea of how to estimate the behavior of this structure in service.
These dimensions also give an idea of the accuracy of mathematical models for pre-
dicting the service life. Studies related only to the macroclimate may favor a trend
of less accuracy. On the other hand, studies that consider the microclimate generally
produce more accurate results that are more consistent with reality, since these stud-
ies consider environmental factors in the surroundings of the structure.

According to DuraCrete (1999), the local climate is the result of the transforma-
tion of the regional climate, with the influence of the geometry and the orientation
of the considered structure. For example, it is not common to have large differences
between the air temperature near a structure and the air temperature measured at a
nearby weather station. However, the microclimate has been shown to be a parame-
ter of great influence on the durability of concrete structures mainly in marine envi-
ronment (Medeiros-Junior et al., 2015a; Ekolu, 2016).

The microclimate can be defined as the interaction between the climatic condi-
tions and the surface (or very close to it) of the material. This interaction has a deci-
sive effect, in most cases, on the internal conditions of the concrete. The study of
microclimate conditions, however, is more laborious and expensive, mainly due to
the lack of available data and sensors installed in the structures. Different environ-
mental variables can be influence factors in the processes of concrete degradation.
The main ones are: temperature, relative humidity (RH), precipitation, wind, waves
and tides.

3.2.1 Temperature

Temperature plays an important role in some degradation processes of concrete
structures, such as in the penetration of chlorides, for example. Temperature also
interferes in different corrosion parameters. For instance, in the electrical resistivity,
in the corrosion potential, and in the corrosion rate.

Another effect is the physical action on the structures due to the temperature var-
iation. This variation can cause thermal tensions and shrinkage that generate cracks
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in the structural elements. These cracks, in conjunction with other variables (winds,
humidity), may facilitate the entry of aggressive agents into concrete (Mehta and
Monteiro, 2014).

In most chemical processes, temperature increases the kinetics of reactions. This
fact explains why certain structures located in hot regions degrade faster than struc-
tures inserted in cold and temperate regions, although rainfall is a decisive condi-
tion for such behavior.

Raising the temperature may help propagate or reduce a particular mechanism of
degradation. For example, increasing the temperature during the concrete cure pro-
cess can minimize the chloride diffusion coefficient (steam cure). This is due to the
acceleration of the hydration reactions occurring into the concrete and, consequently,
the improvements provided in the microstructure conditions (Nie et al., 2016).

However, the increase of the external and internal temperature after a more-
advanced degree of hydration of the concrete may cause greater ionic mobility of
the chlorides, thus increasing the penetration of these ions (Medeiros-Junior et al.,
2015a).

In short, two distinct situations are identified: In the concrete curing step, the
chloride ingress, which usually is verified in accelerated penetration tests, tends to
be smaller for concretes cured at higher temperatures (steam cure). The other situa-
tion concerns the concrete exposed in the external environment and tested later, in
which the increase in temperature leads to an increase in ionic mobility, resulting in
higher kinetic of the reactions.

The sulfate attack with a formation of delayed ettringite is also influenced by
elevated temperatures, usually above 65°C. On the other hand, the ingress of exter-
nal sulfates combined with the presence of carbonates and water at low tempera-
tures (bellow 15°C) may lead to the transformation of hydrated calcium silicates to
taumasite (Cefis and Comi, 2017). Therefore, the effect of temperature is varied
and depends on the degradation process analyzed.

3.2.2 Relative humidity

RH is very important for the degradation processes of concrete structures. Most of
the degradation processes do not occur without the presence of moisture inside the
concrete. The RH influences the concrete properties both in the curing and harden-
ing phases, as well as in their performance stage, when the structure is put into ser-
vice. This variable can be considered as the most significant parameter when it
comes to concrete durability.

Data on moisture in real-size structures are scarce, in contrast to studies involv-
ing laboratory testing in specimens. According to Andrade and Castillo (2003), the
majority of laboratory tests are performed in chambers with a controlled hydrother-
mal regime to allow the concrete to reach steady state and equilibrium. However,
the natural and real exposure of the concrete induces permanent situations of non-
stationary state, due to the evolution of temperature and climatic events such as
precipitation.
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Another point to be observed is that the RH condition governs the degree of sat-
uration in the pores of the concrete and provides a decisive effect on the paths
available for the diffusion of aggressive agents (Cl, CO,, sulfates). Generally,
there is a balance between the relative humidity of the environment and the humid-
ity inside the concrete structure. However, concrete easily absorbs moisture from
the environment and tends to lose that absorbed water more slowly.

The corrosion risk factor decreases in extreme values of relative humidity. For
extremely high values of RH, the concrete may be completely saturated, so that the
oxygen must first be dissolved in the water in order to reach the reinforcement,
even at low resistivity.

In this way, the corrosion rates under these conditions will not be the highest,
but moderate, or even very low. At the other extreme, in the case of low relative
humidity, the resistivity is very high and the corrosion process becomes very diffi-
cult. In this case, the corrosion rate is low (Mehta and Monteiro, 2014).

Therefore, there is an ideal range of relative humidity that favors the entry of
aggressive agents, usually around 80%. The highest carbonation rates are observed
for RH values between 55% and 75% (Ta et al., 2016).

Moisture plays an important role in the occurrence of both the ASR and in the
expansion of the silica gel. The ASR presents damages to the concrete in relative
humidity above 80%. Below this value, the formation of the gel can also occur, but
the expansion is not significant. This explains why the ASR occurs mainly in
hydraulic works, such as dams and foundations. These structures are in constant
contact with humidity (Guthrie and Carey, 2015).

3.2.3 Precipitation

Precipitation on the concrete confers higher moisture compared to a simple increase
in relative humidity. Therefore, the amount and duration of precipitation should be
considered.

In addition to being related to relative humidity, precipitation can also be linked
to wetting and drying cycles. These cycles can contribute to the development of
some aggressive processes to the reinforced concrete structures, such as chloride
ingress. Considering a structure exposed to the marine environment, rainwater con-
tributes to the chlorides available on the surface of the concrete penetrate by capil-
lary absorption. During the drying period, the chlorides remain inside the pores of
the concrete. The ingress preferably proceeds by diffusion, even in the drying
period, but with lower speed. However, in the next rain, the penetration process is
intensified (Medeiros-Junior et al., 2015a).

The surface washing effect due to precipitation is another relevant aspect of con-
crete durability. Surface washing tends to provide a leaching in the outer layer of
the concrete, reducing the surface concentration of aggressive agents (example:
CO,) (Kolio et al., 2014).

Andrade and Castillo (2003) studied the influence of the shelter on concrete
structures regarding the aggressiveness caused by precipitation. Unprotected con-
crete behaves as a porous material under natural exposure conditions. Under these
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conditions, concrete works like a sponge: holding water inside it and losing water
by evaporation, mainly as a result of increases in temperature. Conversely, concrete
protected from precipitation usually absorbs small amounts of liquid water and its
internal relative humidity is influenced mainly by the external relative humidity.

While temperature and relative humidity are the main factors that influence the
degree of saturation in sheltered structures, precipitation and snow (in countries
with strong winters) represent a more important part on exposed structures
(Andrade and Castillo, 2003).

3.2.4 Wind

Winds have great importance as a degradation agent and act by transporting ions in
the forms of solid particles and drops of saline solution. In the case of the marine
environment, the wind is essential for the formation of the marine aerosol (Castro-
Borges et al., 2013). Even structures inserted out of the sea, but in the zone of
marine atmosphere, continue to receive the action of the chlorides transported by
the winds. This is most important along the first few hundred meters beyond the
coast (Meira et al., 2010).

Winds also act as a catalyst in the wetting and drying cycles, favoring the precip-
itation and formation of salts (Medeiros-Junior et al., 2015a).

Regarding the forms of measures, the wind is usually observed by its speed and
direction. However, these variables can change very quickly due to different
factors, such as the effect caused by the surrounding terrain.

The wind-driven rain is the result of a simultaneous action of precipitation and
wind. This event in the built environment is a complex multiscale phenomenon.
According to Derome et al. (2017), different rain deposition distributions within the
city can be associated with wind flows and rain events in complex urban environ-
ment. Thus, this climatic variable also interferes with the environment-built durabil-
ity mainly on the building facade. Due to the predicted increase in precipitation,
facades will receive more wind-driven rain in the future. This parameter can also be
related to the freeze-thaw cycles and frost attack (Pakkala et al., 2014).

3.2.5 Waves and tides

Waves and tides are related to the movement of seawater and have direct effects on
the degradation of reinforced concrete structures. They influence the concentration
of chemical compounds and the amount of material carried in suspension, which
cause erosion or chemical attack on structures.

Oceans make up 80% of the surface of the Earth. In addition, several countries
have large territory along the coastline and cities with significant urban occupation
in these regions. Therefore, several concrete structures (coastal or offshore struc-
tures) are exposed—directly or indirectly—to seawater in a marine environment
(Seleem et al., 2010).

The seawater usually has an irregular chemical composition, but about 3.5% by
weight is made of soluble salts. The main aggressive agents to concrete structures
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and to reinforcement found in the seawater are the Cl~, Na*, Mg2+ and SO42_
(Seleem et al., 2010; Mehta and Monteiro, 2014).

Besides the chemical attack caused by seawater, the waves act in the degradation
of the concrete structures through the superficial wear caused by its continuous
impact. The tide variation influences wetting and drying cycles, being one of the
zones more aggressive to the concrete (Mehta and Monteiro, 2014; Medeiros-Junior
et al., 2015a). The tides range from 0.5 m in some locations to more than 15 m in
others. The amplitude of the tides in the oceans is often quite small, usually less
than 1 m, but when approaching the coast this variation can increase to 4—5 m
(DuraCrete, 1999).

The tidal variation can also affect parts of the structures that are subject to varia-
tions in groundwater level, which has very peculiar chemical characteristics.

3.2.6 Chloride deposition

The chloride deposition has an important effect in the time of corrosion initiation
of the reinforced concrete structures. The service life of structures decreases when
there is an increase in the surface concentration of chlorides. The chloride deposi-
tion is strongly influenced by environmental conditions. An average behavior is
expected to prevail over time as a consequence of the availability of chlorides in
the environment and its interaction with the concrete matrix (DuraCrete, 1999).

The surface concentration of the chlorides in the structure depends mainly on the
proximity of the sea. McGee (2000) found on bridges in Tasmania (Australia) that
the surface concentration of chloride in a concrete structure varies according to the
height above the mean sea level. According to Polder and Rooij (2005), a single
mean plus standard deviation can be adopted for concretes up to 7 m above mean
sea level. However, above 7 m, the influence of the local microclimate is decisive
for increasing or reducing the chloride deposition. Rincon et al. (2006) comment
that there is a decrease in the concentration of chloride with the increase of the alti-
tude in relation to the level of the sea. These authors analyzed a concrete bridge
located in Venezuela and clearly verified the effect of height in the chloride ingress
in the concrete structure, observing a significant reduction from 6 m in height.

The concentration of chlorides on the surface of a reinforced concrete element is
highly dependent on parameters such as wetting and drying cycles, preferential
wind direction, and local topography. All these variables define a rate of deposition
of chlorides, resulting in a higher or lower deposition of these ions according to the
distance of the sea. According to DuraCrete (1999), the salt concentration is almost
constant immediately above the sea. However, the concentration is dependent on
the wind speed, especially in the coastal zone.

Regarding the horizontal distance of the sea, as the distance to the coast
increases, the deposition of the saline particles occurs in a marked way in the first
hundreds of meters from the interface with the sea. Jaegermann (1990) noted that,
in the first 400 m of soil from the coast, there is a marked reduction in the concen-
tration of chlorides in the marine aerosol to the Mediterranean region. In Brazil,
Meira et al. (2010) found a clear reduction in the concentration of chloride ions in
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the first 200 m from the coastline. After the initial 200 m, the reduction in chloride
concentration is less pronounced, reaching minimum values after the first kilometer
of distance. Pontes (2006) and Romano (2009) also identified that chloride deposi-
tion is most important in the earliest ranges of land. According to Pontes (2006),
this occurs mainly in the first 400 m and, according to Romano (2009), in the first
100—200 m from coastline.

This behavior is due to a deposition process that occurs, mainly, through the
gravitational effect and the shock of the particles with the obstacles in the land.
Thus, it should be noted, this behavior is characteristic of each region and may fluc-
tuate throughout the seasons.

The gravimetric effect is responsible for the deposition of the particles. Larger
particles of the marine aerosol soon settle on the first meters of the land due to
gravity. With the action of the wind, these particles can reach further, but the effect
of gravity is still important. Thus, the deposition of salts particles from the aerosol
is attenuated with the distance from the sea (DuraCrete, 1999; Meira et al., 2010;
Romano, 2009).

According to DuraCrete (1999), the atmospheric salinity content usually declines
rapidly with the distance from the coast. However, in dry regions, where precipita-
tion is rare, fine salt particles can be transported hundreds of meters into the
continent.

3.3 Climate change

According to the Intergovernmental Panel on Climate Change (IPCC) (2013), cli-
mate changes are changes in the mean and/or in the variability of the climate that
remain for a long time (decades or longer). Therefore, climate changes are any
changes in weather over time, whether due to natural variability or as a result of
human activity.

Environmental variables to describe the climate are usually measured in a net-
work of weather stations positioned around the world or at least in the inhabited
part of the world. The weather stations must be positioned so that their location
does not have a significant influence of other near objects. From these data, climate
change can be identified, for instance, using statistical tests and forecasting models.

Conferences, congresses, publications, and reports on climate change are devel-
oped in various locations around the world. The issue has become of great concern in
practically all sectors of society, not just those called environmentalists. The conse-
quences of climate changes are already present on the planet Earth, regardless of the
causes and attribution of blame for this phenomenon. The reason for this is that the
negative effects of climate change are becoming more intense and visible (Ko6lio
et al., 2014; Saha and Eckelman, 2014; Bastidas-Arteaga and Stewart, 2015).

Planned human interference may result in changes in radiation, hydrological bal-
ances, and in local wind flow. This interference is known as an intentional modifi-
cation of the climate. Human interference in the natural climate system may also be
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unplanned. This type of intervention can result in surface changes or atmospheric
pollution, for example. In practice, the dividing line between intentional and acci-
dental climate change is unclear (DuraCrete, 1999).

Most climatic events do not occur singly in space, but are linked to other para-
meters that contribute to their formation and/or intensification. Therefore, only
study with details of these events can reveal essential information concerning their
genesis and development (Bastidas-Arteaga et al., 2010).

The seasonal cycle depends on the dynamic environments and should also be
discussed in climate change studies. According to Donohoe and Battisti (2013), the
seasonal input of energy into the atmosphere is not subject to the same constraints
imposed on the annual average.

Some mechanisms have been suggested to explain variability in the phase of the
annual cycle of surface temperature. Some studies suggest that changes in tempera-
ture seasonality occur due to changes in the relative sensitivity of surface tempera-
ture to annual insolation. Changes in the relative influences of land and ocean at
different locations resulting from variability in ocean and atmosphere circulation
may also contribute to the variability in the seasons (Thompson, 1995; Stine and
Huybers, 2012).

The heating source governs the phase of the seasonal cycle of temperature within
the atmosphere. The seasonal cycle of heating is usually divided into two compo-
nents: (1) a component due to direct solar absorption in the atmosphere; and (2) a
component due to the flux of energy from the surface to the atmosphere. The large
seasonal variations in shortwave radiation at the top of the atmosphere are primarily
balanced by an energy flux into the ocean (Donohoe and Battisti, 2013).

According to Stine and Huybers (2012), the strong relationship between atmo-
spheric circulation and the structure of the seasonal cycle suggests that physical
explanations for changes in atmospheric circulation also extend to explaining
changes in the structure of the seasonal cycle.

The division of seasonal atmospheric heating into upward surface fluxes and
shortwave atmospheric absorption has implications for the vertical structure of the
seasonal temperature response, the temporal phasing of the seasonal cycle, and the
change in seasonality (Donohoe and Battisti, 2013).

According to Erickson et al. (1996) and Donohoe and Battisti (2013), the
increase in CO, will have a direct impact on the seasonal cycle of atmospheric tem-
peratures. In parallel, according to Peixoto and Oort (1996), an increase in tempera-
ture generally would lead to an increase of the amount of water vapor in the
atmosphere and an increased absorption of thermal radiation.

Seefeldt et al. (2012) studied the variation in relative humidity cycles across
West Africa during the dry season—occurring from approximately December to
May. The results show distinctly different frequency and sequencing of relative
humidity patterns from year to year and there is some indication of a larger, possi-
bly decadal, pattern of the year-to-year changes in the variation of relative humidity
over the course of the dry season.

Concerning the seasonal cycle of the sea ice, according to Eisenman et al.
(2011), Arctic sea ice has been rapidly retreating during recent decades. The
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year-to-year retreat of sea ice extent has been more rapid at summer minimum than
at winter maximum. This behavior is associated with an increase in the amplitude
of the seasonal cycle.

3.3.1 Climate projection

It is not possible to predict the exact climate for a distant future, but it is possible to
evaluate the relative probability of different long-term trends. For that, the restric-
tions and limitations imposed by the observations and knowledge available today
must be considered.

The Intergovernmental Panel of Climatic Change (IPCC, 2013) was created in
1988 by the World Meteorological Organization (WMO) and the United Nations
Environment Programme (UNEP). The IPCC is an organization responsible for dis-
cussing and monitoring climate change and proposing mitigating solutions. Since
the 1990s, the IPCC has released series of IPCC Assessment Reports, Special
Reports, Technical Papers, Methodology Reports and other products. According to
IPCC, most of the temperature increase observed in the last 50 years was caused by
human activities, assuming more than 90% reliability. The globally-averaged com-
bined land and ocean surface temperature data show a warming of 0.85°C
(0.65—1.06°C) over the period from 1880 to 2012. These values are calculated by a
linear trend (IPCC, 2013).

[PCC (2013) discusses a projected increase of the global mean surface tempera-
tures for 2081—2100 relative to 1986—2005 between 0.3—1.7°C (RCP2.6),
1.1-2.6°C (RCP4.5), 1.4-3.1°C (RCP6.0), and 2.6—4.8°C (RCPS8.5), where
RCP2.6, RCP4.5, RCP6.0, and RCP8.5 are the Representative Concentration
Pathway scenarios. The increase of global mean surface temperatures for 2100 can
be represented on average within the range of 1.0—3.7°C, depending on the popula-
tion growth, economy, and the consumption of fossil fuels. A reliable estimate pro-
poses an average increase of 3.0°C, taking into account projections for the expected
carbon dioxide (CO,) levels in the year 2100.

Thus, the emission of carbon dioxide into the atmosphere has a strong influence
on climate change. According to DuraCrete (1999), the stabilization of CO, at con-
centrations around 450, 650, and 1000 ppm can lead to an increase in the air tem-
perature of 1°C (range from 0.5 to 1.5°C), 2°C (range from 1.5 to 4°C), and 3.5°C
(range from 2 to 7°C), respectively. According to Talukdar and Banthia (2013),
increasing atmospheric CO, emissions will likely increase the rates of carbonation
in reinforced concrete structures.

In addition to carbon dioxide, methane (CH,) and nitrous oxide (N,O) also con-
tribute to climate change. These agents may come from human activities, especially
in the agricultural sector.

According to IPCC (2007), considering the period 1850—2006, 11 of the last 12
years are among the twelve warmer years. The rate of increase between 1850 and
1899 was 0.57°C, whereas between 2001 and 2005 this rate went up to 0.95°C, cor-
responding to an average increase in the period of 0.76°C.
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This increase in temperature may influence the durability of the concrete. For
instance, the formation of the marine aerosol, which is a great source of chloride,
can be facilitated by the increase in temperature. Global warming boosts evapora-
tion in the oceans, which leads to an increase in the water vapor content in the
atmosphere. Since chlorides are arranged in the aerosol from seawater, there is
greater availability of these ions in the atmosphere in the marine environment.

Another point to consider is the sea level rise. In temperature records, IPCC
(2007) also noted an increase in the global mean sea level over the years from 1970
to 2000. IPCC (2013) shows a projected increase of the global mean sea level for
2081—2100 between 0.26—0.55 m (RCP2.6), 0.32—0.63 m (RCP4.5), 0.33—0.63 m
(RCP6.0), and 0.45—0.82 m (RCP8.5). This will also impact the durability of con-
crete structures.

Changes in precipitation are also predicted in IPCC (2013). These changes are
strongly influenced by the region considered. For instance, increases in the amount
of precipitation are more likely in regions of high latitudes, while reductions are
expected in most subtropical terrestrial regions. This behavior may occur if trends
observed in recent years have been maintained and considering projections for the
period from 2090 to 2099 (IPCC, 2007).

The aerosol is a function of air-mass history and origin, and is strongly influ-
enced by cloud and precipitation processes (IPCC, 2013). Other environmental
parameters are susceptible to climate change, such as winds, relative humidity,
frost, and salinity. It is emphasized that winds act as a means of transport for
aggressive agents to the concrete. These relationships are still the focus of several
studies for a better understanding of the interconnection of these phenomena.

3.3.2 Impact on concrete durability

Climatic conditions have a considerable influence on the behavior of concrete struc-
tures over time. The reinforcement corrosion induced by the ingress of chlorides
(C1'") has been recognized as a factor of extreme importance for the reduction of
the service life of reinforced concrete structures. The penetration of Cl  into rein-
forced concrete structures is the major concern regarding to the durability of struc-
tures located in the marine environment. Thus, from now on, this chapter will
mainly deal with this process of degradation.

Bastidas-Arteaga et al. (2010) presented a study about the influence of global
warming on the degradation of concrete structures located in the marine environment
through stochastic approaches. The study points out that global warming interference
is closely related to the distancing of concrete structures into the sea. There are some
uncertainties related to the consequences of climate change, since these events are
influenced by several factors. However, these uncertainties can be reduced as more
data and reliable studies are available (Bastidas-Arteaga et al., 2010).

According to Bastidas-Arteaga et al. (2010), global warming can reduce service
life by 6—14 years for structures located 3 km away from the seashore. The condi-
tions of global warming were considered by the authors according to IPCC’s (2007)
predictions for a period of 100 years.
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Stewart et al. (2011) conducted a study to determine impacts on concrete infra-
structures due to predicted climate change for various CO, emission scenarios. The
study was conducted for the cities of Sydney and Darwin, both located in Australia.
Some of the aspects considered in Stewart et al. (2011) are: uncertainties in CO,
concentrations in the atmosphere, degradation processes (carbonation and chloride
attack), and property of materials. In the case of the corrosion of the reinforcement
due to chloride ions, the variation in the probabilities of corrosion was verified. The
probability of corrosion is defined as the chances of a critical concentration reach-
ing a depth at least equal to the concrete cover. These probabilities behaved in
different ways for selected climate scenarios.

Stewart et al. (2011) analyzed the impacts on concrete infrastructures due to the
expected climate change for various CO, emission scenarios. According to the
researchers, the alterations in the evaluated scenarios, in relation to projections for
2100, caused an increase in the probability of corrosion in the range of 6% —15%.

Medeiros-Junior et al. (2015b) studied the effect of climate change on the service
life of concrete structures, considering the effects of temperature and relative
humidity on chloride transport. Among the results, Medeiros-Junior et al. (2015b)
found that changes in temperature and relative humidity identified in a period of
100 years were responsible for a reduction of 7.8—10.2 years of service life.

The carbonation in concrete infrastructure will probably be affected by climate
changes too. According to Talukdar and Banthia (2013), climate changes modify
the progression of carbonation process, and structures being constructed in
2020—30 may have to begin taking into account such degradation during design.
Concrete structures constructed in the year 2030 (worst case scenario) in areas
where carbonation-induced corrosion has appropriate environmental conditions
(moderate humidity, higher temperatures and dry exposure class) may have a reduc-
tion in service life due to climate change of approximately 15—20 years (Talukdar
and Banthia, 2013). According to Stewart et al. (2012), a detailed spatial and time-
dependent probabilistic analysis showed that additional carbonation-induced
damage risks may increase in 2100 by 16%.

Saha and Eckelman (2014) used high and low scenarios of climate change in
combination with downscaled temperature projections and code-recommended
material specifications to model carbonation and chloride-induced corrosion. The
study was focused on concrete structures in the north-east of the United States.
According to Saha and Eckelman (2014), current concrete construction projects will
experience carbonation and chloride ingress that exceed the current code-
recommended cover thickness by 2077 and 2055, respectively.

Frost attack (Pakkala et al., 2014) and carbonation induced corrosion (Kolio
et al., 2014) were studied for concrete buildings in a changing climate expected for
Finland. These studies show that facades will get more wind-driven rain in the future
because of increasing precipitation and windiness. According to Kolio et al. (2014),
the increase of precipitation in the future will have a small effect on the corrosion
rate during propagation time, since the active corrosion period is rather short even
now, only 6—8 years. It’s expected that this period will accelerate to 5—6 years in
the beginning of century in southern and middle Finland (Kolio et al., 2014).
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According to Bastidas-Arteaga and Stewart (2015), among the possible alterna-
tives to mitigate the effects of climate change on the durability of concrete, increas-
ing concrete strength grade is more cost-effective than increasing design cover. The
cost-effectiveness of a certain adaptation strategy also depends of factors such as
the type of structural component, exposure conditions, and climate change
scenarios.

3.4 Example of a numerical application—corrosion of
reinforcements on the Brazilian coast

The influence of climate changes on the penetration of chloride ions into concrete
structures located in the marine environment will be studied from a numerical
application below. In this example, climate changes are represented by measured
and projected variations in temperature and relative humidity for different scenarios
of marine environments (past, current and future). Subsequently, prediction models
of chloride penetration will be applied to the different environmental scenarios.

3.4.1 Hypotheses

Some hypotheses and limitations were assumed to apply this numerical example.
Therefore, the methods, analyses and results that will be presented were made with
the following considerations:

1. The study area selected for this numerical application is the North Coast of Sao Paulo
(Brazil). Thus, the results refer to the type of environment studied, that is, a marine envi-
ronment with characteristics similar to the North Coast of Sao Paulo.

2. The chloride ions considered are solely derived from seawater.

3. Possible errors in the measurements of the environmental data available by weather
stations are insignificant and do not interfere in the results.

4. The choice of the environmental variables temperature (T) and relative humidity (RH) are
sufficient to translate the influence of climate changes in the penetration of chlorides in
the concrete, since most of the literature considers these (T and RH) as the main environ-
mental factors that interfere in the mechanism of CI™ ingress.

5. The models used for the prediction of the service life have some limitations. However,
these limitations will not be discussed, so it has been assumed that such models satisfacto-
rily reproduce the penetration of chlorides into concrete structures under natural
conditions.

3.4.2 Study area

The study area (North Coast of Sao Paulo, Brazil—Fig. 3.1) selected for this
numerical application has an economy characterized by seasonality due to the pre-
dominance of vacationer tourism. The economic activities are fundamentally linked
to the natural resources due to high tourism present in these regions. According to
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A

Figure 3.1 Study area.

the latest data published, the estimated population in 2010 is 281,779 inhabitants in
an area of 1956 km? (Medeiros-Junior et al., 2015b).

Although this numerical application is focused in the North Coast of Sao Paulo,
the methods and results processed for this area of study can be carefully extrapo-
lated to a marine environment with characteristics similar to the North Coast of Sao
Paulo, since there are reinforced concrete structures in coastal areas in many other
areas in the world.

3.4.3 Data and scenario definition—temperature

Temperature data were obtained from weather stations. The methodology for
obtaining this data is presented in Medeiros-Junior et al. (2015b). The data of tem-
perature available for the North Coast of Sao Paulo corresponds to the period from
1961 to 2002 (42 years of data). It was not possible to get a longer continuous
series of data for this area.

The 42 years of the environmental variables data was equally split in two scenar-
ios. The first one (scenario A) is related to the oldest environmental conditions (first
21 years, 1961—81). Scenario B was set to the most current environmental condi-
tions: the 21 most recent years available (1982—2002).

A third scenario (scenario C) was defined. For that, 2100 was assumed as the year
of interest for future projections of environmental variables (temperature and relative
humidity). The B2 scenario proposed by IPCC (2007) was used—this scenario
assumes low emission of greenhouse gases into the atmosphere (optimistic scenario).

The average temperature was used for each period. Weather stations provide a
large amount of data. These data were treated in a statistical way for practical use
and to improve their reliability. This statistical treatment can be performed in two
ways: using the mean values and/or approximations with periodic variations. The
calculation of the mean values is a practical mathematical device to make the mete-
orological data useful (DuraCrete, 1999).
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Figure 3.2 Temperature (T) and Relative Humidity (RH) data for all scenarios.

As mentioned before, the climate near or on the surface of a structure is a result
of the local climate, affected by the details of the geometry of the structure and the
properties of the constituent materials. Thus, the most practical way of expressing
temperature conditions near or on a surface is to use the air temperature.

After a statistical treatment of the temperature data obtained from the weather
stations, Fig. 3.2 shows the annual average temperatures (7,) for 1961 —81 (scenario
A) and 1982—2002 (scenario B).

Projections of T, for scenario C (2100) were obtained through results available
in Marengo et al. (2010) for future environmental variables predictions. Marengo
et al. (2010) used the HadCM3 model to simulate future trends for different projec-
tions of scenarios available in [PCC (2007). The HadCM3 model was developed at
the Hadley Center (England) and has a horizontal resolution of 2.5167 degrees of
latitude and 3.75 degrees of longitude, producing a global grid of 96 X 73 cells.

The prediction models of climatic variables are important for studies that require
environmental data for future. Numerical weather forecasts can be made with the
help of powerful computers, since the computers are periodically supplied with var-
ious observations on which the weather predictions are based. As the climate vari-
ables are not constant in time, the dynamics of the atmosphere must be modeled for
reliable forecasts. In this chapter, the results from the North Coast of Sao Paulo
were used from Marengo et al. (2010), assuming scenario B2 proposed by IPCC
(2007) and projections for 2100.

Fig. 3.2 shows the annual average temperatures (7,) for 2100 (scenario C). Thus,
these temperatures were used in the models for predicting the chloride ingress at
each scenario.

3.4.4 Data and scenario definition—relative humidity

A series of uninterrupted data of RH was not available on the weather stations in
the study area within the period of analysis. Therefore, this variable was estimated
using the model presented by Castellvi et al. (1996). This model (Eq. 3.1) was
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validated and used in different studies to estimate the RH (Vuille et al. 2003;
Delgado et al. 2009; Medeiros-Junior et al., 2015b).

RH (%)= 100%(7ee) 3.1

es(Tr)

where ey(T},) is the saturation vapor pressure (hPa), determined from the dew point
temperature (°C), and it may be replaced by the minimum temperature (7,,) (Dyer
and Brown 1977; Castellvi et al. 1996; McVicar and Jupp 1999); and ey(T,,) is the
saturation vapor pressure (hPa), calculated from the hourly average temperature (°C).

Therefore, the RH data were obtained using pre-measured temperature data. The
chloride penetration in concrete is influenced directly by the internal 7 and RH of
concrete. Therefore, the differences between 7 and RH in the environment and
inside concrete should be discussed.

According to DuraCrete (1999) and Medeiros-Junior et al. (2015b), the tempera-
ture of concrete cover (T.) is near to the air temperature (7). Thus, for the sake of
approximation, they were considered equal in this example.

According to Bazant and Thonguthai (1978), the humidity flux from the external
environment to the concrete surface can be determined by Eq. (3.2), where the flux
is assumed linearly dependent on the difference between the air relative humidity
(RH) and the relative humidity in surface (RHy,).

n X Jy = By (RHy, — RH) (3.2)

where J;, is the humidity flux (mz.s)_l; n X Jy it the scalar product of n, vector
normal to surface; By, is the surface mass transfer coefficient (mz.s)fl.

Two conditions can be assumed to By, value (Saetta et al., 1993): (1) B, =0, per-
fectly sealed surface (J, =0); and (2) By, tending to infinity—perfect superficial
transmission. The better fit of the numerical results with the experimental data from
drying tests of concrete specimens has been verified by using the second condition:
B, approaching infinite (Bazant and Thonguthai, 1978; Saetta et al., 1993).
Therefore, a perfect superficial transmission was assumed in this numerical exam-
ple and the relative humidity inner concrete cover (RHy.) was assumed the same as
the air relative humidity (RH), for the sake of approach. It should be noted that
only the first layers of concrete are the focus of this example (concrete cover),
because the greatest interest is to verify the chloride ingress to a depth equal to
reinforcement/concrete interface. This fact supports the simplification made here.

Fig. 3.2 shows the annual average relative humidity for 1961—81 (scenario A),
1982—2002 (scenario B) and 2100 (scenario C).

3.4.5 Models for predicting the chloride penetration

Some models for predicting chloride penetration into the concrete were applied
with the environment data of scenarios A, B, and C. The following models were
used: Saetta et al. (1993), Bob (1996), Amey et al. (1998), Andrade (2001), and
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Mazer (2009). These models will be briefly presented below. For more detailed
information concerning their applications, the original reference should be con-
sulted. These models were chosen because they have in their formulation the pres-
ence of at least one of the selected environmental variables in this example (7 and
RH). However, many other models may also be appropriate for application.

Saetta et al. (1993) applied a numerical method based on the finite element
formulation to analyze the chloride ingress in concrete (Eq. 3.3).

Dy = Dey - fi (T) - fo(te) - f5 (RH) (3.3)

where: D.; and D, (cm?/s) are the reference and corrected chloride diffusion coef-
ficient, respectively; f1(7T) is the factor that represents the influence of temperature,
according to the Arrhenius’ law (Eq. 3.4); f,(t.) is the factor that represents the
influence of the equivalent maturation time (Eq. 3.5); and f3(RH) is the factor that
represents the influence of relative humidity (Eq. 3.6).

E, (1 1
fi(T) =exp [E (Tl - Fz)] (34
1/2
fHlte)=C+(1 =) <2t—8> (3.5)
f3 (RH) = {1+ﬂ]_l (3.6)
’ (1-RH,)* '

where: T is the reference temperature (=296K) and 7, (K) the desired tempera-
ture; E, is the activation energy of diffusion (kJ/mol), relative to the water/cement
ratio of the concrete (=44.6 kJ/mol, w/c =0.5), according to (Collepardi et al.
1972; Goto and Roy 1981; Page et al. 1981); and R is the universal gas constant
(8.314 J/mol K).

In Eq. (3.5), ¢ measures how much the diffusivity decreases with time and varies
from O to 1, and ¢, is the time of exposure to chloride (days), according to Saetta
et al. (1993). In Eq. (3.6), RH, is the humidity at which D.; drops halfway between
its maximum and minimum values (=75%, according to Bazant and Najjar 1971),
and RH is the current relative humidity considered (%).

Bob (1996) shows Eq. (3.7) to modeling the chloride penetration, based on data
from long-term experiments.

X = 150 (Ck}ﬂ> Ve (3.7)

C

where: x. is the concrete cover (mm); f, is the compressive strength of the concrete
(N/mm?); ¢ is the fixing ability of chlorides, tabulated depending on the type of
cement; k; and k, are constants that represent the influence of temperature and
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relative humidity, respectively (tabulated in Bob, 1996); and d is a parameter tabu-
lated in Bob (1996) and depends on the ratio between the surface and the critical
concentration of chlorides in the concrete.

Amey et al. (1998) shows a model (Eq. 3.8) based on the Nernst-Einstein theory.

T 1 1
D¢y = D¢, (T?) exp {q (T1 - Tz)} (3.8)

where: D.; and D, (cm2/s) are the reference and corrected chloride diffusion coef-
ficient, respectively; 77 is the reference temperature (=296K) and 7, (K)
is the desired temperature; and ¢ is an experimental constant of the model (=5450,
w/c = 0.5; according to Amey et al. (1998)).

Some studies have shown that the attempt to relate the chloride penetration pro-
files of buildings with advanced age (older than 20 years) with deterministic models
based exclusively on Fick’s laws, in some cases, may result in significant differ-
ences between the depth predicted by models and the values effectively measured
in the structures within different zones of marine environment, such as tidal, splash
or atmosphere zones (Andrade, 2001).

Some formulations resulting from the resolution of Fick’s laws have a high
degree of complexity, whereby obtaining certain parameters requires a long expo-
sure time. In this way, other models not necessarily based on Fick’s laws are elabo-
rated to predict the penetration of chlorides in the concrete. Andrade (2001)
developed an empirical model for predicting the chloride ingress in concrete. The
model involves parameters related to concrete characteristics and environmental
conditions (Eq. 3.9).

RHO.7 . TO.I . C10.7

x=135. o
ky - fo - (1+Ad)™

Vi (3.9

where: x, depth of chloride ions penetration (equivalent to a chlorine content equal
to 0.4% by the weight of cement); RH, average relative humidity of the environ-
ment (%); T, average environment temperature (°C); Cl, surface chlorides concen-
tration, in % by the weight of cement; K, factor that varies according to the type of
cement (tabulated in Andrade, 2001); f.x, compressive strength (MPa); K,, factor
that varies according to the type of mineral addition (tabulated in Andrade, 2001);
and Ad, mineral addition content in concrete (% by the weight of cement).

According to Andrade (2001), Eq. (3.9) presents general trends of behavior that
are quite coherent concerning the expected effect of the intervening variables on
the ingress of chlorides into concrete. Using an example of the application of
Eq. (3.9) in real field data, Andrade (2001) comments that the model presented
results very close to the values obtained in the concrete structure, with differences
between the results (predicted and measured) in the range of 0.2—0.4 cm for points
located in the atmospheric zone.

For points where the structure was under the action of the splash and tide, an
approximate difference of 1.0 cm was found between the value obtained by the model
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and the measurements in situ, representing a difference between 26.7% and 36.8%.
This difference may be related to some particularities of the analyzed structure, such
as the type of construction. In the splash and tidal zone the structure was made of
precast concrete, differently from the atmospheric zone (conventional concrete). The
extraction position of the chloride samples was also important to influence the results.
The samples at the points of the atmospheric zone were drawn perpendicular to the
direction of casting, while the samples at the points of the splash and tidal zone were
obtained parallel to the direction of casting (Andrade, 2001).

The Mazer’s model (2009) used a methodology for the determination of the
chloride diffusion coefficient based on fuzzy logic. The model considers parameters
inherent to the concrete and the environment to which the structure is inserted, in
addition to a database with values for the chloride diffusion coefficient obtained
through the use of Fick’s laws. The methodology adopted for this model involves
intelligent systems (artificial intelligence), applied by a large number of computa-
tional systems.

The Mazer’s model (2009) considers three factors: water/cement ratio (w/c),
compressive strength, and concrete casting temperature. To define the membership
functions and the amplitude range of the values of water/cement ratio (w/c) and
compressive strength, Mazer (2009) used the Brazilian standard NBR 6118 (2014).
This standard is the most frequently used for concrete design in Brazil, and sets the
limit values of the w/c ratio and compressive strength as a function of the environ-
mental aggression class to which the structure is exposed.

The output variables were defined based on the input variables of the system
(w/c ratio, compressive strength, and temperature) and the possible combinations
between them, as well as the fuzzy rules base and membership functions. In order
to define the inference rules, the conjunctive operation “and” was adopted, because
the w/c ratio and the compressive strength are defined for dimensioning the
concrete and it is also possible to determinate the temperature during the concrete
pouring (Mazer, 2009).

In summary, the application of the Mazer’s (2009) model can be performed from
the following steps:

» The fuzzy vectors for the input variables are determined.

» The possible mathematical rules are identified to be applied, according to the map of rules
exposed in Mazer (2009).

» Considering that the fuzzy operators used are the conjunction “and”, the MAX-MIN infer-
ence is used to get the composition of the output variable of the fuzzy system;

» The value of the chloride diffusion coefficient is determined by the Center of Maximum
defuzzification method, which consists of a weighted average of the maximum values of
the membership functions of the fuzzy system.

Mazer and Lima (2011) applied the Mazer’s (2009) model to different situations
studied in laboratory to evaluate the performance of the model. The parameters
adopted for the validation were: water/cement ratio=0.55; compressive
strength = 30 MPa; and temperature = 22°C. When using the model, Mazer and
Lima (2011) analyzed several possible combinations with variations in
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environmental parameters, resulting in a total of 180 simulations. According to the
authors, the model presented good results and has potential to be used, with predic-
tion errors of less than 40%, on average.

Once the five models were selected, environmental data were used (7, and/or
RH) for each scenario of climate change studied (scenario A, B, and C). In order to
find only the influence of climate change (7, and RH), all other variables in the
models were kept constant (i.e., D, f(f.), water/cement ratio =0.5, E,, T|, RH,,
Xe, ¢, d, f. and ¢q). Therefore, the percentage changes between chloride diffusion
coefficient (D.) and/or service life (t;.)—depending on the model analyzed—were
found. These variations were solely the result from changes in environmental vari-
ables between each scenario, since the other variables were kept constant and did
not interfere in the results.

It is worth noting that, according to the type of approach used, the models did
not provide specific values of D, or f,, but percentage changes of these values from
one evaluated scenario to the other, according to changes in 7, and RH, regarding
the scenarios A, B, and C.

The results of all models in terms of percentage changes in t;. were evaluated to
allow a comparative analysis between models. However, the Saetta et al. (1993),
Amey et al. (1998), and Mazer (2009) models do not provide a direct determination
of f;.. For that, the variations of D, resulting from these models were performed by
the relation so called “square root of time” (Eq. 3.10). This procedure has shown
how much the differences in D, changed f;. in percentage.

tie = 2Dcc (3.10)

Finally, according to Brazilian Association of Technical Standards NBR 6118
(2014), the reinforced concrete structures must be designed and constructed so that,
under the expected environmental conditions at the time of the design, and keeping
its use as recommended in the project, they preserve their safe, stability and suit-
ability in service for a minimum period of 50 years, without requiring extra mea-
sures for maintenance and repair.

This numerical example assumed that 50 years is the period in which the con-
crete structures should remain without any extra maintenance and repair. In other
words, the initial service life of concrete structures (#;.) should be 50 years. This
step quantify the percentage changes of results obtained from the models and
Eq. (3.10). Fig. 3.3 shows a summary (flowchart) of the main steps followed in this
example application.

The models for predicting chloride penetration were applied in order to verify
the changes in the service life due to changes in temperature and relative humidity
resulting from climate changes identified between the established scenarios. As
expected, the service life (r) was reduced due to the climate change.

The beginning of reinforcement corrosion was anticipated due to the climate
changes. According to Fig. 3.4, temperature and relative humidity changes occur-
ring in a period of approximately 21 years (scenario A X scenario B) resulted in a
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Figure 3.3 Summary of the main steps.

reduction in ¢ from 0.2 to 2.9 years. The mean for the period is 1.4 = 1.2 years.
Therefore, the penetration of chlorides in concrete structures was accelerated and
the reinforcement corrosion will no longer occur in the previewed 50 years, but in
about 48.6 years.
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Figure 3.4 Results of climate change in chloride penetration: scenario A versus B.
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Figure 3.5 Results of climate change in chloride penetration: scenario B versus C.

In a period of 100 years (scenario B X scenario C), the service life was reduced
by 2.0—28.3 years (Fig. 3.5). Eliminating the Andrade (2001) and Mazer (2009)
models (extreme results) of the analyses, this represents a mean for the period of
9.0 = 1.2 years. Thus, # will be reduced to 41.0 years.

The service life was reduced by 2.7—28.4 years comparing the past scenario
with the future scenario (Fig. 3.6). Table 3.1 shows the numerical results of climate
change impact in chloride penetration for all models and scenarios studied.

This example of a numerical application reinforces the importance of making
changes in the standards alongside the time to adapt them to the trend of climate
change in the Earth. The models’ errors must be taken into account when predicting
chloride penetration. For instance, the chloride penetration may be accelerated in
the hottest period of the year (summer), and in a cooler period, usually the penetra-
tion is slower. However, the proposal of this example was to seek trends and not an
absolute value.
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Figure 3.6 Results of climate change in chloride penetration: scenario A versus C.

Table 3.1 Results of climate change in chloride penetration for all
models studied—changes in the service life (¢)

Scenarios Models % Reduction Equivalent reduction
int¢ (years) for ¢ =50 years
Scenario A X Saetta et al. (1993) 1.22 0.6
scenario B Bob (1996) 5.72 2.9
(~21 years) Amey et al. (1998) 5.09 2.5
Andrade (2001) 1.56 0.8
Mazer (2009) 0.36 0.2
Scenario B X Saetta et al. (1993) 17.91 9.0
scenario C Bob (1996) 15.49 7.7
(~100 years) Amey et al. (1998) 20.39 10.2
Andrade (2001) 3.92 2.0
Mazer (2009) 56.68 28.3
Scenario A X Saetta et al. (1993) 18.90 9.5
scenario C Bob (1996) 20.32 10.2
(~121 years) Amey et al. (1998) 24.43 12.2
Andrade (2001) 5.42 2.7
Mazer (2009) 56.83 28.4

Another important point is that this example did not consider the technological
evolution developed over the years in civil construction (evolution of concrete
strength, for example). But the question is whether these technological develop-
ments are enough to counter the effect of increased aggressiveness of environmental
variables due to climate change. The effect of other environmental variables (wind,
precipitation, waves) was also not considered in this example, which can further
worsen this behavior.
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3.5 Final considerations

Most concrete degradation processes are related to climate variables. Data collected
over the years has shown that climate change is happening in planet Earth. Global
warming and the increase in the global mean sea level over the years are just a few
examples of climate change phenomena that can interfere with the durability of
concrete. Some studies have already demonstrated impacts on the service life of
concrete structures due to climate change.

A numerical example was applied to verify the influence of climate changes on
the penetration of chloride into concrete structures exposed in the marine environ-
ment. The results indicate that measures should be taken, either in developing stud-
ies that may mitigate the effects provided by climate changes, or in considering this
worsening in the development of new studies. For instance, the same concrete struc-
ture built in three different scenarios of climate change (A, B, and C) has differing
service life. Thus, adaptations may be necessary in standards over time to consider
the effect of climatic variables changes.
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Monitoring of Reinforced
Concrete Corrosion

Xianming Shi
Washington State University, Pullman, WA, United States

4.1 Introduction

Reinforcement corrosion induced by chloride contamination is a leading cause of
structural damage and premature degradation in reinforced concrete (RC) structures,
with significant implications for safety, reliability, economics, and environmental
performance. According to the American Society of Civil Engineers (ASCE),
approximately 56,007 bridges built in the United States are classified as structurally
deficient in 2016, representing approximately 9.1% of the total number of bridges
in the country (ASCE, 2016). Remediation projects for concrete bridges undertaken
as a direct result of chloride-induced rebar corrosion was estimated to cost U.S.
highway departments $5 billion per year (Glass and Buenfield, 2000), aside from
other economic, social, and environmental implications. Concern is the greatest in
coastal and northern states where these structures are exposed to marine environ-
ments and deicing salts, respectively, such as in the States of California, Oregon
and Massachusetts.

Many agencies are faced with the difficult and expensive task of more-frequent,
routine corrosion inspection of aging infrastructure to enhance on-time maintenance
decision-making. For instance, the Oregon Department of Transportation (ODOT)
has historic RC bridges along the Pacific coast that experience serious corrosion
and degradation. ODOT currently conducts labor-intensive corrosion surveys of its
coastal bridges to determine the timing and type of remedial action they require.
Fig. 4.1 shows a typical corrosion damage pattern for ODOT coastal bridges.
Consequently, ODOT tends to focus on obtaining chloride content profiles and
rebar corrosion status on the side of the girder near the bottom where corrosion
damage is most likely. This would be a likely location to embed corrosion sensors.
A method of obtaining frequent corrosion information would provide better condi-
tion assessment at much lower cost than the periodic hands-on surveys.

Considering the aging infrastructure and dwindling maintenance budget, it is
necessary to develop a small, reliable, embedded, multi-parameter sensor system to
be deployed at distributed locations of the existing RC structure, which can capture
the critical data indicative of chloride ingress, corrosion initiation, and possibly
early-age corrosion propagation. Such an effective, adaptive, field-deployable sys-
tem can meet the urgent agency needs for corrosion monitoring, detection, and
diagnosis, for the assessment of the remaining life of RC structures, and for the
capability of timely intervention based on early warning.
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Figure 4.1 Two photos of the same reinforced concrete girder showing no concrete damage
on the ocean-facing side (left) and corrosion damage on the face of the beam opposite the
ocean (right).

In this context, this chapter will provide a brief overview on the state of the
art in online monitoring of rebar corrosion, followed by recent advances in embed-
dable sensors that help assess the corrosion-relevant parameters in concrete.
Subsequently, this chapter will present a case study of testing embeddable sensors
in an accelerated manner, and conclude with a discussion of future research needs.
Note that the focus of this chapter is on technologies enabling online and in situ
monitoring of rebar corrosion, instead of those enabling periodic, non-destructive
testing and evaluation of the RC structure itself (e.g., radiography, acoustic emis-
sion, and ground penetrating radar). Yet, both groups of technologies are vital
to condition assessment, health monitoring, reliability engineering, and resilience
preservation of RC structures.

4.2 Online monitoring of rebar corrosion

The inherent drawbacks of current corrosion sensors are their inability to effectively
monitor the overall evolution of corrosion in RC structures, and to detect or quan-
tify the corrosion risk prior to the corrosion initiation. Currently available commer-
cial or laboratory prototype sensors for rebar corrosion (Schiessl and Raupach,
1992; Raupach and SchieBl, 2001; Reis and Gallaher, 2006; Watters et al., 2003;
Song et al., 2008; Qiao et al., 2011) are typically placed in new structures during
casting. Thus, they are not suitable for corrosion sensing of existing RC structures.
Arguably, the corrosion sensors are most needed for existing structures which have
endured decades of environmental exposure conditions (e.g., high humidity/wetness
and chloride contents) and faced with an imminent risk of rebar corrosion and con-
crete cracking.

Some technologies of assessing rebar corrosion are of an indirect nature, since
they are based on the ability to assess the condition and damage of the concrete
embedding the rebar. Among them, the use of piezoelectric sensors has shown great
promise. Li et al. (2016) demonstrated the feasibility of coupling the embedded
piezoceramic lead zirconate (PZT) transducer with acoustic emission (AE) tech-
nique for health monitoring of concrete structures, which may find its application in
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corrosion monitoring of RC structures. Qin et al. (2015) demonstrated the feasi-
bility of using PZT material as an embedded corrosion sensor able to differentiate
between stages of rebar corrosion during an accelerated corrosion test.
Specifically, the PZT sensor embedded in concrete was designed to generate and
receive ultrasonic waves, and the amplitude of the received waves indicated the
accumulation of corrosion product(s) or formation of cracks at the rebar/concrete
interface. Talakokula and Bhalla (2015) conducted accelerated corrosion tests on
RC specimens and measured the conductance signature of both embedded and
surface-bonded embedded PZT sensors. They found that the embedded PZT sen-
sor to be highly sensitive in detecting the changes inside the concrete due to chlo-
ride ingress, i.e., during the initiation stage of rebar corrosion, whereas the
surface bonded PZT sensor was more effective during the propagation stage of
rebar corrosion. Talakokula et al. (2014) conducted accelerated corrosion tests on
RC specimens with PZT patches bonded onto the rebar surface. Using the
electro-mechanical impedance (EMI) technique, they were able to correlate the
corrosion rates using PZT-identified mass loss with those using actual mass loss
of the rebar. The PZT sensor was sensitive enough to detect significant levels of
rebar corrosion, based on the extracted structural parameters, mainly the percent
stiffness loss.

Some technologies of assessing rebar corrosion are of a direct nature, since
they are based on the ability to quantitatively measure the instantaneous corrosion
rate of the embedded rebar or closely related parameter(s). For instance, a three-
electrode configuration can be embedded into concrete, with the working elec-
trode being a probe made of material similar to the rebar; as such, its corrosion
rate can be evaluated using electrochemical techniques such as linear polarization
resistance—LPR (Andrade and Gonzdlez, 1978), or galvanic pulse method—GPM
(Elsener et al., 1997). For chloride-induced corrosion of bare rebar or coated
rebar, however, these techniques fail to provide a realistic evaluation of corrosion
rate, as they assume that the rebar corrosion is uniform. Karthick et al. (2014)
investigated the performance of a corrosion rate monitoring probe sensor which
was embeddable in concrete, relative to the conventional guard ring system which
was mounted on the surface of the RC specimen. This corrosion rate sensor was
based on the LPR technique, with the rebar, 316 L stainless steel, and MnO, as its
working, counter, and reference electrode, respectively. The authors reported that
the embedded LPR sensor provided more reliable corrosion rate measurements
than its surface-mounted counterpart, but they did not provide details on the
dimensions of the LPR sensor or comment on its possible limitations (e.g., assum-
ing that corrosion was uniform across the entire embedded rebar). Alternatively,
electrochemical impedance spectroscopy (EIS) is a more powerful technique that
can obtain mechanistic details of the rebar corrosion behavior (Song and
Saraswathy, 2007; Dong et al., 2011), but more difficult to implement for in situ
monitoring. Xu et al. (2013) proposed a new spatial arrangement of the three-
electrode system in concrete alongside an anodic polarization current (weak polar-
ization) method, which effectively monitored chloride ingress into the concrete
despite fluctuations in its relative humidity.
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Another sensor configuration uses galvanic couples typically consisting of
an anode/cathode macrocell, sometimes using the embedded rebar as the anode.
The corrosion rate of the rebar or the corrosivity of its embedding concrete is evalu-
ated by the macrocell current measurements (Schiessl and Raupach, 1992; Raupach
and Schief3], 2001; Yoo et al., 2003). Park et al. (2005) reported that the embedded
steel/copper galvanic sensor correlated well with the corrosion rate of the steel bar
in concrete. Pereira et al. (2009) conducted laboratory tests in various simulated
concrete pore solutions and then established the relationship between the galvanic
current density measured by a carbon steel/stainless steel galvanic sensor (I4,) and
the corrosion current density estimated from a LPR sensor (I.op), i.€., Lo = 1072
Lon”. As such, the macrocell current density (corrosion current density) values
indicative of passive and active corrosion condition were established as
L1 <0.14 nA/cm® (Lo < 0.1 pA/em?®) and Iy > 1 nAlem®  (Ipor > 1 pA/em?),
respectively. For monitoring rebar corrosion in field concrete, however, the macro-
cell measurements are known to be prone to interference by wet/dry cycles and
electrical resistance of the concrete.

Yet another sensor configuration simply uses a steel wire (Andringa et al.,
2005). This passive, low-cost sensor prototype enables interrogation by inductively
coupled magnetic fields to detect the corrosion status inside the concrete through
the resonant frequency. Similarly, Perveen et al. (2013) demonstrated the use of a
printed circuit board (PCB)-based corrosion potential sensor, which “uses a coupled
coil resonator whose resonant frequency varies” as a result of change of potential
difference between a rebar-sensing electrode and a stainless steel reference elec-
trode. Such change in resonant frequency can be wirelessly interrogated. This pas-
sive sensor features a corrosion potential detection resolution of less than 10 mV
and “allows for the unimpeded transport of reactants in the surrounding media”.
Bhadra et al. (2013a,b) reported that this type of passive, wireless sensor can be
very effective in monitoring early stages of corrosion, as the formation of corrosion
product is indicated by a shift in the resonant frequency.

Recent years have seen continued research and development of multi-parameter
corrosion sensors intended for implementation in RC structures. Duffo et al. (2013)
reported the development of a prototype of integrated corrosion sensor which fea-
tures sensing elements for temperature, oxygen concentration, chloride ion concen-
tration, electrical resistivity of the concrete, as well as corrosion potential and
corrosion current density of the rebar. The long-term performance of the sensing
elements in concrete, however, remain to be reported. The schematic diagram and
appearance of the sensor are shown in Fig. 4.2, and the sensor is embedded in a
porous mortar before its deployment in new or existing concrete structure. Dong
et al. (2011) reported the development and evaluation of a multifunctional sensor
capable of monitoring the rebar potential, corrosion current density, as well as the
pH and Cl  concentration of concrete. This laboratory study confirmed that
the chemical environment in the concrete, particularly pH and CI™ concentration,
are the most crucial factors defining the “corrosion tendency and corrosion rate of
reinforcing steel”. Lu and Ba (2010) reported on an integrated corrosion sensor con-
sisting of a reference probe, an electrical resistance probe, and a LPR unit. This
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Figure 4.2 Schematic diagram of the sensor design and its location in concrete (a) and
appearance of the sensor before embedded in porous mortar (b) (Duff6 and Farina, 2009).

laboratory study revealed a strong correlation between the electrical resistance of
the embedding cement mortar and the LPR of the embedded steel. Qiao et al.
(2011) reported the development of a prototype five-electrode electrochemical cor-
rosion sensor, which consists of one all-solid-state reference electrode, one counter
electrode (graphite rod), and three identical working electrodes made of carbon
steel. Galvanostatic step measurements and electrochemical noise measurements
were enabled by this sensor configuration, and used to “extract the characteristics
of general corrosion and pitting” of RC beams. The aforementioned prototype sen-
sors were embeddable in concrete, but they were rather large in dimensions and
thus would not provide the level of spatial resolution needed for service life predic-
tion of RC structures. Yu and Caseres (2012) and Shi et al. (2015) reported the
working technology of another integrated corrosion sensor prototype. The sensing
elements include a patented 9-pin Multielectrode Array Sensor (MAS) probe at
rebar depth, custom-made silver/silver chloride (Ag/AgCl) probes as chloride sen-
sors at various depths in concrete, along with a graphite rod as the pseudo-reference
probe. Instead of directly measuring the corrosion rate of the actual rebar embedded
in concrete, the MAS measures the instantaneous corrosion rate of multiple minia-
ture electrodes (~1 mm in diameter) made of the rebar material. In other words,
the use of MAS sensors is intended to capture dramatic changes in the instanta-
neous corrosion rate, instead of incremental changes. The MAS sensor was less
than 1 cm in diameter, with 9-pin electrodes sealed in an inert epoxy matrix, with
careful fabrication to eliminate the risk of crevice corrosion. Corrosion current mea-
surements are conducted using the coupled MAS pins and reading the voltage dif-
ference over the precision 100 2 resistor between them. Conceptually, in a more
corroding environment, both the maximum and the average current flowing
between different pins would increase; as such, these parameters are used to quanti-
tatively assess the corrosivity of the environment in which the MAS probe is
embedded. As discussed later, this corrosion sensor prototype has its advantages as
well as limitations.
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4.3 Embeddable sensors for chloride concentration, pH,
and other parameters

If deployed at strategic locations within an RC structure, embeddable sensors for
online monitoring of multiple concrete state variables present a great opportunity
for the structural health monitoring of RC structures. Such sensors would greatly
improve the ability to assess the conditions inside the concrete, in real time or near
real time, and with better spatial resolution, enabling more informed decisions for
inspection, maintenance, rehabilitation, etc.

Considering the abundance of data available for referencing, these sensors will
also enable better prediction of the remaining service life of RC structures in vari-
ous environments. In addition, sensors that detect upsets in the chloride concentra-
tion or pH may provide early-warning capability for imminent risk of rebar
corrosion. This section is thus devoted to the overview of recent advances in the
sensors embeddable in concrete to detect the temporal or spatial evolutions of chlo-
ride concentration, pH, and other parameters relevant to the corrosion of the embed-
ded rebar.

4.3.1 Embeddable chloride sensors

Chlorides play a critical role in the initiation and propagation of rebar corrosion
inside the concrete. As such, it is vital to be able to monitor the temporal and spa-
tial evolutions of chloride concentration inside RC structures, despite the lack of
consensus on a specific chloride threshold value to depassivate the rebar and initia-
tive its active corrosion (Alonso et al., 2000; Ann and Song, 2007; Shi et al., 2012).

Some technologies of assessing chloride ingress into concrete are based on the
measurements of a parameter closely related to chloride concentration, such as elec-
trical resistivity. Lecieux et al. (2015) reported the use of an integrated resistivity
sensor compatible with Geoelectrical Imaging methods and assessed the detection
threshold of this sensor using concrete beams with different levels of admixed
chlorides. This embeddable sensor showed great promise for monitoring chloride
gradients in concrete, despite the inherently stochastic variability of electricity read-
ings, as it featured “a detection threshold of 37.85 2.cm [and a] 85.5% probability
to detect a chloride content in concrete at 28 days higher than 30 g/1”. Jin et al.
(2017) reported the development of a graphene/cement composite as embeddable
sensor to monitor chloride ion penetration in concrete structure, as the electrical
conductivity of this sensor is directly correlated with the chloride ion content and
insensitive to changes in the relative humidity of the concrete.

Another technology of interest to rebar corrosion monitoring is based on the
highly affordable radio frequency identification (RFID) tags. Myers and Hernandez
(2014) reported that these RFID-based corrosion sensors were as small as a coin
and demonstrated as able to detect the arrival of sufficient amount of chlorides
inside the concrete to initiate rebar corrosion. In other words, this technology serves
as a way to indirectly assess the corrosion risk of embedded reinforcing or
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prestressing steel, by detecting the chloride concentration at a given depth of con-
crete. Murthy (2015) reported the development and evaluation of a batteryless
RFID-based embeddable sensor which showed great promise for long-term struc-
tural health monitoring. Specifically, the embedded sensor consists of a corrosion
potential sensor or humidity sensor, temperature sensor, and interface electronics
that can be remotely queried in a few seconds using “a few microwatts of power
harvested from the interrogating RF signal”.

Torres-Luque et al. (2014) presented a review of the techniques developed in the
last two decades for measuring chloride ingress into concrete structures, including
those based on electrical resistivity (ER), ion selective electrode (ISE), and optical
fiber sensors (OFSs). The embedded ER sensors are prone to interference by the
moisture saturation level of the concrete, external electric fields, temperature fluc-
tuations, etc. The embedded ISE sensors (e.g., Ag/AgCl) are prone to interference
by the alkalinity of the concrete, presence of other ionic species, temperature fluc-
tuations, the durability and reliability of the embedded reference electrode, etc.
Embeddable OFSs are considered as the most promising techniques, as they are
immune to interference by “environmental factors, ions presences or electromag-
netic fields”. Yet, very few practical implementations of embeddable OFSs have
been reported, likely due to the high cost of interrogating sensor signals and the
extra protection needed for the fiber during construction and deployment (Mendez
et al., 1990; Torres-Luque et al., 2014).

4.3.2 Embeddable pH sensors

In addition to chloride concentration, the pH value also plays a critical role in the
initiation and propagation of rebar corrosion inside the concrete (Shi et al., 2011,
2012; Moreno et al., 2004). In general, the chloride anions work to catalyze and
facilitate localized disruption of passive film on the rebar surface, whereas the
hydroxyl ions work to repassivate the rebar surface or mitigate pH drop induced by
rebar corrosion. As such, the chloride threshold to initiate rebar corrosion is some-
times characterized by the [C1  J/[OH ] ratio and it is desirable to monitor the tem-
poral and spatial evolutions of pH inside RC structures subject to the risk of
carbonation, acid attack, or rebar corrosion.

Some embeddable pH sensors are based on the measurement of optical proper-
ties. Srinivasan et al. (2000) reported an affordable solid-state pH sensor that fea-
tures the use of a sol-gel/ trinitrobenzenesulfonic acid (TNBS) composite film that
changes its optical properties in the pH range of 12—14, i.e., the range of most
interest to concrete health monitoring. They reported the use of “a simple
LED/filter/photodiode transducer”, along with the encapsulation and embedment of
“the optical window, the light-source and sensor”. Dantan et al. (2005) also reported
the development of a fiber-optic pH sensor that holds the promise for long-term,
online monitoring in concrete structures. Nguyen et al. (2014) reported the develop-
ment and evaluation of an optical fiber pH sensor that changes its fluorescence
intensity in the pH range of 10.0—13.2. This embeddable sensor exhibited “an
acceptable response rate of around 50 minutes, ... a very good stability over more
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Figure 4.3 Photos of the 18 MHz wireless passive temperature and pH sensor (Bhadra et al.,
2013a,b).

than 20 months, ... and little cross-sensitivity to ionic strength”, making it a prom-
ising candidate for long-term online monitoring.

Other commonly-used embeddable pH sensors are based on an ion selective
electrode (ISE), coupled with a reference probe—the potential difference of which
features a strong correlation with pH of the embedding concrete (McCarter and
Vennesland, 2004; Ha et al., 2004). Du et al. (2006) reported the use of Ag/AgCl
electrode (fabricated by electrochemical anodization) and Ir/IrO, electrode (fabri-
cated by thermal oxidation) as embeddable Cl and pH sensors, respectively. Both
sensors exhibited robust and sensitive performance in quantifying the Cl~ concen-
tration and pH inside the concrete specimens. Bhadra et al. (2013a,b) reported the
development of an integrated wireless passive sensor as shown in Fig. 4.3, which
provides the ability for online monitoring of both pH and temperature inside con-
crete. This sensor consists of an interrogator coil inductively coupled to the sensor
inductor, a voltage sensing circuit, a thermistor, a pH probe (It/IrO,), and a refer-
ence probe (Ag/AgCl). It is “calibrated for temperature over a range of 25—55°C
and pH over a 1.5—12 dynamic range”, and features a response time of less than
1 second for a measurement accuracy of less than 0.1 pH (with the use of tempera-
ture compensation). However, this sensor is not immune to interference by the pres-
ence of other ionic species or cross-sensitivity to ionic strength.

4.3.3 Other embeddable sensors

In addition to chloride concentration, pH, and temperature, there are other para-
meters indicative of conditions inside concrete that may affect the level of rebar
corrosion or corrosion risk. For instance, one essential embeddable sensor is the ref-
erence probe, as it is often needed to enable potential readings out of the ISE for
chloride or pH. In addition, the reference probe is also known as a half-cell poten-
tial sensor, as it enables the potential reading of the embedded rebar or embedded
working electrode, thus revealing the thermodynamic probability of active corrosion
(Myrdal, 2007). Once the potential of the working electrode or rebar drops below a
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given threshold (e.g., —276 mV vs SCE or saturated calomel electrode), it is known
to indicate a high probability of active corrosion (e.g., 90%) even though this does
not provide any information on the rate of corrosion (ASTM C876-15, 2015).
Karthick et al. (2014) reported that a MnO, reference probe embedded in concrete
exhibited excellent stability during an exposure period of 24 months, with an aver-
age potential of 198.5 £ 3.5 mV despite the presence of chloride ions. Muralidharan
et al. (2007) and Ha et al. (2004) also reported the use of an alkaline MnO, sensor
as reference electrode for concrete monitoring. Other reference or pseudo-reference
probes reported in literature include: Ag/AgCl electrode (Bhadra et al., 2013a,b),
metal —metal oxide (MMO)-activated titanium (Pease et al., 2011), and graphite rod
(Shi et al., 2015).

An embeddable moisture sensor is another important type of sensor for concrete
health monitoring. It is known that the risk of rebar corrosion would be minimized
if the moisture level (or relative humidity) inside the concrete drops below a certain
threshold. Furthermore, moisture presence also plays a crucial role in many other
types of concrete durability distresses, such as freeze/thaw damage, salt scaling, sul-
fate attack, and alkali-aggregate reactions. Raupach et al. (2006) reported the exten-
sive use of multiring-electrode (MRE) in the last two decades for monitoring the
distribution of the moisture content profile along the concrete depth. The MRE sen-
sor works by firstly establishing the relationship between moisture content of the
concrete and its electrical resistivity at ambient temperature. As illustrated in
Fig. 4.4, the embedded MRE sensor was able to detect the moisture content profile
along the concrete depth, as well as moisture content upsets induced by rainfall
events (Raupach et al., 2013). Correia et al. (2012) developed a relative humidity
(RH) sensor “based on a Bragg grating written in an optical fiber”, featuring the
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Figure 4.4 Readings from a MRE installed in outdoor concrete, at different depths from the
concrete surface (Raupach et al., 2013).
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use of an organo-silica diureasil hybrid sol-gel coating. The coating serves as a
transducer layer as it adheres well to the fiber and expands reversibly with an
increase in RH of the embedding environment. This RH sensor exhibited an out-
standing sensitivity (22.2 pm/%RH) in the RH range of 15%—95%. Embedded in
concrete blocks for 1 year, this optical sensor showed great promise for applications
in monitoring of large structures. Zhou et al. (2016) developed a passive wireless
RH sensor based on Ultra-High Frequency (UHF) RFID technology, featuring the
use of interdigitated metal electrodes filled with polyimide for humidity sensing.
With the transmission of electromagnetic wave in concrete, the sensing layer works
by converting “the humidity capacitance into a digital signal in the frequency
domain”. This RH sensor exhibited “a high linearity with a normalized sensitivity
of 0.55% %RH at 20°C”, and a reliable communication distance of 0.52 m when
embedded 8 cm deep into the concrete. The authors reported that “the measured
results are highly consistent with the results measured by traditional methods”.

Electrical resistivity of concrete is known to indicate its chloride permeability
(Shi, 2004) and also affects the rate of rebar corrosion propagation (Otieno et al.,
2011). McCarter et al. (2005) reported an embeddable electrical conductivity sen-
sor, consisting of 10 stainless steel electrode pairs mounted on a small Plexiglas,
along with four thermistors. This sensor was able to monitor in situ the temporal
and spatial evolutions of electrical conductivity inside the cover zone of concrete
specimens exposed to natural conditions.

Embeddable oxygen sensors are yet another type of sensor important for con-
crete health monitoring, since the availability of oxygen in concrete is known to
affect the level of rebar corrosion risk (Shi et al., 2011). Correia et al. (2006) devel-
oped an oxygen sensor that features the use of platinum and stainless steel as work-
ing electrodes, activated titanium as reference electrode, and graphite as counter
electrode. The sensor works by establishing a linear relationship between the limit-
ing currents of oxygen reduction (cathodic half-reaction) with the oxygen concen-
tration in the concrete pore solution. The authors reported that “this sensor detects
oxygen content variations in the interstitial solution of the concrete, providing qual-
itative information about the evolution of oxygen availability in concrete”.

4.3.4 Concluding remarks

The vast majority of currently-available corrosion sensors have their limitations.
For example, some are too large to be embeddable in existing structures, or they
have an insufficient number of sensor types to illustrate the full picture of the
rebar-concrete interfacial environment and associated corrosion risk. The longevity
and reliability of these sensors are questionable inside concrete over extended peri-
ods within aggressive environments, in light of possible issues due to chemical
instability or interference by other environmental conditions—such as wet/dry and
temperature cycling (Abbas, 2015). Furthermore, corrosion damage inside concrete
is difficult to detect, particularly at the initiation stage. The use of real-time data for
corrosion diagnosis and prognosis is still relatively unexplored and the ability to
intelligently interrogate the multi-parameter, time-series, noise-containing sensor
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data is currently lacking. A significant challenge for infrastructure managers and
maintenance personnel is the ability to analyze sensor data and make informed
maintenance decisions. Finally, interrogation of sensor systems requiring manual
connection or wireless communication (but with limited range) makes it difficult to
collect sensor data, which is especially true for hidden or hard-to-inspect locations.

Promising advances are being made in the domains of sensor technology, ICT
(information and communications technology), data mining, and Internet of Things
(IoT), all of which will contribute to advances in the monitoring of rebar corrosion
and health monitoring of RC structures. For instance, Leon-Salas et al. (2011)
reported the development of an RFID-based corrosion sensor which enables open
circuit potential, linear polarization, and temperature measurements. Specifically,
the sensor’s electronic circuit consists of “a RFID modem, a low-power microcon-
troller and a three-electrode low-power potentiostat” housed in a 3D-printed case.
With the decreases in cost and size of sensors, it is increasingly feasible to deploy a
multiple sensor array at distributed, critical locations in RC structures, providing
sensor data with enhanced temporal and spatial resolutions.

4.4 Accelerated testing of embeddable sensors:
A case study

This section describes a case study that was conducted to test the longevity and reli-
ability of the critical sensing elements in an embeddable, multi-parameter corrosion
sensor along with those of customized chloride sensors, in an accelerated manner.

4.4.1 Sensors and sensing units tested

The prototype corrosion sensor consists of an array of sensing units, based on the cor-
rosion sensor developed and patented by the Southwest Research Institute (SWRI), in
which a 9-pin multi-electrode array sensor (MAS) corrosion current sensor, a
Ag/AgCl chloride probe, a mixed metallic oxide (MMO) pH probe, and a four-point
concrete resistivity probe are included in each sensor unit. Per the suggestion of the
sponsoring agency, the fluctuations in the pH and electrical resistivity along the con-
crete depth of bridge structures are not very significant and these two types of probes
were thus excluded from the prototype corrosion sensor (Shi et al., 2015).

The chloride probe in the prototype sensor was also improved as below, in order
to enhance its stability in concrete over time. The existing research indicates that
while Ag/AgCl remains sensitive to chloride content variation in a highly alkaline
concrete environment, its long-term durability as a chloride probe can be compro-
mised as the sensing surface layer gets oxidized by the hydroxyls in the concrete
pore solution (Montemor et al., 2006; De Vera et al., 2010; Jin et al., 2014). The con-
ventional Ag/AgCl probe fabrication process involves dipping a Ag rod into a molten
bath of AgCl to develop a thick AgCl coating. In the prototype corrosion sensor, after
dipping the Ag rod into molten AgCl twice, a #20 Ag mesh (diameter: 0.04 in.)
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was wrapped on the AgCl coating surface. Subsequently, the whole probe pack was
dipped into the molten AgCl to promote a light AgCl coating on the surface of the
mesh. Subsequently, the electrical connection between the Ag wire and mesh was
checked. This new process can partially re-melt the AgCl packed between the Ag
mesh and rod and result in a more compact bond between the Ag/AgCl mesh and
Ag/AgCl wire with a larger contact area.

Fig. 4.5A presents a photograph of the fabricated Ag/AgCl probes and high-
density graphite rod probes made for the prototype sensor. The geometry of both
probes is /%" (6.35 mm) in diameter with a length of 4" (12.7 mm). Fig. 4.5B pre-
sents a photograph showing the rear wire connection (which was spot welded or
glued by conductive coating before sealing), and the epoxy seal in the polypropyl-
ene tube (D 2” by L 6”, or 51 mm by 152 mm). The top-view photograph of the
sensor prototype and the overview of the wired sensor are shown in Fig. 4.5C and
D, respectively. The material used for the MAS sensing probes was a 1018 carbon
steel wire with a diameter and length of 0.05 and %" (1.27 and 6.35 mm), respec-
tively. The sensing surfaces of the MAS and graphite probes were polished to a
#600 grit surface finish. The surface of the Ag/AgCl probes were indented 0.05”
(1.27 mm) into the matrix. A 24-pin standard serial cable was used to electrically
connect the MAS probes and ribbon cables were used to connect the graphite and
Ag/AgCl probes to the electrical platform. Note that one of the MAS probes had
some of the pins short-circuited, thus turned into a 6-pin differential MAS, with
3 small pins and 3 pins with doubled exposed surface area.

(©)

Figure 4.5 (A) Ag/AgCl and graphite probes, (B) wire connection inside the sensor tube,
(C) top-view photograph of the sensor prototype, and (D) sensor and wired cable (Shi et al.,
2015).
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Figure 4.6 Micrograph (230 pm X 310 um) of Ag/AgCl probe surface after various stages of
(A) to (C): electrodeposition using various current densities and (D): dip-coating in a
polymeric solution.

Furthermore, laboratory experiments were conducted at the Western
Transportation Institute (WTI) to fabricate 18 different Ag/AgCl probes. These
were designed to explore the best method to fabricate a more-durable Ag/AgCl
sensing layer, by first electrodepositing AgCl onto Ag rods and then soaking the
Ag/AgCl into a certain polymeric solution for 10 minutes once or twice. At each
step of the fabrication process, an Olympus BX61 optical microscope was
employed to examine the surface morphology of the prepared sensing surface,
as illustrated in Fig. 4.6. Once each probe was made, its potentiometric response
was measured in five simulated concrete pore solutions with known chloride
concentrations; and the data all showed very strong linear correlation between
the open circuit potential of the probe and the logarithm of chloride concentration
(with R-square no <0.96). A conventional Ag/AgCl probe made with electrodepo-
sition, but without the subsequent dip-coating, was used as a control for the probe
longevity testing described in the next section.

4.4.2 Procedure of accelerated weathering test

The long-term integrity and stability of the MAS probes, chloride probes and refer-
ence probes integrated into one sensor are critical to the success of the corrosion
monitoring system. As such, they were evaluated in an accelerated manner, by reg-
ulating the critical environmental variables (e.g., alkalinity, chloride concentration,
heat, and moisture) during controlled “weathering tests”. The weathering tests sub-
jected each sensing element (or probe) to a cyclic procedure of immersion in
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simulated concrete pore solutions (0.6 M KOH +0.2M NaOH + 0.001 M Ca
(OH),) with a given NaCl concentration for 2 weeks at 104°F (40°C) and subse-
quent drying by air for 3 days at room temperature (20°C). In the first four cycles,
the hours of wetness featured the NaCl concentration increases from 0.001 M, to
0.01 M, 0.02 M, and ultimately 0.03 M. This was followed by another four cycles,
where the hours of wetness featured the NaCl concentration increases from 0.04 M,
to 0.06 M, 0.08 M, and ultimately 0.10 M. During the hours of wetness, the sensing
elements were connected to the data acquisition system and their readings were
taken, at least, on an hourly basis to monitor their stability during the immersion
time and as a function of wetting cycle. The sensitivity and error levels of each
sensing element were analyzed as data became available. Before and after each
weathering cycle, the potentiometric response of the Ag/AgCl electrodes were mea-
sured in saturated Ca(OH), solutions simulating the concrete pore solution, contam-
inated by free Cl  concentration ranging from 1 X 10° to 2 M to see whether they
still maintained good linearity with the logarithm of Cl1~ concentration. Similarly,
the potentiometric response of each reference probe in the sensing system was mea-
sured against that of a reference electrode that did not undergo the weathering tests.
The purpose of this test was to determine whether they were prone to interference
by the exposure to various solutions, heating, or wet/dry cycling. The corrosion rate
estimated from the MAS probes was compared against that of three rust-free, bare
steel #4 rebars that also underwent the weathering tests. The rebars were immersed
2" (50.8 mm) into the solution and their corrosion rate was measured using the EIS
method.

4.4.3 Results and discussion

As shown in Table 4.1, only 6 of the 18 WTI custom-made chloride probes (WTI
Clla, WTI Cl1b, WTI Cl2a, WTI CI2b, WTI Cllc, and WTI Cl13) can be considered
stable after the eight cycles of weathering (consisting of wet-dry and chloride con-
centration changes). This is based on the fact that the open circuit potential reading
of these six probes during the eight exposure cycles exhibited no coefficients of
variance (COVs) higher than 20%. In other words, these six probes featured a
stable potential reading during each cycle, which is vital for their practical applica-
tion as a sensor.

As shown in Table 4.2, the control CI™ probe (Ag/AgCl via electrodeposition
only) failed to remain stable after the fourth cycle, likely due to the degradation
of AgCl surface layer by alkaline oxidation and wet-dry cycling. The second
SwRI chloride probe failed to remain stable after the sixth cycle, whereas
the other two SwRI chloride probes remained stable after the eight weathering
cycles. All three SWRI graphite probes remained stable after the eight weathering
cycles. Note that: after the fourth cycle (CI ™ concentration increased from 0.03 to
0.04 M), the third rebar exhibited great variability in its potential readings during
each cycle, which is attributable to its active corrosion.

The accelerated laboratory testing results should indicate whether the critical
sensing elements can retain their sensing properties and integrity after being



Table 4.1 Potentiometric responses of WTI custom-made Ag/AgCl probes during the weathering cycles, in

a
mVscg
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8

Name of the Average | COV | Average | COV | Average | COV | Average [ COV | Average | COV | Average | COV | Average | COV | Average | COV
chloride probe (%) (%) (%) (%) (%) (%) (%) (%)
Amberlite IRA—400 | —722.4 | —45 =3237 | -9 —3789 | —13 —569.8 | —40 —896.1 —14 —1001.2 | —24 —1033.1 | =8 —8959 | —6

chloride
Polyethylene oxide =310.1 | —6 —328.1 | =5 =3319 | —11 —342.1 -9 =3652 | =31 —356.5 | —10 —3143 | —18 —=376.7 | —19
WTI Clla —-159.2 | =5 —170.0 | —4 —156.7 | -8 —1555 | =6 —170.0 | =3 —171.1 -6 —-1573 | =5 —1783 | —4
Polytetrafluroethylene | —416.1 | —17 —409.1 | —24 —411.7 | =19 —484.4 | —34 —9732 | —12 —951.1 -6 —876.2 | —9 —914.7 | —11
Poly vinyl alcohol =721.8 | —42 =763.0 | —44 —679.8 | —42 —649.7 | —47 —-9343 | =29
Dextrose (glucose) —378.8 =11 —426.7 =317/ —499.2 —44 —454.7 —42 —924.6 —10

anhyrdous
WTI CI1b —158.1 —6 —1724 | =5 —-171.2 | =3 —-167.9 | —4 —1858 | =3 —207.6 | =5 —2204 | -8 —2527 | =5
Chitosan —368.1 | =7 —8209 | —39 —1068.7 | —9 —1055.8 | =9 —1111.2 | =6 —984.9 | —13 =7747 | —6 —9255 | —13
WTI CI2a —163.1 -6 —1744 | -6 —180.5 | =3 —181.0 | =6 —2169 | =5 —2523 | —6 —2719 | —12 —321.8 | =9
Chitosan —3524 | =5 =370.2 | —10 —400.6 | —24 =360.6 | —16 =567.0 | —51 —1001.7 | —10 =709.3 | —29 —861.9 | —15
Polyethylene glycol —=3052 | =5 —343.1 —14 —412.7 | =25 —3422 | =34 —8742 | —21 —737.1 -32 —832.3 | —21 —890.0 | —11
Chitosan —1047.4 | —13 —1067.6 | =7 —988.6 | —13 —815.8 | —28 =9929 | —13 —867.6 | —11 —893.0 | —14 =907.0 | —11$
Poly vinyl alcohol —3449 | -9 —=369.6 | —17 —471.7 | —41 =5119 | —44 —1022.8 | —12
Poly acrylic acid —3544 | —6 —399.8 | —14 —467.4 | —28 —=502.3 | —44 —1094.1 | —12
Poly vinyl alcohol —1036.8 | —15 —896.9 | —26 —9348 | —15 -979.4 | =8 —1041.5 | =9 =775.0 | =2 -9162 | —14 —-1077.2 | =5
WTI CI2b —-167.2 | -8 —-1793 | —4 —1743 | =5 —172.0 | —4 —-1973 | =3 —2202 | —4 —2169 | —4 —2419 | -3
WTI Cllc -266.4 | =5 —266.1 | =5 —2819 | —6 —269.3 | —6 —287.2 | =6 —304.7 | =8 =2769 | -9 —303.5 | =3
WTI CI3 —3302 | -9 —=3743 | —10 —358.8 | =7 —3415 | =6 —=3709 | =7 —367.0 | —6 —3482 | —6 —4064 | —13

Note: The potential of chloride probes was measured against an SCE.

“The gray color indicates sensors being removed from the test due to poor linearity, measured in proceeding cycles.




Table 4.2 Potentiometric responses of the rebars, control CI probe, and SwWRI sensing probes during the
weathering cycles, in mVgcg

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8

Sensors Average | COV | Average | COV | Average | COV | Average | COV | Average | COV | Average | COV | Average [ COV | Average | COV
(%) (%) (%) (%) (%) (%) (%) (%)
REBAR —-1619 | —11 —136.6 | =5 -1519 | —13 —115.1 -8 —-118.7 | =6 —125.1 -9 —107.9 | —31 —121.1 | —26
RE(];/)\R —1559 | =7 —1419 | -8 —1349 | =2 —-166.6 | —35 —131.3 | —20 —1233 | -8 —100.0 | —10 —1246 | =7
RE(BZ,?\R —184.0 | —23 —1594 | —25 —124.1 | —17 —-1619 | —19 —1164 | =660 | —1429 | —74 —3249 | —21 —159.6 | —534
Coﬁr)ol CI | —203.8 | —6 —2023 | =9 —188.0 | —9 —2783 | —17 —495.8 | —49 —526.5 | —56 —2979 | —14 —4784 | —44
SWRI_CL | —282.7 |1 283.8 2 261.0 7 261.9 1 259.7 2 235.5 2 206.2 11 224.5 9
SV\fll%)LCL 271.5 4 2754 10 245.7 11 227.1 14 217.6 16 145.7 33 146.9 50 126.3 39
SV&glzl)I_CL 267.1 3 269.6 6 261.4 5 272.0 6 297.6 6 306.2 9 335.1 11 311.3 14
GT(IngCE —186.5 | =2 —1832 | -5 —156.5 | —14 —-167.8 | —6 —-1743 | —4 —179.0 | -2 —164.8 | —8 —1873 | —4
GT(P;ESCE =177.1 | —6 —1933 | =7 —1809 | —8 —194.1 | =8 —2439 | —4 —256.5 | -2 —212.1 | =8 —2441 | -2
GT(éiSCE —1748 | =3 —1809 | —8 —173.8 | —11 —199.5 | =7 —2282 | =5 —2674 | —6 —2932 | —14 —2749 | —15
3)

Note: The potential of rebars, control chloride probe, and graphite probes (GTE_SCE) was measured against an SCE, whereas that of the SWRI chloride probes (SWRI_CL) was measured against their closest graphite probe.
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subjected to aggressive service environments. It is noteworthy that the temperature
in existing concrete structures would rarely (if ever) reach as high as 104°F and the
use of this relatively high temperature aimed to accelerate the possible oxidation
and degradation of the sensing elements once they are embedded in concrete.
Similarly, the sensing elements in field concrete would rarely be completely dry.
The alternated wetting and drying aimed to capture the effects of moisture fluctua-
tions experienced by field concrete on the stability of the embedded sensing
elements.

During the testing of sensor longevity, instead of periodically measuring the
anodic current flowing between the MAS pins (i.e., Al;), we periodically measured
the potential difference between the MAS pins (i.e., AE,., with the central pin as
reference). The potential difference between certain MAS pins (e.g., AE;;) was not
directly measured but was calculated using the following equation:

AE,‘j = AE,‘C - Ach

All the AFE values were taken at their absolute values. Subsequently the maxi-
mum and average AE of each MAS probe in a given test solution was monitored
on an hourly basis during the weathering cycles (except the drying periods).

For the 9-pin MAS, even the “best” parameter derived from MAS readings
exhibited only a relatively good correlation with the average rebar corrosion rate
during each weathering cycle (R-square of 0.79, as shown in Fig. 4.7A).
Nonetheless, the 9-pin MAS served as a very effective chloride ion sensor, as there
existed a very strong one-to-one correlation between the chloride concentration of
simulated pore solution and the following parameter derived from MAS readings:
stdev(t)Max(p)/Avg(t)Avg(p), with R-square of 0.91 (Fig. 4.7B). For each exposure
cycle, the numerator term is calculated from the standard deviation of maximum
pin AE; over time, and the denominator term is calculated from the average of
average pin AE;; over time.

For the 6-pin differential MAS, there existed a very strong correlation between
the average rebar corrosion rate during each weathering cycle and the following
parameter derived from MAS readings: stdev(t)Max(p)/Avg(t)Avg(p), with
R-square of 0.92 (Fig. 4.8B). However, these two did not exhibit a one-to-one
relationship; as such, the 6-pin differential MAS may not serve as an effective
corrosion sensor, unless augmented by other sensing elements. Nonetheless, the
6-pin differential MAS served as a very effective chloride ion sensor, as there
existed a very strong one-to-one correlation between the chloride concentration of
simulated pore solution and the following parameter derived from MAS readings:
max(t)Max(p)/Avg(t)Avg(p), with R-square of 0.91 (Fig. 4.8B). For each exposure
cycle, the numerator term is calculated from the maximum of maximum pin AE;
over time, and the denominator term is calculated from the average of average pin
AE;; over time.

As shown in Fig. 4.9, only three of the eighteen WTI custom-made chloride
probes (WTI Cl1b, WTI Cl2a, and WTI CI3) can be considered reliable chloride
probes after the eight cycles of weathering. This is based on the fact that their
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Figure 4.7 Correlation between (A) average rebar corrosion rate and (B) chloride
concentration of each weathering cycle, with a certain parameter derived from the 9-pin
MAS.

average potential reading maintained a high second-order polynomial correlation
(R-square of 0.90 or above) with the chloride concentration of simulated pore solu-
tion, over the eight weathering cycles. In contrast, only one of the SwRI chloride
probes (SwRI CI2) exhibited this level of high correlation, yet it failed to remain
reliable after the sixth cycle (Table 4.2). Furthermore, the control CI™ probe (Ag/
AgCl via electrodeposition only) failed to exhibit a good correlation between its
average potential reading with the chloride concentration of simulated pore solu-
tion, over the eight weathering cycles. The R-square in this case was only 0.562,
indirectly confirming the superior longevity of custom-made WTI chloride probes.
The three reliable chloride probes, WTI Cllb, WTI CI2a, and WTI CI3 were
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Figure 4.8 Correlation between (A) average rebar corrosion rate and (B) chloride
concentration of each weathering cycle, with a certain parameter derived from the 6-pin
differential MAS.

fabricated by the same stepwise electrodeposition of AgCl on Ag rod, followed by
dip-coating in 0.05 wt.% poly(vinyl alcohol) twice, 0.05 wt.% chitosan twice, and
0.05 wt.% poly(ethylene oxide) once, respectively.

Table 4.3 reveals that, over the eight weathering cycles, only one of the SwRI
graphite probes (GTE_SCE(1)) remained relatively stable, with its potential show-
ing a standard deviation of 11 mV and a COV of —6%. Interestingly, a few of the
WTI custom-made Ag/AgCl probes showed good potential to serve as reliable ref-
erence electrodes in concrete. The most reliable reference probe, WTI Clla, was
fabricated by the same stepwise electrodeposition of AgCl on Ag rod followed by
dip-coating in 0.05 wt.% poly(tetrafluroethylene) once.
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Figure 4.9 Potential reading of selected chloride probes as a function of chloride
concentration of simulated pore solution over the eight weathering cycles.

Table 4.3 Potentiometric responses of the SwRI reference probes
and WTI reference probes during the weathering cycles

Cycle | Solution WTI WTI WTI WTI GTE_SCE | GTE_SCE | GTE_SCE
(CI", M) Clla CI2b Cllc C13 (1) ?2) A3)
1 0.001 —159.2 | —167.2 | —266.4 | —330.2 | —186.5 —177.1 —174.8
2 0.01 —170.0 | —179.3 | —266.1 | —374.3 | —183.2 —193.3 —180.9
3 0.02 —156.7 | —174.3 | —281.9 | —358.8 | —156.5 —180.9 —173.8
4 0.03 —1555 | —172.0 | —269.3 | —341.5 | —167.8 —194.1 —199.5
5 0.04 —170.0 | —197.3 | —287.2 | —370.9 | —174.3 —2439 —228.2
6 0.06 —171.1 | —220.2 | —304.7 | —367.0 | —179.0 —256.5 —267.4
7 0.08 —157.3 | —=216.9 | —276.9 | —348.2 | —164.8 —212.1 —293.2
8 0.1 —178.3 | —241.9 | —303.5 | —406.4 | —187.3 —244.1 —274.9
COV (%) =5 —14 -6 -6 —6 —15 -22
Average —165 —196 —282 —362 —175 —213 —224
Standard 9 27 16 23 11 31 49
dev.

Table 4.4 shows the variability of potential readings of various sensing probes
within 60 seconds of immersion into a simulated pore solution with 0.03 M NaCl,
with readings taken every 10 seconds. This sheds light on the response time of the
sensing probes. The vast majority of WTI custom-made Ag/AgCl probes (except
WTI Cl1b) exhibited rapid response time as their potential quickly stabilized in the
test solution. In comparison, the SWRI sensing probes featured a slightly higher var-
iability in their 60 seconds potential readings. Nonetheless, the vast majority of the
sensing probes featured a response time of less than 60 seconds.



Table 4.4 Response time of various sensing probes, measured by the potential variability within 60 s of
immersion into a simulated pore solution with 0.03 M NaCl

Name of the WTI CI Average | Standard Cov Name of the SWRI Average | Standard CoVv
sensor dev. (%) sensor dev. (%)
Amberlite IRA—400 —826.8 0.4 —0.05 Surface sensor 1-1 —61.5 0.9 -1.5
chloride
Polyethylene oxide —266.5 0.2 —0.09 Surface sensor 1-2 —59.7 0.5 —-0.9
WTI Clla —123.7 0.3 —0.22 Surface sensor 1-3 —57.7 0.7 —-1.3
Polytetrafluroethylene —821.8 0.4 —0.05 Surface sensor 1-4 —55.7 0.6 —1.0
Surface sensor 1-5 —54.0 0.7 —-1.2
Surface sensor 1-6 —52.1 0.7 —-1.3
WTI Cllb —19.3 16.2 —83.88 Surface sensor 1-7 —=50.4 0.7 —-1.3
Chitosan —97.6 0.9 —0.90 Surface sensor 1-8 —48.8 0.7 —-14
WTI CI2a —95.0 0.7 —-0.72
Chitosan —92.0 0.7 —=0.77 Surface sensor 2-1 —47.2 0.7 —-1.6
Polyethylene glycol —89.3 0.7 —0.78 Surface sensor 2-2 —45.6 0.6 —-1.3
Chitosan —86.8 0.6 —0.70 Surface sensor 2-3 —43.9 0.7 —1.5
Surface sensor 2-4 —42.4 0.9 —2.1
Surface sensor 2-5 —40.9 0.8 —-2.1
Poly vinyl alcohol —78.9 0.8 —1.03 SWRI-1 —39.5 0.9 —-2.3
WTI CI2b —76.8 1.0 —-1.27 SWRI-2 —38.0 0.8 —-2.0
WTI Cllc —74.5 0.6 —-0.76 SWRI-3 —36.7 0.8 —-2.2
WTI CI3 —72.0 0.6 —0.82 Control CI sensor —63.7 0.5 —0.8
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4.4.4 Conclusions

Eighteen custom-made chloride probes, along with the SwRI sensors, a conven-
tional Ag/AgCl probe (as control), and three bare steel #4 rebars went through a
cyclic immersion in simulated concrete pore solutions. Only 6 out of the 18 WTI
custom-made chloride probes can be considered stable after the eight cycles of
weathering (consisting of wet-dry and chloride concentration changes). All three
SwRI graphite probes remained stable after the eight weathering cycles. The three
reliable chloride probes, WTI Cl1b, WTI Cl2a, and WTI CI3, were fabricated by
the same stepwise electrodeposition of AgCl on Ag rod followed by dip-coating in
0.05 wt.% poly(vinyl alcohol) twice, 0.05 wt.% chitosan twice, and 0.05 wt.% poly
(ethylene oxide) once, respectively. All three SWRI chloride probes and the conven-
tional Ag/AgCl probe failed the accelerated weathering test. Over the eight weath-
ering cycles, only one of the three SWRI graphite probes remained relatively stable.
The most reliable reference probe, WTI Clla, was fabricated by the same stepwise
electrodeposition of AgCl on Ag rod followed by dip-coating in 0.05 wt.% poly(tet-
rafluroethylene) once. The vast majority of the sensing probes featured a response
time of less than 60 seconds.

4.5 Future research needs

In light of findings from the published literature and the case study, the following
research needs are identified:

* Additional research should further explore the use of differential MAS as corrosion rate
sensors, with either potential or current readings from individual pins. It is envisioned that
such sensor design can be coupled with electrochemical noise analysis to derive average
corrosion rate and localized corrosion index, and this may help address the challenges for
sensing in cases of active corrosion and high chloride concentration. Sensing elements for
other parameters, such as corrosion potential, temperature, moisture, and pH may be incor-
porated in an advanced version of the multi-parameter corrosion sensor. The goal is to
deploy a user-friendly, maintainable, rugged (durable and stable), sensitive, accurate, and
cost-effective sensor that can be easily embedded into both new and existing RC structures,
and in situ monitoring of localized corrosion risk and corrosion rate of the reinforcing steel.

» Research is needed to enhance and evaluate the long-term durability and stability of sens-
ing elements in the multi-parameter sensor and to improve the system reliability, usability
and cost-effectiveness. The ideal corrosion monitoring system should provide high-quality
corrosion condition information at reduced cost; be able to detect corrosion initiation and
propagation in RC structures at the earliest possible time, and enable condition-based or
reliability-centered maintenance strategies. Furthermore, it should provide increased reli-
ability and remote-sensing capability for condition assessment and service life prognosis
of RC structures, enabling lifecycle performance assessment of corrosion-affected RC
structures. The use of low-power wireless data acquisition hardware and alternative power
source will facilitate the implementation of such corrosion monitoring systems.

» Research is warranted in evaluating the combined use of the corrosion monitoring system,
with impressed current cathodic protection (ICCP) to automatically adjust the protective
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current in a way that maximizes anode life and optimizes corrosion control. This may also
entail the strategic placement of the sensor at distributed locations of the RC structure.

» The multivariate data obtained from the online monitoring system will present a great
opportunity for data mining, which can be applied for recognizing corrosion patterns as
they unfold in real time, providing valuable insights on corrosion initiation, and propaga-
tion and structural degradation. Advances need to be made in developing algorithms to fil-
ter and interrogate the collected sensor data, producing actionable corrosion condition
information, and presenting such information through an intuitive interface to facilitate
asset management and decision-making. A possible methodology for corrosion health
monitoring could adopt the approach of statistical pattern recognition enabled by time
series modeling, similar to identification of damage-sensitive features or outliers (Gul and
Catbas, 2009; Qiao, 2009; Cudney et al., 2007). Ultimately, one can expect that the
numerous periodical measurements of corrosion and environmental parameters inside con-
crete will provide: (1) abundant data to develop the algorithms for data display and quality
control; (2) capability of an evolving predictive model that can capture the near-real-time
condition of the structure being monitored and enable early-warning of sudden degrada-
tion of rebar and/or service conditions during extreme events.
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Monitoring of concrete structures
with optical fiber sensors
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5.1 Introduction

The monitoring of civil engineering structures is becoming an increasingly impor-
tant issue. The maintenance and safe operation of existing structures, as well as
new regulations regarding Structural Health Monitoring (SHM) of new buildings,
has led to a growing demand for cost-efficient and reliable measurement systems.
Historically, visual inspection is the most popular technique to monitor concrete
structures. Thanks to the experience of experts, visual inspection allows the detec-
tion of structure pathologies, water infiltrations, cracks, spalling and corrosion of
the reinforcing steels. Nevertheless, visual inspection can be insufficient to unravel
the root cause of the distress or damage. Moreover, the general frequency of visual
inspections is low; In France, for example, concrete bridges are inspected approxi-
mately once per year. Additionally, some parts of the structure may be difficult to
access. Thus, specific and expensive equipment and strategies can be required to
visually inspect these areas. With the development of sensor technologies and
numerical simulations, structures can be monitored and assessed in real time. Many
pointwise sensors, such as accelerometers and extensometers, have already been
deployed for structural monitoring. A vast amount of literature addresses vibration-
based damage identification methods, and a detailed review is presented in
Doebling et al. (1996). Hence, sensor-based strategies can be strategically used to
complement visual inspections.

The emergence of optical fiber sensors and their commercial availability during
recent years presents new options for SHM engineers. Using an optical fiber as a
sensor element presents numerous and distinct advantages over traditional sensing
principles. Fiber optic sensors can be multiplexed and are immune to electromag-
netic interference; non-conducting, relatively small in size, reliable, relatively low
cost, lightweight, and non-corrosive. They can be used in flammable or explosive
environments and can endure high temperatures (Brown and Hartog, 2013;
Jackson, 1995; Grattan and Sun, 2000; Leung, 2001; Tennyson et al., 2000; Ye
et al., 2014).

Based on the spatial distribution of the quantity to be measured, optical fiber
sensors can be classified into one of the following four categories:

1. Point sensors: the measurement is carried out at a single point in space, but possible mul-
tiple channels are used to address multiple points. Examples such as Fabry-Perot sensors
and single Fiber Bragg Grating (FBG) sensors.

Eco-efficient Repair and Rehabilitation of Concrete Infrastructures. DOI: http://dx.doi.org/10.1016/B978-0-08-102181-1.00005-8
© 2018 Elsevier Ltd. All rights reserved.
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Figure 5.1 Photonic Sensor Consortium Market Survey Report (http://www.igigroup.com/st/
pages/photonic_sensor_report.html).

2. Quasi-distributed or multiplexed sensors: the measured quantity is determined at a number
of fixed, discrete points along a single fiber optical cable. The most common example is
multiplexed FBGs.

3. Integrated sensors: the measurement averages a physical parameter over a certain spatial
section and provides a single value. An example is a deformation sensor, measuring strain
over a long base length.

4. Distributed sensors: the parameter of interest is measured with a certain spatial resolution
at any point along a single optical cable.

As shown in Figs. 5.1 and 5.2, the market of distributed fiber sensors is growing
each year due to their wide range of applications. The market is dominated by dis-
tributed temperature sensors (DTS) based on Raman Scattering and FBGs.

Based on their unique characteristics, optical fiber sensors find their place in a

wide spectrum of applications. Here, we present the main applications for infra-
structure monitoring.

5.2 Overview and classifications of optical fiber sensor
technologies

In the last few decades, telecommunication industries have accelerated the optical
fibers deployment using their major performance in light guidance (Giallorenzi
et al., 1982; Grattan and Sun, 2000). The development of optoelectronic technology
has pushed optical fibers to be widely investigated for sensing applications thanks
to their unique characteristics of low fabrication cost, low propagation loss, high
flexibility, small form factor, high sensitivity, high accuracy, multiplexing capabil-
ity, remote sensing capability, simultaneous sensing capability, and immunity to
electromagnetic interference.

A distributed optical sensor should deliver information regarding the tempera-
ture, strain and vibrations from any point along the optical fiber through light
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Figure 5.2 Distributed fiber optic sensor applications (http://www.igigroup.com/st/pages/
photonic_sensor_report.html).

scattering phenomena (Rogers, 1986a; Giles, 1987; Dakin, 1993). The main chal-
lenge was to find a mechanism that measures the key structural parameters along
the optical fiber with acceptable spatial resolution and good sensitivity in a reason-
able measurement time. The performance of distributed strain or temperature fiber
sensors are adequate for many applications that require a large area coverage with
high location accuracy using standard communication fibers, which can be imbed-
ded in different structures such as bridges, buildings, dams, power generators, and
other civil works, to report their internal status in real time (Tennyson et al., 2000;
Li et al., 2004; Barrias et al., 2016).

The sensing capabilities of optical fibers based on scattering phenomena
(Rayleigh, Brillouin, and Raman) have been considerably enhanced by using inno-
vative detection solutions (Barrias et al., 2016), as they better satisfy the end-user
requests and field needs. In the following, we briefly describe the scattering phe-
nomena inside the optical fibers and the main technologies used to investigate
them.

When light propagates along an optical fiber, several mechanisms scatter
photons back toward the light source as well as forward. The different observed
backscattered light spectra are schematically illustrated in Fig. 5.3.

* Rayleigh scattering: It is an elastic scattering process in optical fibers due to the fluctua-
tion in the refractive index profile along the fiber. Therefore, the scattered light has the
same wavelength as the incident light. In the majority of these types of systems, the
detected signal is the time-varying power intensity or the state of polarization of the back-
scattered light.
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Figure 5.3 The optical spectrum of the scattering phenomena in silica (SiO,) optical fibers,
used in distributed sensing, for an injected laser wavelength of 1550 nm (Alan, 1999; Motil
et al., 2016).

» Brillouin scattering: It is an inelastic (nonlinear) scattering process in which a frequency
shift occurs due to an interaction between the light wave and acoustic waves (Stokes ray).
The frequency shift is in the range of 11 GHz and typically depends on the temperature
and stress in the fiber. A large range of optical sensors have been designed using this phe-
nomenon to measure spectra or absorption. Dynamic and distributed sensors can be done
using the time modulation of the acoustic wave.

* Raman scattering: It is an inelastic (nonlinear) scattering process in which the electromag-
netic and acoustic energies are exchanged. Stokes rays with frequencies smaller than the
source and anti-Stokes rays with frequencies higher than the source appear. Only the anti-
Stokes rays depend on the temperature, which is of interest for metrology.

5.2.1 Intrinsic distributed optical fiber sensors

Based on the location of the fiber sensing element, it is possible to distinguish
between two fiber sensor categories: extrinsic and intrinsic.

On the one hand, extrinsic optical fiber sensors are used as information carriers
and not in sensing (Rogers, 1986b; Tracey, 1991). They generate a light signal that
depends on the information arriving at the sensing element. The sensing element
may be composed of mirrors, gas or any other mechanism that generates an optical
signal. This type of sensor is used to measure rotation, vibration velocity, displace-
ment, twisting, torque and acceleration. The major benefit of these sensors is their
ability to reach places which are otherwise unreachable.

On the other hand, intrinsic optical fiber sensors use the internal property of the
optical fiber to convert the physical or environmental change into a modulation of
the optical signal in the form of intensity, phase and frequency (Loayssa, 2011).
Distributed sensors are considered to be the optimal configuration of intrinsic opti-
cal sensors, as presented in Fig. 5.4.
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Figure 5.4 Simplified schematic classification of intrinsic optical fiber sensors.

Based on the types of the scattering mechanisms: Rayleigh, Raman, and
Brillouin scattering, the demodulation techniques used in actual systems can be
divided into three associated classes: optical time domain reflectometry (OTDR),
optical frequency domain reflectometry (OFDR) and polarization optical time
domain reflectometry (P-OTDR). The measured parameters include temperature,
strain and pressure.

5.2.2 Optical Time-Domain Reflectometry (OTDR) based
distributed sensor

OTDR was initially developed for telecommunication applications. The sensors for
this technique have been the starting point of distributed sensing techniques and are
still the most commonly used device in distributed sensing applications (Aoyama
et al., 1981; Philen et al., 1982; Rogers, 1986a; Barnoski and Jensen, 1976).

In general, Rayleigh scattered light has been used to measure the attenuation pro-
files of long-optical fiber optics. In the OTDR technique, an optical pulse from a
pulsed laser is launched into the fiber, and the light is continuously backscattered as
it propagates through the fiber, caused by the small inhomogeneities and impurities
in the amorphous silica fiber material. The backscattered light power is detected at
the launching end (Danielson, 1985). The detected signal shows an exponential decay
with time, which is directly related to the linear attenuation in the fiber. Similar to
radar signal detection techniques, the time information is converted into distance
information using the speed of light in the fiber core. A simplified schematic presen-
tation of an OTDR system is presented in Fig. 5.5 and contains a modulated laser, a
fast detector, an optical coupler, a data acquisition system, and a signal processor.
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Figure 5.5 Schematic presentation of an OTDR system (Aoyama et al., 1981; Philen et al.,
1982; Rogers, 1986a; Barnoski and Jensen, 1976).
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Figure 5.6 A typical OTDR trace (Aoyama et al., 1981; Philen et al., 1982; Rogers, 1986a;
Barnoski and Jensen, 1976).

In addition to the information on fiber losses, the measured OTDR profiles can
be used to localize breaks, bendings, connectors; to evaluate splices; and in general
to evaluate the overall quality of an optical fiber link. Fig. 5.6 shows a typical
OTDR return trace. Considering that the time at which the backscattered light is
received can be precisely measured, the fiber section from which the backscattering
occurred can be identified by the distance from the launching end.

Since the power of the received light decays as time increases, at the signal pro-
cessor, the power of the backscattered light can be measured as a function of dis-
tance by analyzing the time delay of the received light pulse compared with the
reference point in the fiber.

The OTDR techniques for distributed sensing applications using Raman and
Brillouin scattering phenomena have been developed over the past few decades.
Raman scattering was first proposed for sensing applications in the 1980s (Dakin



Monitoring of concrete structures with optical fiber sensors 103

et al., 1985), whereas Brillouin scattering was introduced later, initially as a way to
enhanced the range of OTDR and then eventually for strain and/or temperature
monitoring applications.

Brillouin OTDR is the most powerful tool for distributed strain sensing. Since the
Brillouin frequency shift depends on both the local strain and temperature of the
fiber, the sensor configuration will determine the actual sensitivity of the system. The
sensor configuration should be designed to ensure proper mechanical coupling
between the sensor and the host structure along the entire length of the fiber. To
resolve the cross-sensitivity to temperature variations, it is also necessary to install a
reference fiber along the strain sensor. Knowing the frequency shift of the unstrained
fiber allows an absolute strain measurement. To measure the temperature, it is suffi-
cient to use a standard telecommunication cable that shields the optical fibers from
mechanical strain. The fiber will therefore remain in its unstrained state, and the
frequency shifts can be unambiguously assigned to temperature variations.

There are two configurations based on the type of Brillouin scattering. The first
is based on spontaneous Brillouin scattering, which is induced by the acoustical
noise generated by the Brownian motion of the molecules in the silica fiber and is
usually ~20 dB weaker than the Rayleigh scattering. The other configuration is
based on the stimulated Brillouin scattering, which is the process that follows the
spontaneous scattering due to the electrostriction effect of the silica fiber material
(Horiguchi et al., 1995; Bao et al., 1999; Boyd et al., 1990).

The Brillouin optical time domain reflectometry (B-OTDR) technique was dem-
onstrated in the 1990s (Motil et al., 2016; Bao and Chen, 2011); this technique can
be further divided into two other methods:

1. Coherent detection, which is based on the measurement of the Brillouin frequency shift.
2. Direct detection, which is focused on the intensity measurement.

The coherent detection method, still the most attractive and the most developed
in current B-OTDR systems.

During the same period, the first distributed Brillouin scattering sensing system,
based on stimulated Brillouin scattering, was demonstrated by researchers in the
NTT Communication Lab in Japan and is called Brillouin optical time domain anal-
ysis (B-OTDA). Distributed temperature measurement with a 3°C temperature reso-
lution and a 100 m spatial resolution over a 1.2km sensing length was
demonstrated in 1990 (Tateda et al., 1990; Kurashima et al., 1990; Horiguchi and
Tateda, 1989). In 1993, the sensing range was extended to 22 km using a similar
measurement technique, in which a temperature resolution of 1°C and a spatial res-
olution of 10 m were reported (Bao et al., 1993). Fig. 5.7 shows typical schematics
of the B-OTDR and B-OTDA systems.

For the Raman OTDR used for distributed temperature sensing (Dakin et al.,
1985; Rogers, 1986a; Wait et al., 1997; Farahani and Gogolla, 1999), the magnitude
of the spontaneous Raman backscattered light is relatively low, so high numerical
aperture multimode fibers are used to increase the guided intensity of the backscat-
tered optical light wave. The range of Raman-OTDR based systems is limited to
approximately 30 km because of the relatively high attenuation characteristics of
the multimode optical fibers.
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Figure 5.7 Schematic diagram of (A) a B-OTDR system and (B) a B-OTDA system (Motil
et al., 2016; Bao and Chen, 2011; Tateda et al., 1990; Kurashima et al., 1990; Horiguchi and
Tateda, 1989).

5.2.3 Optical Frequency-Domain Reflectometry (OFDR) based
distributed sensor

The OFDR technology in a single-mode fiber was reported in 1981 for the first
time (Eickhoff and Ulrich, 1981) as a method to measure the spatial distribution of
the Rayleigh scattering and optical losses along the optical fiber. However, it has
recently been investigated and commercialized for numerous monitoring applica-
tions. The OFDR technology has significantly higher spatial resolution and expo-
nentially more sensing locations than the OTDR technology solutions (Bao et al.,
2014). The combination of a high spatial resolution, a quick refresh rate, an addi-
tional number of sensors, and full distribution set the OFDR apart as the most
sophisticated technology on the market today. Fig. 5.8 shows the general schema of
the OFDR based distributed sensor.

OFDR uses a variable frequency laser beam that is coupled to an optical interfer-
ometer. The output of a tunable laser source (TLS) is split between the reference
and measurement arms of an interferometer. In the measurement path, the light is
further split to interrogate a length of fiber under test (FUT) and return the scattered
light. Since the laser is linearly tuned in the optical frequency, the interference
between the measurement and reference field is recorded using optical detectors.
The auxiliary interferometer used to trigger the data acquisition in equal optical fre-
quency increments and a portion of the network where a gas cell is used to monitor
the absolute wavelength of the tunable laser are not shown in the figure.
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Figure 5.8 Diagram of the operating principle behind OFDR: from the laser pulse to the
analyzed signal (Eickhoff and Ulrich, 1981).

Actual OFDR systems are classified in two main classes: coherent and incoher-
ent OFDR. Most OFDR systems based on Rayleigh scattering are classified as
coherent OFDR, while incoherent OFDR is mainly used for systems based on
Raman or Brillouin scattering.

The OFDR configuration is used to detect temperature, strain, beat length and
high order mode coupling in optical fibers. It is an excellent choice for short sens-
ing lengths (<100 m), while longer measurement distances (5 km) are possible at
the cost of both spatial resolution and temperature and strain resolution (Koshikiya
et al., 2007).

5.3 Classifications of Structural Health Monitoring
purposes

As defined in Balageas (2010), SHM aims to diagnose the “state” of a structure at each
moment during its life. SHM is found in a wide variety of fields, including mechanics,
civil engineering, and aerospace. In civil engineering applications, SHM helps the
supervisor to plan and adjust the interventions for maintenance and repair, allowing a
reduction in the maintenance costs while ensuring the safety of the users. It has been
applied to various structures, such as bridges, buildings, nuclear installations, and tun-
nels. A full description can be found in the review article (Brownjohn, 2007).
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Regardless of the application, SHM embraces sensor technologies, the communication
systems, damage-identification methods, information representation, etc.

This chapter is limited to structural damage identification. Physically, the dam-
age can be interpreted as a structural modification that leads to a deterioration in
the structural behavior. A classification of damage monitoring purposes has been
proposed in Rytter (1993). The four levels are defined as follows:

1. Damage detection, i.e., the presence of damage in the structure

2. Damage localization, i.e., the determination of the geometric location of the damage
3. Damage quantification, i.e., the quantification of the severity of the damage

4. Damage prognosis, i.e., the prediction of the remaining service life of the structure

The choice in instrumentation and in the damage identification method depends
on the level of interest. Consequently, the structure supervisor has to select the appro-
priated level in the classification detailed above as the first step.

Only the damage identification methods related to Levels 1, 2, and 3 are dis-
cussed here. More information concerning the damage prognosis involved in level 4
can be found in Farrar and Lieven (2007). Generally, data driven methods can reach
Levels 1 and 2, which statistical approaches are a part of. When information is
available for both damaged and undamaged states of the structure, supervised learn-
ing can be used. Unsupervised learning is considered when monitored data are com-
pared to the undamaged structure responses. Non-exhaustively, the reader can
referred to Farrar and Worden (2007), Santos et al. (2013), Laory et al. (2013),
Posenato et al. (2010), and Dohler et al. (2014). Damage identification approaches
which combine sensor outputs and models (Mottershead and Friswell, 1993;
Waeytens et al., 2016) allow for damage assessment up to Level 3. The starting
point of these approaches is to consider a physical model (generally solved by the
Finite Element Method) that is sufficiently accurate to represent the behavior of the
structure. Model parameters associated with damage phenomena such as stiffness,
are sought to ensure the best compatibility between the model and the measure-
ments. Hence, these approaches allow the localization and quantification of the
structural damage.

A significant amount of literature exists on damage identification methods based
on vibration responses, which has been studied since the early 1980s. A review is
given in Doebling et al. (1996). Of note, damages in the structure can affect its
dynamic behavior. The most popular monitored quantities are the frequencies, the
mode shape (displacement) and the derivative mode shape (strain). Static responses
are also used for damage identification while generally considering the temperature,
displacement and strain. As mentioned previously, the wide range of optical fiber
technologies allows the assessment of strain and temperature measurements.

Finally, it is noted that damage identification methods have been integrated in
smart infrastructure monitoring system for structures such as bridges in British
Columbia, Canada (Kaya et al., 2014).

In the next section, we address applications of data driven methods based on
optical fiber devices and model-based approaches for monitoring concrete
structures.



5.4 Use of distributed optical fiber sensors to monitor concrete structures: Some

significant applications

5.4.1 Data driven monitoring using only optical fibers

Type of Objective, description, illustration and reference Optical Test Year | Type of
monitoring fiber or structures
scattering Real
Strain Measurement of strain in a eteiratorra e IR Rayleigh T 2012 [ Reinforced
reinforced concrete beam after inputioutouticad | concrete
. . . s y
cracking. Fiber optic - \ samples
embedded in a groove in the
rebar using adhesive.
(Quiertant et al., 2012)
FO embedded into the groove &=
(sensing zone)
Measurement of mechanical strain. Use of Raman scattering to filter out temperature Raman T 2010 | Concrete
influence. Comparison of measurements from Raman, Brillouin and Rayleigh. (Henault Brillouin slab
et al., 2010) Rayleigh
Structural Health Monitoring of Brillouin R 2002 | Tunnel

Nanjing Gulou tunnel by
measuring the strain in the
arch. Use of measured
strain to calculate arch
displacement. (Shi et al.,
2003)

(Continued)



(Continued)

Type of Objective, description, illustration and reference Optical Test Year | Type of
monitoring fiber or structures
scattering Real

Real-time damage localization in Brillouin T 2012 | Pipelines
buried pipelines due to
earthquake ground movement.

(Glisic and Yao, 2012)
¥

High resolution strain monitoring during load tests applied to a newly built viaduct in Rayleigh R 2012 | Viaduct
Barcelona. (Villalba et al., 2012)

Monitoring of bridge deflection using high accuracy and spatial resolution of the strain Rayleigh R 2014 [ Reinforced
measured by optical fiber. Optical fiber also allows examination of the bridge support concrete
conditions and the load distribution between beams. (Regier and Hoult, 2014) bridge

Crack Crack detected earlier by optical _ s Rayleigh T 2012 Reinforced
fiber than visual inspection : T concrete
(peaks in figure at right). T : beam
Different placements of the & IR
optical fiber (embedded ; P A
bonded, embedded near and ' ;_/’/: \H\\_
far) allows detection of the L i
cracks. (Henault et al., 2012)




Detection of early age thermal cracks in Streicker pedestrian Bridge (USA). Long term
monitoring. (Hubbell and Glisic, 2013)

Brillouin

2013

Pedestrian
concrete
bridge

Detection of crack formation using optical fiber wrapped onto the pipeline. (Leung, 2001)

Rayleigh

2001

Pipeline

Temperature

Water leakage detection in a
full-scale dike mock-up
composed of controlled soil
material. Optical fiber inside
the dike. (Henault et al., 2010)

Raman

2010

Dike

Monitoring of temperature in a
nuclear reactor, with a 1-cm
resolution in a radiation
environment. (Sang et al.,
2008)

Rayleigh

2008

Nuclear
reactor

Two-dimensional map
temperature in Swiss Alps
dam after the pouring of new
massive concrete slabs in view
of increasing the power T
capability of hydroelectric femperature map
plant. (Thevenaz et al., 1999)

Brillouin

1999

Dam

Measuring the temperature on building surfaces using 1 km of optical fiber. (Kwon et al.,
2002)

Brillouin

2002

Building
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5.4.2 Model-based monitoring by coupling optical fiber
measurements and physical models

Optical fibers can be used to localize early stage damage, which may be difficult to
detect during a visual inspection. To establish efficient maintenance plans for struc-
tures, a manager can be interested to know the time evolution of structural damages.
Hence, the damage must be quantified. A strategy to obtain damage quantification
is to couple an optical fiber measurement and a mechanical model. In the following,
we review some representative applications of concrete structures that use both
optical fiber measurements and physical models. In each application, its objective,
measurement technology, mechanical model, and interactions between the measure-
ments and the model are concisely detailed.

5.4.2.1 Case #1: Reinforced concrete beam in the laboratory

In this first case presented in Waeytens et al. (2016), the goal was to localize and to
quantify damages in an 8-m reinforced concrete beam.

Optical fiber measurement: Optical fibers were placed on the steel reinforce-
ments before pouring the concrete. As shown in Fig. 5.9, the optical fibers are in
regions where potential damage is likely to occur, i.e., at the vicinity of the lower
fiber and the upper fiber of the beam.

The beam was simply supported, and a static load of 10 kN was applied to the
middle of the beam. Since the temperature of the laboratory was kept constant dur-
ing the test, the Rayleigh sensor was able to only monitor the mechanical strain
along the fiber with the high spatial resolution of approximately 1 cm. The mea-
sured strain at the lower part of the concrete along the length of the beam is pre-
sented in Fig. 5.10. It is noted that the peak on the optical fiber signal indicates the
position of a crack at x =0.7 m. As mentioned previously, optical fiber devices are
sufficient to locate damage, but the coupling of the measurement and a physical
model is generally required to quantify the damage.

Figure 5.9 Steel reinforcement of the concrete beam and the optical fiber (in blue)—
CASE #]1.
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Figure 5.10 Measured strain from the optical fiber (in brown) and simulated strain before
(x) and after (circles) the model updating process—CASE #1.

Mechanical model: The simple mechanical model used to represent the damage
phenomena at a reasonable computation cost is the 3D linear elastic model. The
damage is modeled in a continuous way by reducing the Young’s modulus. The
potential damaged area of the beam is decomposed into subdomains. The Young’s
modulus of the subdomains is then adjusted by a model updating process to obtain
good agreement between the sensor outputs and the simulation. More details are
given in the next paragraph.

Interaction between the optical fiber and the model: The damage parameters, i.e.,
the Young’s modulus in each subdomain, is sought to minimize the data misfit function.
It leads towards solving an inverse problem. To obtain a unique solution that is relatively
insensitive to the measurement error, a regularization term is added to the data misfit
function. In this application, three model-updating strategies that consider different kinds
of regularization were tested and compared. The Tikhonov and Constitutive Relation
Error-based techniques give a deterministic identification of the damaged parameters,
while a Bayesian framework is probabilistic. The advantages and the drawbacks of the
deterministic and probabilistic approaches are summarized in Table 5.1.

In Waeytens et al. (2016), it is shown that the Constitutive Relation Error-based
technique (Ladeveze and Chouaki, 1999) was the most adapted for early damage
localization and quantification. The outlines of the method are summarized in
Fig. 5.11. First, we propose decomposing the potential damaged area into 21 subdo-
mains. Then, a damage indicator named the Constitutive Relation Error (CRE) is
computed in each subdomain. The Young’s modulus is updated in the subdomain
that has the highest CRE. This corresponds to subdomain #13. Hence, Step B in the
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Table 5.1 Deterministic and probabilistic model updating techni-
ques for damage quantification purposes

Model updating Deterministic Probabilistic

strategies

Advantages * Reasonable * Confidence interval for the model
computation cost parameters

Drawbacks » Deterministic value » Time consuming
for the model * Requirement of an a priori probability
parameters law for the model parameters

» Dedicated computing codes

(A)
I~ A\
12l clslslelolalolioliliziionslisiyaliziiel
€CRE
4e-07
(B)
3.5e-07 4
3e-07
2.5e-07
2e-07
1.5e-07
1e-07
5e-08
0e00
(C) 1234567 8 9101112131415161718192021 E (Pa)
Number of the subdomain 2.5e+10
2.48e+10
-2.44e+10
-2.36e+10
Blue: undamaged ;2.32e+10
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Red : damaged

Figure 5.11 Model updating strategy to localize and to quantify structural damages—CASE
#1. (A) Decomposition of the potential damaged area into 21 subdomains, (B) localization of
damaged subdomain using Constitutive Relation Error, and (C) damaged quantification given
by Young modulus reduction from model updating.

figure is associated with the damage localization. Lastly, the Young’s modulus is
updated in the selected subdomain to minimize the data misfit.

This process gives a Young’s modulus in subdomain #13 that is 8% less, com-
pared to the undamaged value of 25 GPa. The 8% reduction corresponds to the
damage quantification.



Monitoring of concrete structures with optical fiber sensors 113

5.4.2.2 Case #2: Pre-stressed concrete beams in a viaduct

The second case describes the monitoring of pre-stressed concrete beams and piers
on a 110 m viaduct constructed in Bary, Italy (Uva et al., 2014). The objective was
to obtain real-time acquisition of the mechanical strain during the construction
phases of the structure and to evaluate the instant and deferred pre-stressed losses.

Optical fiber measurement: Optical fibers were placed before the concrete was
cast. Since the purpose was not to detect local cracks, a long-based measurement of
a few meters, using the French based Surveillance des Ouvrages par Fibres
Optiques (SOFO) technology, was selected. This technology is composed of one
reference fiber free of movement and one measurement fiber. It allows the removal
of the thermal effects and to only obtain the mechanical strain.

Mechanical model: In the first step, a physical mechanical model was used to opti-
mally place the optical fibers in the piers. Even though distributed optical fiber sensors
can measure the strain along the fiber over more than 100 m, only the most critical
parts of the structure are generally monitored. Therefore, a physical model allowed
identification of the critical piers of the viaduct and the potentially damaged areas. In
the second step, an empirical model was considered for the pre-stressed beams. The
objective was to verify that the measured strain induced by the pre-stress losses and
loadings did not exceed the upper theoretical values established by the manufacturers.

This case shows that the model must be selected in agreement with the sought
objectives.

Interaction between the optical fiber and the model: Only a simple comparison
between the strain sensor outputs and the theoretical values is performed, and the the-
oretical values are considered to be an upper limit. If the measured strain is higher
than the limit, an alert may be launched due to an abnormal structural response.

5.4.2.3 Case #3: Reinforced concrete slab in the laboratory

The third case addresses the detection, localization and quantification of cracks in a
reinforced concrete slab of 5.6 m X 1.6 m X 0.285 m.

The laboratory study detailed in Rodriguez et al. (2014) aims for the early detec-
tion of cracks in a reinforced concrete slab of 5.6 m X 1.6 m X 0.285 m, which may
be difficult to see by visual inspection. So, for durability purposes, the objective is
to estimate the crack widths, associated with the third level: damage quantification,
mentioned in Section 5.3. For the experiment, the slab is simply supported, and an
increasing load is applied at the mid-span.

Optical fiber measurement: To detect and localize the cracks, a high resolution
of ~1 mm is required. Consequently, Rayleigh scattering—which belongs to opti-
cal backscattered reflectometry (OBR) measuring technology, was selected. This
measuring system is often used on existing structures to detect cracks. The optical
fiber sensor outputs were validated by comparing the results with other standard
sensors. Contrary to previous cases, the fibers were not embedded in the structure
but were positioned on the top and bottom faces of the concrete slab. The first
strain peaks due to the cracks appearing close to the mid-span for a loading of
50 kN, which was confirmed by visual inspection.
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Mechanical model: A non-linear mechanical model was considered to represent
the crack phenomena and was solved with the standard finite element method.
Although a crack is associated with a discontinuity, a non-discrete model named
the “smeared crack model” was used. This kind of continuous model is easy to use
and not time consuming. More details about damage and smeared crack models can
be found in Jirasek (2011).

Interaction between the optical fiber and the model: As mentioned in
Section 5.3, coupling between the sensor outputs and a physical model is needed to
quantify the damage, i.e., the third level defined in Rytter (1993). In Case #3, a model
calibration is performed as a first step. Then, once the strain simulations are in agree-
ment with strain sensor outputs, the model is used to estimate the crack width.

To conclude, we can see that optical fibers can be used on both new and existing
structures. The measurement technology must be selected depending on the objec-
tive, e.g., local crack detection or verification of pre-stress losses. Optical fibers can
be sufficient to detect and localize damages, but coupling between the measurement
and a physical model is required to obtain the damage quantification.

5.5 Technical guide: from the identification of the SHM
purpose to the selection of the appropriate optical
fiber technology

In general, optical fiber sensors for SHM are embedded into civil engineering struc-
tures. For this reason, optical fibers should be mechanically protected (Merzbacher
et al., 1999). From a mechanical point of view, the strain of the structure is trans-
ferred to the optical fiber sensor through the protective and adhesive layers, which
mainly deform under shear stress.

Due to this shear mechanism, the stress level is lower in the fiber than in the
structure, so the fiber is protected against high stress concentrations arising from
cracks. As the measured strain in the optical fiber sensor can be different from the
real strain in the structure, measurements in the fiber are not directly quantitative.

For example, in a linear stress transfer, the relationship between the real strain of
the structure g, and the strain measured in the fiber g, for any position along the
optical fiber x can be written as:

gop(x) = (MTF x* £5,)(x)

where * is the convolution operator and MTF is the Mechanical Transfer Function
that is equal to the strain profile along the fiber when the strain of the structure is a
Dirac delta function. In other words, this function is the impulsive response of the
system formed by the fiber optic sensor embedded in the structure.

The variety of realized analytical studies to identify the MTF are based on
Volkersen’s theory (Volkersen, 1938). These studies have been used for Bragg grat-
ing sensors and distributed sensors (Ansari and Libo, 1998; Li et al., 2009; Xihao
and Junhua, 2008; Her and Huang, 2011; Wang and Zhou, 2012). It is important to
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Table 5.2 Some distributed fiber sensing units commercially avail-
able today include the following: B-OTDR—Yokogawa AQ8603
(left), Sensornet DTSS (middle), and Febus optics (right); B-
OTDA—Omnisens DITEST STAR (left), Neubrex Neubrescope
(middle), and OZ Optics Foresight DSTS (right); B-OFDA—
fibrisTerre fTB 2505; R-OTDR—Silixa ULTIMA DTS; R-

OFDA—LIOS DTS200SM; and C-OFDR—LUNA OBR4600.

B-OTDR

B-OTDA J—

B-OFDA

R-OTDR

R-OFDA

Rayleigh-OFDR

find the best configuration between the optical fiber sensing cable and the optoelec-

tronic system to measure the Brillouin, Raman or Rayleigh scattering.

In Table 5.2, we present some distributed fiber sensing units that are currently

commercially available.

To make the best choice for a distributed fiber sensing system, it is important to
identify the primary parameters to measure. Mainly, the maximum fiber length and
the spatial resolution are the two parameters to be specified before acquiring a dis-
tributed fiber sensor for strain measurements. A simplified graph presents these two
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Figure 5.12 Scope for sensing length and spatial resolution of the most common
commercially available distributed fiber sensors.

parameters for distributed fiber sensors currently available in the market, leading to
a better choice of sensing length and spatial resolution (Fig. 5.12).

The best choice of optical fiber cable to be used depends on the purpose: for
alarms for cracks or fire, or for strain/temperature profile measurement.

There are many optical fiber cables currently available in the market, as shown
in the following table:

AFL (Sensornet)

BruSteel (Brugg)

DiTeSt SMARTprofile (SMARTEC)

FN-SILL-2 (Neubrx)
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Finally, installing fiber optic sensors in civil engineering structures is a critical
task. The following remarks are based on our experience installing fiber optic sen-
sors in civil structural monitoring. A optical fiber sensor must respond to different
requirements, both from the optical point of view regarding its mechanical solidity,
and for the transmission of the displacements from the structure to the fiber.

Therefore, from a mechanical point of view:

» avoid bending the optical fiber cables, and ensure that the entire fiber is continuously in
contact with the concrete or any other host material.

» avoid high pressures on the fiber to maintain its mechanical characteristics.

+ avoid any unwanted optical losses.

5.6 Future trends

The use of optical fiber technologies is not limited to laboratory tests. As shown
before, many operational concrete structures are monitored using them.
Nevertheless, some research concerning the optical fiber technologies and the cou-
pling with physical models remain. Let us emphasize a few major fields of interest:

* Increasing the sensing length of the optical fiber with a high spatial resolution while main-
taining acceptable costs is one of the main problems to solve. An actual system delivers
massive quantities of information over time, so one challenge is to find the best algorithm
to estimate the lifetime and performance of a civil engineering structure by using accumu-
lated data over a limited time (<5 years for example).

» Optical fiber outputs can be used to detect and localize damages. To quantify the damage,
one can solve an inverse problem by coupling sensor outputs and a physical model. Two
subjects of study in current academic research can be highlighted: the improvement of the
physical model and the real-time strategies for coupling the sensor outputs and the
models.

Concerning the physical model, damage phenomena can, on the one hand, be modeled
in a continuous way. This is the most convenient way for practical use in terms of compu-
tation time, ease of use and existing numerical software. Nevertheless, it is noted that
research is still undergoing to improve the damage mechanical models (Giry et al., 2011).
On the other hand, fracture-based models exist to represent cracks and their propagation.
Some numerical strategies, such as the Extended Finite Element Method (X-FEM)
(Sukumar et al., 2000) introduce singularities at the crack front through analytical formu-
lae in a finite element framework. Consequently, there is no remeshing required during
the propagation of the crack. This method shows significant promise for application to
concrete structures.

To quantify the damage by an inverse modeling strategy that couples the physical
model and sensor outputs, one may need many finite element solutions. Thus, this process
can be highly time consuming when dealing with concrete structures. In view of advanced
real-time monitoring, a numerical strategy called “reduced basis” (Prud’Homme et al.,
2002; Taddei, 2017) can be set up. For a given structure, this strategy consists of perform-
ing many finite element solutions in an oftline stage and then computing the numerical
solution in real time in an online stage. The damage information can be rapidly provided
to the structure manager.
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» Finally, using systems to realize multi-parameter measurements, such as physical and
chemical characteristics, will be the ultimate objective for distributed fiber sensing. For
civil engineering structures, it is very important to measure the strain and the evolution of
the pH during the lifetime of the structure. The research activities in this domain are
focused on real acceleration, since the first systems have used Bragg gratings or titled
Bragg gratings (Norris, 2000; Guo et al., 2016; Lieberman, 1992).
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Structural health monitoring
through acoustic emission
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Universiti Teknologi MARA (UiTM) Pulau Pinang Branch, Permatang Pauh, Penang,
Malaysia

6.1 Introduction

Structural health monitoring (SHM) is a useful system that functions to assess the
integrity, health condition and durability of various types of structures. Its usage is
mainly targeted at implementing damage identification strategies (Farrar and
Worden, 2007). By utilizing tools to assess changes in a structure, SHM is also a
promising system for real time structural damage assessment. The information gen-
erated by this system allows the engineers appointed by the asset owners to improve
the safety, serviceability, and operational cost of structures through their life cycle.
In turn, SHM systems would potentially increase life-safety and ease the economic
impact (Farrar and Worden, 2007) as it helps to reduce the maintenance cost and
prevent irreparable damage (Abbasnia and Farsaei, 2013; Surre et al., 2013;
Annamdas et al., 2016).

In the context of civil engineering structures, the SHM has become an essential sys-
tem to be taken into account, as there is no maintenance-free condition for existing
reinforced concrete structure. The system allows detection and location of damage
presence in structures through the utilization of suitable tools as an alternative to
scheduled inspection. This enables condition-based maintenance where there will be
savings in the through-life costs and increased reliability of the structures (Gagar et al.,
2014). The development of reliable techniques for monitoring and damage-evaluation
of reinforced concrete structures has demanded more attention due to aging factor and
increasing of load application to the structure. This situation occurs because most rein-
forced concrete structures start to show signs of deterioration or impairment, such as
cracks, after several years of servicing. These impairments constitute 90% catastrophic
damage caused by fatigue loading (Puskar and Golovin, 1985). Fatigue is a process of
progressive structural damage in a material when it is subjected to repetitive loading.
Since repetitive loading is a common occurrence in the field, fatigue damage has now
become a serious problem in reinforced concrete structures. It usually starts with a
small crack and gets bigger as the fatigue load is continuously applied. Thus, the
inspection and assessment of fatigue damage needs to be carried out in order to main-
tain the integrity of the reinforced concrete structures.

To date, visual inspection is commonly used in SHM to inspect the condition of
structures when subjected to repetitive loading as 80% of the defects can be found
using this technique (Roberts, 1992). This visual inspection is inspector-dependant,
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quick, convenient and periodical as it is based on condition. It is also very economi-
cal since it is a form of surface inspection which acts as a good indicator of larger
defects. In the application of visual inspection on concrete, visual cracks and
spalled concrete are normally inspected. However, visual inspection is less promi-
nent in assessing the condition of larger structures and the structures which are at a
location which is difficult to access. Besides, its inspection accuracy for real time
monitoring is still inaudible apart from the difficulty faced in detecting small or
hidden damages (Noorsuhada, 2016). The defects can be identified only when the
reinforced concrete structure has attained the dangerous and perilous size. It makes
visual inspection and identification of possible small damage unattainable. This
becomes the main weakness of this form of inspection. Early detection of damage
as a warning to the reinforced concrete structural integrity is extremely crucial;
another technique for SHM is required.

Considerable efforts have been made for practical SHM systems, such as the use
of acoustic emission (AE), which is one of the non-destructive testing (NDT) tech-
niques. Since the SHM aims to diagnose the condition at every moment during the
life of a structure, the use of AE sounds assuring. AE technique can be exploited to
detect cracks, as it is very effective in identifying micro and macro defects. The AE
technique also can be used to detect, locate and assess damage that occurs in the
structure caused by fatigue loading. Hence, the conditions that are close to the
integrity risk of the structure under fatigue loading can be diagnosed using AE tech-
nique. This study concentrated on the SHM through AE technique in assessing the
integrity of civil engineering structure when subjected to fatigue loading.

6.1.1 Background and general application of acoustic emission
technique

AE is defined as the class of phenomena whereby elastic waves are generated by
the rapid release of energy from the localized source or sources within a material,
or the transient elastic waves generated (ASTM E976-10, 2010). As reported by
Evans et al. (2000), AE was first used commercially in the late 1960s in the testing
of pressurized systems for the chemical and aerospace industries. The history of AE
started in 1950 by Joseph Kaiser has been then verified by Ohtsu and Watanabe
(2001). However, the fundamentals of AE measurement has been reported earlier
by Kishinoue (1990), Drouillard (1994), and Ohtsu (2008). Meanwhile, AE related
to environmental noises has been addressed by Kishinoue (1990). In 1972, Liptai
reviewed the material properties and defect for composite material using AE.
Earlier information about material properties of plain concrete using AE technique
has been reported by Nielsen and Griffin (1977). Later, the advanced AE analysis
related to the determination of crack location, type of cracks, and orientation of
cracks in concrete structures has been reported by Ohtsu et al. (1991). A new
method for the determination of microcrack kinematics generated in concrete has
been proposed. Recently, the application of AE has received more attention as a
real-time monitoring technique in civil engineering structures. It has been used
extensively for damage detection and damage assessment of various types of
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structures such as bridges, dams and buildings. The localization of damage that
occurred in the structures can be identified. From this damage assessment through
AE monitoring, the structural integrity and performance can be recognized.

AE has been used worldwide for various applications, inclusive of the monitoring
of structures and infrastructures. It has been utilized for damage identification, loca-
tion and assessment. The knowledge of the damage identification mechanisms is
valuable in maintaining the performance and integrity of the structures. Thus, the ser-
vice life of the structures can be maintained and the structures safety can be managed.
It is cost effective and economical for long term monitoring.

As mentioned earlier, in the context of civil engineering, the AE has been uti-
lized for monitoring of bridge structures such as steel bridges (Holford et al., 2001)
and concrete bridges (Yuyama et al., 2007). It has also been used for the monitoring
of reinforced concrete slabs (Yuyama et al., 2001; Degala et al., 2009) and rein-
forced concrete beams (Md Nor and Mat Saliah, 2016; Md Nor et al., 2013a, 2014).
The monitoring of masonry towers has also been carried out by Carpinteri and
Lacidogna (2007) using AE. Its application for monitoring the reinforced concrete
strengthened with carbon fiber-reinforced polymer on the soffit (Wan Ahmad and
Md Nor, 2016; Muhamad et al., 2016). The AE has been used for monitoring the
behavior of rubberized concrete (Wang et al., 2011), concrete beam strengthened
with engineered cementitious composites (ECC) layer (Leung et al., 2007) and car-
bon fiber reinforced vessel (Ziehl, 2000). Reviews on the application of AE closely
related to the damage assessment in concrete have been carried out by Basri et al.
(2012), Behnia et al. (2014), and Noorsuhada (2016). This indicates that the AE is a
powerful tool for SHM in evaluating damage of reinforced concrete structural sys-
tems and materials. It has also been used in detecting crack formation and growth
in the structure without damaging it.

Concerning damage assessment, AE has been utilized for the monitoring of crack
propagation and development in reinforced concrete structures. For instance, the
development of crack progression in the reinforced concrete from microcrack to
macrocrack has been assessed by Md Nor et al. (2011). Based on the AE signal
strength, the occurrence of crack nucleation can be characterized (Md Nor and Mat
Saliah, 2016; Md Nor et al., 2015). The AE parameter also has been used to investi-
gate the damage classification of reinforced concrete beams when subjected to
monotonic loading to failure (Md Nor et al., 2012) and fatigue loading at various
fatigue amplitudes (Md Nor et al., 2013a). A clear trend of the relationship between
average frequency and RA value obtained from the AE signal—with respect to crack
progression—has been observed. The next investigation was concentrated on the
fatigue damage severity of a reinforced concrete beam when constant fatigue ampli-
tude was applied (Md Nor et al., 2014). The bath-tub curve for diagnostic the fatigue
damage severity using severity analysis of AE signal was then presented. It is found
that the curve was closely related to the service life of the beam. AE is also useful in
detection and evaluation of failures, as reported by Yuyama et al. (2007). A study on
damage assessment of the high strength tendon of prestressed concrete bridges has
been performed and the researchers have concluded that the AE is a reliable tech-
nique for detection of failures.
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Instead of the application stated above, AE has many advantages—predomi-
nantly for monitoring purposes through its parameters. The AE parameters play an
important role on the determination and assessment of damage in the structures.
The main AE parameters are: amplitude, energy, duration, threshold, frequency,
count, and rise time as shown in Fig. 6.1. Such AE parameters can be used as valu-
able information for SHM.

Each parameter is constructive in the determination of the AE characteristic
which relates to the AE source such as a crack. Threshold is “a voltage level on an
electronic comparator such that signals with amplitudes larger than this level will
be recognized. The voltage threshold may be user adjustable, fixed, or automatic
floating” (ASTM E1316, 2006). Threshold is useful in filtering the noise interven-
tion in the AE signal during monitoring process. In doing so, a suitable threshold
level must be set up in order to obtain the required signal. The threshold is mea-
sured in decibel (dB) or volts (V). It can be set at a certain level such as 40 dB.
Normally, the identification of a suitable threshold for monitoring is based on the
noise test (ASTM E1316, 2006). During monitoring, only AE parameters above the
threshold level would be captured and stored. Amplitude is defined as “the peak
voltage magnitude of the largest excursion attained by the signal waveform from an
emission event” (ASTM E1316, 2006). It is the maximum (positive or negative
waveform) AE signal excursion during an AE hit and expressed in dB (Physical
Acoustic Corporation, 2005). The amplitude is measured, however, in dB or V.

Duration is “the time between AE signal start and AE signal end” (ASTM
E1316, 2006). The duration is the length between the first and the last threshold
crossing of the signal. It is measured in microseconds. Xu (2008) stated that various
AE sources may produce different signal durations. Pollock (1995) added that long
duration and less duration (<10 ps) signals are normally generated due to
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Figure 6.1 Simple waveform parameter (Md Nor et al. 2013b).
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mechanical noise sources and electrical pulses. The duration is useful for crack
characterization as well as the nucleation and growth. One of the AE energies is
signal strength. It is defined as “the measured area of the rectified AE signal with
units proportional to volt-seconds” (ASTM E1316, 2006). It includes the absolute
area of positive and negative envelopes (Ziehl, 2000). It is related to the amount of
energy released by the specimen as the crack grows.

Count is “the number of times the AE signal exceeds a pre-set threshold during
any selected portion of a test” (ASTM E1316, 2006). The count which has been
used in classification of damage is one of the AE parameters. Frequency is defined
as the number of cycles per second of the pressure variation in a wave and an AE
wave comprises of several frequency components (Xu, 2008). In many types of AE
analysis, average frequency is always used. Average frequency is defined as count
divided by duration and measured in kilohertz (kHz) (RILEM, 2010). Rise time is
the time between the first threshold crossing and peak amplitude (relate to source-
time function). It is also related to the wave propagation in the material.

6.1.2 Acoustic emission monitoring and AE analysis

For the monitoring of structural damage, the AE can be utilized to locate, detect and
evaluate any local deformation. Fig. 6.2 illustrates the generation of AE source owing
to occurrence of cracks, where the crack causes a stimulus in a structure and travels
in a form of stress wave. The stress wave travels from the AE source to the surface
and then is captured by the sensor, which is used to detect the acoustic wave at the
surface of a structure. Typically, the propagation of waves in a structure can be cate-
gorized into three different types: the dilatation wave (compression waves or longitu-
dinal wave, P-wave), the distortion wave (shear waves, S-wave) and the Rayleigh
wave (surface wave, R-wave) (Md Nor et al., 2013b; Lovejoy, 2006). The wave is
then amplified before transmitted to the AE instrument and transmitted to AE data
acquisition, where it would be recorded, stored and analyzed.

b

Sensor 'u|”v'"m" ' ‘ .
Signal AE » Detection
eiment » Measurement
» Recording
> Interpretation
» Evaluation
AE AE wave Stimulus

source

Figure 6.2 Principles of AE technique.

Source: Adaptation from Pollock, A., 1995. Inspecting Bridges With Acoustic Emission-
Inspection Details About in Service Steel Bridges and Monitoring Weld Operations:
Application Guidelines. Physical Acoustic Corporation.
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Prior to the monitoring of a structure, three main verifications must be per-
formed. The first is verification of sensor mounting, the second is noise test and the
third is pulsing table. Sensor verification is carried out to identify the sensitivity of
the sensor and the structure’s surface. It is generally based on the pencil lead frac-
ture (PLF) to simulate the acoustic wave against the surface of the structure using a
magnetic pencil with a Nielson shoe (Teflon shoe) (ASTM E976-10, 2010). The
breaking of the lead would generate a short-duration, localized impulse which is
quite similar to the natural AE source, for instance a crack (ASNT, 2005). For this
purpose, three or more replicates of PLFs are required. The sensor is considerably
coupled if the wave produced by the PLF is high amplitude of 99 dB or when the
sensitivity is within * 3 dB in difference (Ziehl, 2000; Md Nor et al., 2013b).

Noise test that is carried out to determine the suitable threshold level can be set
in the AE hardware to be used throughout the monitoring process. The noise inter-
vention in the signal can be reduced if it uses the suitable threshold level. It is
dependent upon the noise in the vicinity of the tested structure and the constant
threshold that is generally used. The noise test is normally performed with a low
threshold level that is set in the AE hardware and runs for at least 20 minutes.
Threshold level of 40 dB (Schumacher, 2009; Md Nor et al., 2013a) to 45 dB (Liu,
2007) is normally utilized for reinforced concrete testing. In order to ensure good
communication between sensors, the pulsing table is used. It depends on the num-
ber of sensors fixed on the structure surface. The pulsing table results are influenced
by the location of the sensors. It is auto-calibration, which is carried out in a partic-
ular short duration. The magnitude of the results can be in amplitude or in wave
velocity depending on the threshold level set in the AE system.

After the three main verifications, the AE monitoring can be conducted. During
AE monitoring, all AE data are displayed immediately in AE visual with various
parameter options. The analysis can be visualized in AE visual and stored in data
acquisition.

There are various approaches of AE analyses which have been used for the assess-
ment of reinforced concrete structure. For example: the analysis based on the AE
parameter (Chotickai, 2001; Wan Ahmad and Md Nor, 2016; Md Nor et al., 2015),
the relationship between average frequency and RA value (Md Nor et al., 2013a;
Aggelis et al., 2013), the intensity analysis (Degala et al., 2009; Md Nor et al., 2012),
b-value, and so forth. Each analysis has its own ability to diagnose the occurrence of
damage in the structure for SHM implementation. At the same time, the damage is
also required to be characterized and classified. In doing so, an appropriate AE analy-
sis can be exploited. One of the AE analyses is intensity analysis. The intensity analy-
sis is a useful method for the identification of structural damage level. The structures
can be zoned according to the damage level, whereby appropriate action can be taken
into account based on the recommended action for each zone. This analysis can give
useful information for further action on SHM. The identification of damage level
with respect to its location—especially at high crack concentration—can be used for
the determination of structural intensity as a whole.

The intensity analysis involves two indices: historical index, HI and Severity
index, S, (Fowler and Gray, 1979) and these indices are based on the strength of the
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AE signal. They are also based on the intensity chart as shown in Fig. 6.3 which
are divided into five zone intensities namely Zone A, Zone B, Zone C, Zone D, and
Zone E as represented in Table 6.1. HI is generally based on the Eq. (6.1), where N
is the number of hits up to and including time #; S,; is the signal strength of the ith
hits (Liu, 2007) and events (Lovejoy, 2006), and K is a parameter that depends on
the number of AE hits. The K parameter for reinforced concrete structures based on
ASTM (20006) is used as depicted in Table 6.2. S, is the “average signal strength of
J hits having the maximum numerical value of signal strength” (Carey, 2008) as
defined in Eq. (6.2). Where, J is an empirically-derived constant as presented in
Table 6.3 for reinforced concrete structures.
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Figure 6.3 Typical intensity chart for concrete (Golaski et al., 2002).
Table 6.1 Significant of intensity zones (Gostautas et al., 2005)
Zone intensity Recommended action
A—No significant Insignificant acoustic emission. No follow up recommended.
emission
B—Minor Note for reference in future tests. Typically minor surface defects
such as corrosion, pitting, gouges, or cracked attachment welds.
C—Intermediate Defect requiring follow-up evaluation. Evaluation may be based
on further data analysis or complementary non-destructive
examination.
D—Follow up Significant defect requiring follow up inspection.
E—Major Major defect requiring immediate shut-down and follow-up.
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Table 6.2 K-parameter for reinforced concrete
structure (ASTM E1316, 2006)

Number of hits, N K

=50 Not applicable
51-200 N—-30
201-500 0.85N

=501 N-175

Table 6.3 J value for reinforced concrete struc-
tures (Nair, 2006)

Number of hits or events J
<50 Not applicable
>50 50
1 J
5= 30 S (62)

The intensity analysis has been used extensively in SHM to characterize damage
of a fiber-reinforced composite bridge deck (Gostautas et al., 2005), a reinforced
concrete member (Nair, 2006; Md Nor et al., 2012; Nair and Cai, 2009), a rein-
forced concrete slab retrofitted with carbon fiber reinforced polymer (CFRP)
(Degala et al., 2009), reinforced concrete bridges (Golaski et al., 2002; Lovejoy,
2006), and fiber reinforced vessel specimen (Ziehl, 2000). Gostautas et al. (2005)
have utilized this analysis to categories the damage of six glass fiber-reinforced
composite bridge decks. The bridge decks were tested under increasing static load
to failure. The intensity analysis was performed on channel basis to categories dam-
age level. They found that the results are promising to measure structural integrity
and the onset of permanent damage can be identified. Degala et al. (2009) conveyed
that the intensity analysis chart offers quantitative information on the identification
of damage for large area and are able to categories different sources of damage.
Nine small-scale reinforced concrete slab retrofitted with carbon fiber reinforced
polymer (CFRP) strips were tested under static load to failure. The intensity plots
signify different damage occurrences on the slab mainly the disbond of CFRP strip
from the soffit and shear failure. Golaski et al. (2002) conducted testing for pre-
stressed concrete beams. The beams were statically loaded to fracture under
repeated loading. The IA was carried out at different percentage of failure load,
based on AE signal captured from the channel basis. From intensity analysis, the
damage of the beams can be classified.

From the review, it is found that the intensity analysis can be used for quantifica-
tion of damage severity, detection of crack development, determination of onset of
cracking, identification of failure and classification of cracking. Hence, the intensity
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analysis based on AE signal is convenient to be used for the implementation of
SHM. In the following subsections, a case study related to damage assessment of
reinforced concrete beam subjected to fatigue loading, with the aids of AE tech-
nique is discussed. The intensity analysis collected from AE signal would be
utilized for assessing the fatigue damage.

6.2 Case study: Damage assessment of precast
reinforced concrete beam subjected to fatigue
loading

Fatigue is a process of progressive, localized, permanent structural change in a mate-
rial subjected to repetitive loading (Md Nor et al., 2015; Noorsuhada, 2016). Many
structures experience repetitive loads as well as bridges due to traffic. Exposure of
repetitive loads from time to time may result in fatigue failure. Before reaching
fatigue failure, structures need to undergo the inspection of the fatigue behavior,
such as fatigue crack starting from the nucleation of crack to the failure stage.

Fatigue damage evaluation of reinforced concrete beams subjected to increasing
fatigue loading has been performed by Md Nor et al. (2013a). The relationship
between average frequency and RA value collected from AE signal has been uti-
lized to evaluate the progression of damage in the beam. Two crack modes were
identified, namely tensile crack and shear crack. They found that the relationship
corresponds well with the crack pattern appears on the beam surface.

Fatigue damage assessment of an RC slab using AE technique has been investi-
gated by Yuyama et al. (2001). From the AE analysis, four stages of fatigue damage
have been identified. The first stage is crack initiated and grew rapidly. It induced
very high AE activities in the initiation of crack and reduced rapidly, then increased
again as the crack density increased. The second stage showed no significant crack
growth was observed as in stable state. However, the AE activity increased slowly
and seems some instability occurred in the slab. In the third stage, the crack density
increased almost linearly: at a constant rate and AE activity was stable. The fourth
stage is: crack density increased rapidly leading to the final failure and AE activity
increased rapidly just before the final failure. They found that AE signal was gener-
ated near the minimum loading phase in the final stage of the fracture process.
Hence, fatigue damage can be predicted and evaluated by monitoring the AE
signal.

The AE signal distribution during the fatigue process in the rubberized concrete
and plain concrete beam has been investigated by Wang et al. (2011). They found
that AE monitoring can assess the health of concrete beam under repetitive loading.
Meanwhile, Shield (1997) has investigated the AE activity of reinforced and pre-
stressed concrete beam under fatigue loading. It was found that the AE is able to
determine the active crack growth in RC structures.

In order to assess damage of RC specimen under fatigue, fatigue testing in labo-
ratory with constant fatigue amplitude is generally used. For instance, Md Nor et al.
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(2015) have performed a laboratory testing on RC beam subjected to constant
fatigue amplitude and frequency. The testing required a long period of testing for
determination of fatigue damage from the initiation of crack to failure of the speci-
men. When looking back to real phenomena, the fatigue loading is unpredictable.
For instance, on a bridge the loading increases from time to time due to the increas-
ing traffic. Related to this case, only few researchers have attempted to account for
the effect of increasing fatigue amplitude loading in relation to AE: for carbon
fiber-reinforced plastic composites laminates by Bourchak et al. (2007) and for
crane shaft by Fowler and Berkowitzi (1995). However, the study conducted on the
application of increasing fatigue loading in relation to AE to assess fatigue damage
on RC specimen is still limited.

Hence, this study presents the damage assessment of RC beam subjected to
increasing fatigue loading with the aids of AE technique. This study is mainly to
assess the fatigue damage of RC beam from the crack nucleation to fatigue failure
using AE parameter analysis and intensity analysis. In doing so, the AE signal col-
lected from located event and channel basis were used. For the AE parameter analy-
sis, the signal strength captured on Channel 4 (CH4) and Channel 5 (CHS) was
analyzed. Meanwhile, for the intensity analysis, AE signal collected from Section A
(SEC A) and CH4 was analyzed and compared. Then, the intensity analysis was
compared with the crack patterns that mapped on the beam surface.

6.3 Experimental programme

6.3.1 Preparation of sample and experimental set up

A series of experiments were conducted in a laboratory. The experiments were per-
formed on the precast reinforced concrete beams sized 300 mm width, 600 mm
depth and 4050 mm length. The concrete was designed using grade 40 and its
strength as collected from the compressive strength test was 42.74 N/mm?. The
same proportion of the concrete by weight of cement: water: fine aggregate: coarse
aggregate was 1.00: 0.45: 2.07: 2.74, respectively. Coarse aggregate of 20 mm was
the maximum size used in this study. The admixture (superplasticizer) of 0.8% of
the cement weight was added into the fresh concrete. Figs. 6.4 and 6.5 show the
dimensions of the beam used in this study. The reinforcement of the beam was
designed using the high strength steel of 460 N/mm?. Yield stress for the steel bar
size T20, T12, and T10 were 636.23 N/mm®, 595.90 N/mm”, and 622.30 N/mm”,
respectively.

The fatigue test was conducted using force-controlled mode in conjunction with
AE monitoring. The test set-up is shown in Fig. 6.6. An AE monitoring system sup-
plied by Vallen Systeme was used to monitor the reinforced concrete beam during
the crack growth, and a fatigue test with sine wave load cycle of 1Hz frequency
was used. Twelve phases of maximum fatigue loads, P,,x were applied to the beam
specimens, as depicted in Fig. 6.7. Table 6.4 depicts the summary of the maximum
fatigue loading that was used in this study. The P,,,, was based on first load crack,
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Figure 6.7 Load versus load cycle for reinforced concrete subjected to 12 phases of

maximum fatigue load.

Table 6.4 The summary of 12 phases of maximum fatigue load
applied to the precast reinforced concrete beam

Based on P,

Load phases P1 P2 P3 P4 P5 P6
Load ratio 0.3P.; 0.4P, 0.5P, 0.7P,; 0.8P,; 1.0P,,
Prax (kN) 15 20 26 36 41 51

Based on P

Load phases P7 P8 P9 P10 P11 P12
Load ratio 0-2Pull O-3Pul[ 0~4Pult O.SPuh O.6Pu1t O~7Pult
Prax (kN) 66 99 133 166 199 233

P of 51 kN and ultimate static load, P of 332.31 kN. Those values were identi-
fied from the results of a static test of one reinforced concrete beam. 5000 fatigue
cycles were applied for each load phase. The minimum fatigue load, P,,;, of 5 kN
was applied throughout the testing.

For SHM, the AE with eight sensors was used. The sensors were set in linear
array arrangement and coupled to the selected location of the beam specimen as
shown in Fig. 6.6. The threshold level was set at 45 dB with the wave velocity
of 4000 m/s, rearm time of 1.62 ms, duration discrimination time of 400 ps, pre--
trigger samples of 200 and sample rate of 10 MHz (Md Nor et al., 2013a).
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6.4 Intensity analysis of AE signal

The intensity analysis was based on Eqs. (6.1) and (6.2) for historic index, HI and
severity analysis, S;, respectively. K and J parameters were based on Tables 6.2 and
6.3, respectively. The intensity analysis plot of S;-HI was calculated from the AE
signals recorded on the located event and compared with that from the channel
basis. A typical intensity chart of S, versus HI is depicted in Fig. 6.3.

The intensity analysis was carried out based on the four zones in which the
intensity for each load phase was compared to the physical crack pattern of the
beam. The located event analysis was concentrated at a critical crack region, as
well as flexural crack locations, namely SEC A. Meanwhile, for the channel basis,
the intensity of AE signal was collected from CH4. CH4 has received high AE
activity corresponding to the propagation of fatigue crack during loading and
unloading process in the beam specimens. The located event was used to identify
damage of the small part of the beam at where the flexural crack occurred along the
distance of 1.92—2.12 m from the edge of the beam as shown in Fig. 6.8. The selec-
tion of SEC A was due to the bending crack concentration which normally occurs
at the mid-span of the beam, when the beam is subjected to the three-point loading.
Hence, the analysis in SEC A was used to assign bending crack characteristic of the
reinforced concrete beam.

6.5 Results and discussion

6.5.1 AE parameter analysis based on the signal strength

Fig. 6.9 shows the signal strength generated, corresponding to the different phases of
fatigue load with respect to load cycles. The signal strength was collected from CH4
and CHS5, since both channels have received higher AE signal than other channels. In
Fig. 6.9, the signal strength for CH4 and CHS are designated as SS CH4 and SS
CHS, respectively. It is surprising that when the maximum fatigue load based on P,
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Figure 6.9 The relationship between load, signal strength and load cycle under increasing
fatigue loading.

was applied onto the beam, no crack was visually observed. It can be seen in
Fig. 6.9, from the relationship between signal strength and cycles, when 0.3P, to
1.0P., were applied onto the beam, it created very low AE activities represented by
signal strength. It indicates that the load of 0.3P., (15 kN) to 1.0P., (51 kN) does not
generate high stress concentration to the beam. This is supported by Lovejoy (2006)
and Watanabe et al. (2007) who found that low load cycle generates low level of
stress and hence produces little AE activity. Moreover, Hsu (1984) stated that in
stress-strain curve under static load, the increase of crack is negligible at load below
30% of the P, —which corresponds to the nearly linear portion of the stress-strain
curve. It shows that the beam at the phase of loading 0.3P., to 1.0P., experiences
invisible tensile crack modes. It is considered as micro-crack since the crack is unable
to be visualized. According to Balazs et al. (1996), the crack is assumed as micro-
crack because the crack did not appear on the beam surface.

The first single crack, as shown in Fig. 6.10A, is noted to have appeared shortly
after the fatigue test was run under the load 0.2P;, (P7) or 66 kN. The crack propa-
gated from the bottom part, to beyond neutral-axis or mid-depth of the reinforced
concrete beam. From this phenomenon under fatigue load, it is unreasonable to
neglect the occurrence of crack below 30% of P, From Fig. 6.9, it can be depicted
that the flexural crack occurred at 30,732 load cycles, with the signal strength of
9210 nVs. This finding corroborates with that of Wang et al. (2011) who found
that, under the fatigue loading, cracks are initiated shortly after the load is applied
on the specimen.

Then, the spike of the highest signal strength of 51,700 nV was recorded at the
load of 0.3P, (P8) or 99 kN obtained from CHS. The spike occurred when the load
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was applied onto the beam specimen for this load phase. Fig. 6.9 shows that the
highest signal strength occurred at the load cycle of 35,085. It is found that the flex-
ural cracks in the beam progressed as the load reached 0.3P,; (P8). Therefore, the
spike of the highest signal strength reflects the occurrence of damage such as the
progression of flexural cracks in the beam. The highest signal strength of
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48,900 nV was recorded by CH4 at the same load cycle. This high jump of signal
strength corresponds to the damage that happened in the specimen (Chotickai,
2001; Bourchak et al., 2007; Md Nor and Mat Saliah, 2016). Xu (2008) stated that
the high signal strength is related to the amount of energy released by the specimen.
If the location is considered, it indicates that there is an extension of flexural crack
at the mid-span of the beam. After the load 0.3P,, was applied, the signal strength
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gradually decreased as shear crack started to take place until the last phase of load-
ing. It indicates that the progression of new crack does not generate high AE signal.

6.5.2 Intensity of the precast beam specimen under various
phases of fatigue load range

Fig. 6.10A—F show the crack modes and intensity chart of precast reinforced con-
crete beam subjected to 0.2P;, (P7) to 0.7Py, (P12). When maximum fatigue load,
which is based on P, was applied on the beam, no crack was visually observed.
This implies that low load level does not generate crack on the beam surface and
hence produces low AE activity as well as signal strength. Signal strength is ana-
lyzed to determine HI and S,. For instance, when the beam was subjected to maxi-
mum fatigue load 0.3P.,. (P1) to 0.5P.. (P3), very low AE activities were detected
from the sensors mounted on SEC A and CH4. The AE signal strengths captured
were mostly below 50 events, which were insufficient in calculation of HI and S,.
However, when the load reached to 0.7P., (P4) to 1.0P., (P6) loadings, the intersec-
tion HI-S; plots of SEC A was below 1.0 and was not considered in the intensity
chart. Similar to those obtained by Nair and Cai (2009), the plots below 1.0 are not
presented in the chart. However, for those collected from CH4, the AE signal cap-
tured were similar to those of previous series of load application of 0.3P., (P1) to
0.5P.. (P3). These plots correspond well to the low activity such as signal strength
as presented in Fig. 6.9.

At load phase 0.2P, (P7), a vertical bending crack was observed and the inten-
sity of the beam can be plotted as shown in Fig. 6.10A. At this load phase, the
crack has propagated beyond the mid-depth of the beam at both sides. As the crack
increased beyond the mid-depth of both sides of the beam, the plot of intensity
zone falls in Zone E. It identifies that the major defect is related to severe damage
of the structure, implying the inferiority of concrete in resisting tensile crack
(McCormac and Nelson, 2006). Otherwise, with reference to fatigue, the stress
within the material may cause higher damage, even though it is not capable to be
visibly measured (Alliche, 2004). Indeed, if the crack which is beyond the neutral
axis or mid-depth of the beam is taken into account, it means that the severe crack
has occurred. If the AE intensity obtained from SEC A is used for fatigue damage
assessment of the beam, it reflects that the beam requires immediate shut down and
a follow-up inspection. The verification was made by those plots detected at CH4
which was the closest sensor to SEC A. However, the plot computed from CH4
indicates that the plot falls under Zone A which indicates that no significant AE is
detected. The plot collected from CH4 seems to be a mismatch with the actual
crack patterns.

As expected, when the load increased to 0.3P;, (P8), more cracks were observed
as shown in Fig. 6.10B. The previous single crack spotted on SEC A was extended
to slightly higher than the mid-upward of the beam. However, two vertical cracks
were observed beside SEC A beyond the mid-depth of the beam, where they
matched the intensity plot as shown in Fig. 6.10B, and this beam was categorized
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under Zone D. This is because the increase of load results in the progressive crack
propagation from the beam specimen produced high AE activity such as signal
strength. Most of the cracks were propagated almost vertically to the mid-depth of
the beam specimen. At the mid-span, the length of previous single crack was
extended to a slightly higher than the mid upward of the beam. The crack formation
in this beam is found to be similar to the typical crack formation for beam under
three-point bending (Shield, 1997). Consequently, the plots for high intensity are
more to the upper right of the chart (Gostautas et al., 2005). In the following phase,
these vertical cracks indicate that the beam was in Zone E (major defect) as repre-
sented by intensity plot in Fig. 6.10C. Hence, it is confirmed that the intensity plot
of located event in the previous load phase can be used as a precaution to predict
the condition if the next phase would be applied. Since CH4 is in the region of
extensive cracks, more AE activities are recorded. It can be seen in Fig. 6.9 that at
this load phase, the highest signal strength was produced. However, the S, and HI
calculation did not represent those activities. The intensity plot collected from CH4
shows that the beam is in Zone A, which indicates insignificant emission. It is
found that the plots do not represent the actual condition of the beam that experi-
ences extensive crack occurrences.

When the maximum load increased from 0.4P,, to 0.7P,, the AE signal
obtained from the located event presents a constant plot and the beam condition
falls under Zone E which is shown in Fig. 6.10C—F. When the load of 0.4P,; was
applied, the plot that derived from CH4 implies that the beam condition falls under
category Zone D. It indicates the plot is in reasonable intensity when compared
with the actual crack pattern that appeared on the beam surface.

The plot obtained from CH4 constantly falls under Zone D when the load
increased from 0.5P to 0.6P,, as depicted in Fig. 6.10D.E. However, the plot
moves to Zone E as the result of increased load. The plots obtained from CH4
show that the beam condition is in Zone E when maximum fatigue load of 0.7P
was applied as depicted in Fig. 6.10F. Hence, the plots in Fig. 6.10A—F portray the
beam behavior under increasing fatigue load range corresponding to fatigue crack
classification. From the figures, it can be deduced that the plots based on the
located event produce better prediction of reinforced concrete behavior under
fatigue load than of the channel basis.

6.5.3 Summary of intensity category of the beam under various
phases of fatigue load range

Fig. 6.11 shows the crack map produced from the application of all fatigue load
phases. Figs. 6.12 and 6.13 show the intensity chart corresponding to SEC A and
CH4 under various phases of fatigue load range, respectively. The summary of
intensity category that corresponds to AE signal collected from SEC A and CH4 is
depicted in Table 6.5. When loads of 0.3P, to 1.0P.. were applied, it is visualized
that the beam was intact and no crack was generated. However, the AE activities in
SEC A depict an early warning, placing the beam under insignificant emission
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Table 6.5 Summary of intensity category for beam under various
phases of fatigue load range derived from SEC A and CH4

Phase Load (kN) Intensity zone
Located event Channel basis
SEC A CH4
0.3P,, 15 Intact Intact
0.4P,, 20 Intact Intact
0.5P, 26 Intact Intact
0.7P,, 36 Insignificant emission Intact
0.8P,; 41 Insignificant emission Intact
1.0P,, 51 Insignificant emission Intact
0.2P 66 Major Insignificant emission
0.3P 99 Major Insignificant emission
0.4P 133 Major Follow-up
0.5P 166 Major Follow-up
0.6P 199 Major Follow-up
0.7P 233 Major Major

zone. It could be a precaution before the damage due to the next higher loading
takes place. It is proven that when load 0.2P,, was applied, the beam was in the
category of major defect. However, in this study, the plots that derived from the
channel basis CH4 are unable to predict the similar defect. It shows that the plot of
intensity category at the critical damage area corresponding to AE signal collected
from SEC A is useful on the determination of active fatigue crack classification of
the beam specimen. It gives a prompt indication of the beam performance and can
be used as a reference for future inspection. The plot of intensity zone on a channel
can be confirmed by those obtained from the located event. It is due to the fact that
the located event receives the first hit of AE signal when the crack occurred in the
beam. Besides, the signals in a located event at a concentrated particular location
are captured by many sensors. When the load increased to 0.4P to 0.7P;, all
plots show that the beam is in the intensity category of follow-up, due to major
crack caused by high load application. In the real situation, the reinforced concrete
structure is considered unsafe.

6.6 Conclusions

From the review of AE application, AE monitoring and AE analysis, it is indicated
that AE is a reliable technique for SHM of RC structure. This was then enhanced
by the case study that relates to the use of AE for SHM of RC beam under fatigue
loading. From the case study, it was found that the AE analyses through signal
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strength and intensity analysis show reasonable fatigue damage classification of the
beams with respect to the actual physical crack pattern.
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Durability problems of concrete 7
structures rehabilitated with FRP

Mariaenrica Frigione
University of Salento, Lecce, Italy

7.1 Introduction

Application of externally-bonded fiber reinforced polymer (FRP) composite rein-
forcement is becoming one of the most popular repair techniques for aged concrete
structures exposed to harsh environments, due to their high-strength, low weight,
ease of installation, and cost-effectiveness.

There are, however, several aspects of this technology still needing further
research and development. Probably the most critical is the scarce, often-
contradictory, information on the long-term performance of FRP’s subjected to
weathering, the so-called “durability.”

It is generally accepted that polymer composites are very durable materials, par-
ticularly those designed for aeronautical/aerospace applications. However, FRP’s
used in civil engineering applications are significantly different from those devel-
oped in a much more demanding industry, especially for the techniques used to
manufacture the composite. In the construction industry, in fact, large surfaces must
be strengthened by an FRP often formed on field (i.e., in situ), without the possibil-
ity to effectively control the manufacturing procedures as well as the conditions for
the processing (hardening) of the adhesive/matrix resin.

The durability of a rehabilitated concrete structure depends on the material cho-
sen and the processing techniques used for this operation, the load regime, and the
kind and level of environmental exposure. FRPs typically employed as reinforce-
ment for concrete are composed by thermosetting (often epoxy) resins with the
addition of (carbon, glass or rarely aramidic) fibers. The durability of the FRP,
then, depends on the durability of any single component of the composite and on its
production techniques, in addition to the service conditions in which the system
operates.

While the long-term performance of the traditional solutions employed for the
strengthening and repair of concrete structures has been long ago assessed, the use
on FRP in this field is relatively recent, thus the service life prediction of structures
that use FRP is still a knotty problem.

Although the research on this topic became very active in recent years, durability
data available in literature for FRP employed in constructions are still limited and
not organically collected. The studies are often presented devoid of details on the
materials and the processing conditions used (for instance, the chemical formulation
of the matrix resin, the processing parameters, the time elapsed before the execution
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of durability tests). The observed discrepancies between results obtained by differ-
ent durability studies could be, then, attributed to different materials, processing or
conditions employed for conditioning—all fundamental information for the under-
standing of the effects of the external environment on properties of materials, and
for an accurate prediction of their behavior over a lifespan.

The limited understanding and confidence in the long-term performance of
externally-bonded FRP composites to concrete structures inhibits their wider appli-
cation in the construction industry, forcing engineers to employ greater safety fac-
tors; increasing the cost and the weight of the composites, partially nullifying their
advantages, and reducing the capability of tailoring their properties for the specific
application.

In this chapter, the peculiarity of FRP’s available for rehabilitation of concrete
structures will be illustrated, along with an overview of their durability—highlighting
some issues not yet assessed or addressed.

7.2 Application of fiber reinforced polymer composites
for rehabilitation of concrete structures

The need for structural interventions on concrete constructions is increasing in the
recent years for several reasons: the continued aging of civil infrastructure, the low
sustainability of demolition and reconstruction instead of repairing, the high vulner-
ability to seismic actions experienced during earthquakes, the changed usage that
requires structural upgrading.

Traditional techniques for both global and local interventions are generally based
on the use of steel and reinforced concrete: they evidence some weakness, such as
durability aspects when using steel and the increased mass when concrete or rein-
forced concrete is applied. Other drawbacks are related to long times of interven-
tions and, consequently, of activities interruption.

The problems associated with the corrosion and deterioration of reinforcing steel
in concrete structures, and the high costs connected with the disruption of traffic,
have lead the engineering community to look for innovative solutions.

Externally-bonded FRP (precured) plates and in situ-cured sheets are considered
as an effective, reliable alternative for the strengthening of deteriorated structures
due to the ease with which they can be applied to the concrete substrate.

The attractiveness of polymeric composites, that which makes them often pre-
ferred to traditional construction materials, resides in their lower weights and adapt-
ability to any specific application. FRP display outstanding performance in terms of
high strength-to-weight and stiffness-to-weight ratios and excellent durability against
corrosion. A wide choice of materials (polymeric resins and fibers) is commercially
available. From their combinations, different structures/components can be shaped
with tailored anisotropy and geometry able to satisfy the project requirements.

Several studies have been performed since the 1980s on the use of FRP as con-
crete reinforcement, mainly in Japan, where FRP have been largely applied to
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existing structures, North America and Europe (Bakis et al., 2002). Different codes
or guidelines devoted to the use of FRP on existing concrete structures have been
released in many countries from more than 10 years (Fédération International du
Béton (fib) Bulletin, 2001; JSCE, 2001; Fédération International du Béton (fib)
Bulletin, 2006; ACI 440.2R-08, 2008; ISIS Design Manual, 2001; TRSS5, 2004;
CNR-DT_200/2004, 2004).

The retrofit technique of concrete structures by means of FRP composites is
applied to improve the flexural and/or shear strength and stiffness of beams, and to
provide confinement to concrete elements (columns) under compression actions
(Mirmiran and Shahawy, 1997; Norris et al., 1997). The external installation of
FRP sheets can provide the required additional strength for an existing bridge
superstructure to accommodate additional live loads or to restore the designed load
capacity of a damaged structure (Jeong et al., 2016).

Additional advantages in the use of FRP reside in the capacity to speed the time
of repairing structures, thus reducing the overall costs. Maintenance operations are
also cut when FRP are applied in substitution of traditional construction materials.

Furthermore, externally-bonded FRP applied on the concrete surface using (ther-
mosetting) adhesive materials, isolates concrete element from the environment,
serves as a barrier against diffusion of harsh agents, and protects concrete elements
from environmental effects. They can even represent a solution to improve the
durability of concrete.

On the negative side, FRP’s are generally more expansive compared to tradi-
tional materials. However, the low weight of materials and ease of construction pro-
vide large labor and traffic control cost savings. Transportation costs for FRP
components are lower, in comparison to the traditional materials, due to their low
specific weight. Furthermore, if appropriately selected, designed and fabricated,
FRP composites can provide longer service life and greater reduced maintenance
costs than equivalent structures fabricated from conventional materials. Thus, whole
life cycle cost savings have been shown to more than offset the relatively high
initial cost of the FRP materials compared to conventional ones (Hollaway, 2010).

7.3 Fiber reinforced polymer components

The FRP composites used in repair and strengthening of concrete structures applica-
tions are typically composed of continuous fibers (carbon, glass, aramid) embedded
in a thermosetting resin matrix (epoxy, vinyl ester, and polyester resins) that holds
together the fibers and transfers the load between them. A thermosetting resin (the
same composing the matrix of FRP or a different one) is also employed to act as
adhesive between the FRP and the concrete substrate.

The behavior and integrity of an FRP-reinforced concrete element depends on
the properties of the individual materials, and on the performance of the FRP-
adhesive and adhesive-concrete interface bonds. That is to say, the reliability of the
strengthening technique by using externally-bonded reinforcement made by FRP
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materials depends, to a large extent, on the bond between the reinforcement and the
substrate and, therefore, on the ability of stresses transfer at the interface.

Among the polymeric resins able to accomplish this task, epoxy resins are
known to exert a strong interfacial bond between cement concrete and a broad
range of reinforcing materials. Epoxies, assuring good performance in terms of
flexibility and effectiveness of repairing technique and moderate costs, are the
most-used resins. They can be formulated as low viscosity systems which “cure”
(i.e., form cross-links throughout the structure and, as a consequence, harden) at
room temperature with minimal shrinkage and no, or very little, release of vola-
tile products. When correctly formulated and cured, they exhibit a good combina-
tion of mechanical properties and chemical resistance towards environmental
agents.

For strengthening/repairing applications with FRP, epoxies are frequently
preferred to both vinyl ester and unsaturated polyester resins, characterized by
excessive shrinkage during curing, with the possible formation of micro-cracks or
micro-gels in the bulk, resulting in micro-inhomogeneities and incomplete polymer-
ization (Mays and Hutchinson, 1992). Unsaturated polyester resins, in addition,
display a high susceptibility to moisture and low bonding efficiency in damp or wet
conditions, and when exposed to alkaline environments.

Referring to the fibers: although carbon fibers are generally considered to be
inert to most environmental influences likely faced in civil infrastructure applica-
tions, the inertness does not apply to the fiber-matrix bond. Glass fibers are well
known to undergo “corrosion,” a phenomenon occurring in ordinary glasses in pres-
ence of moisture/alkaline environment. Nevertheless, their durability upon exposure
to typical outdoor applications is still satisfactory.

7.3.1 Peculiarities of fiber reinforced polymer used in
constructions

FRP can be applied to concrete structures following two different procedures:
(1) the precured FRP elements are adhesively bonded as precured (often pultruded)
laminates to the concrete substrate; (2) the composite is applied through a wet lay-
up of fabrics, directly onto the substrate.

In the pultrusion process, the fibers undergo impregnation by thermosetting resin
and are pulled through a heated stationary die which allows for epoxy polymeriza-
tion. The application of precured materials, produced in factories through
industrially-controlled processes, permits achieving a high level of uniformity in
the final product and better performance in a desired, functional, shape. On the neg-
ative side, prefabricated FRP is less flexible and adaptable for unpredicted config-
urations that can be found in true application (as few examples: the confinement of
cylindrical columns, the strengthening of arches and vaults). Moreover, the applica-
tion of a precured FRP to a concrete substrate is carried out by means of another
thermosetting, often epoxy, adhesive applied and hardened on site. This, therefore,
implies the introduction of an adhesive interphase between the already-cured matrix



Durability problems of concrete structures rehabilitated with FRP 151

of the composite and the substrate. In addition, their elevated costs are not always
justified for these low-technology applications (Karbhari, 2002).

“Wet lay-up” FRP application (with the FRP formed in situ) is performed by sat-
urating a dry fiber fabric with resin. The wet fabric is, then, placed on the concrete
surface. Primers are sometimes used to facilitate adhesion to the concrete substrate.
A putty can be also employed in order to adequately finish the surface of the sub-
strate. Primers and putty are both generally composed by epoxy resins, very fluid
(unfilled) the first, containing (inorganic) fillers the second. The use of the wet lay-
up technique provides enormous flexibility, since the preimpregnated fabric can
closely follow the geometrical configuration of the structure to be rehabilitated.
Moreover, the bond between the FRP and the concrete substrate is achieved with an
adhesive resin which is very similar, if not the same, to the matrix of the composite,
i.e., it is able to form a continuum between the FRP and the concrete substrate. The
lack of careful control of curing, however, leads to a significant higher level of vari-
ation in performance.

Figs. 7.1 and 7.2 illustrate the application of pultruded FRP laminates and wet
lay-up composites, respectively, for the strengthening of internal ceilings.

In both the described techniques, the weakest link is represented by a cold-cured
resin, used as adhesive in the first case and as matrix/adhesive in the second one.
While the resin is responsible for the overall integrity of the rehabilitate of struc-
ture, since it must assure an effective stress transfer among the concrete structure
and the FRP reinforcement, it can undergo both chemical and physical degradation
by environmental conditions and mechanical stresses.

The choice of the first technique, i.e., employing precured (plane) FRP, or the
second one, i.e., (the more flexible and cheaper) wet lay-up configuration, is made
on the basis of the scheme and geometry of the concrete structure to rehabilitate
(flat vs irregular, vaulted or cylindrical surfaces); on the accessibility of the inter-
vention area; on the available time for the intervention vs. the curing time required

Figure 7.1 Adhesively bonded pultruded strips.
Source: Reprinted from: Karbhari, V.M., 2005. Building materials for the renewal of civil
infrastructures. Reinf. Plast. 49 (1) 14—25, with permission from Elsevier.
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Figure 7.2 Wet lay-up of fabric on soffit affords efficient strengthening.
Source: Reprinted from: Karbhari, V.M., 2005. Building materials for the renewal of civil
infrastructures. Reinf. Plast. 49 (1) 14—25, with permission from Elsevier.

to the cold-cured adhesive, in the first case, or to the matrix-adhesive cold-cured
resins, in the second one (Karbhari et al., 1997; Karbhari and Zhao, 1998). As
already underlined, precured FRP’s generally present higher values of the in-service
properties (and strength and stiffness values) compared to wet lay-up produced
FRP, and therefore a more robust resistance to hostile environments; thus they are
preferred when the civil infrastructures are required to withstand harsh and varying
environmental exposure for long periods of time (Hollaway, 2010). Precured FRP’s
are often employed as efficient substitutes of beton-plaque techniques. The deterio-
ration mechanism experienced by the concrete structure has a minor effect on the
choice of the most appropriate strengthening systems based on FRP.

7.3.2 Cold-cured thermosetting (epoxy) resins

Epoxy resins, from a chemical point of view, are cross-linked polymers in which
their molecular structure is a network. Generally speaking, the polymerization (cur-
ing) reaction of an epoxy occurs in the presence of a suitable curing agent (hard-
ener) and is favored by heat/radiation, depending on the curing mechanism. The
kind and amount of hardener are selected on the basis of the resin and curing condi-
tions, and have both an appreciable influence on the final performances of the cured
epoxy.

During the curing of the epoxy, the cross-linking of the resin progressively pro-
ceeds with a decrease in free volume and molecular mobility of the polymer net-
work, leading to the development of mechanical properties and the increase of the
glass transition temperature of the resin. The mean value of the temperature range
below which the typical properties of a cured thermosetting resin vary in a manner
similar to that of a solid (glassy) phase, and above which it behaves in a manner
similar to that of rubber, is known as glass transition temperature, 7,. The T, estab-
lishes the service environment for the resin usage. When the resin is exposed to
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greater temperatures than its glass transition temperature, its behavior drastically
changes from solid to that of a soft material. Approaching the Tg, a dramatic
decrease (up to 70%) in stiffness and strength is experienced by the resin (Frigione
et al., 2000; Shin et al., 2011); above T, both properties become almost zero. The
detrimental effects of moderate temperatures on the performance of a resin are
reproduced in its behavior as adhesive. When an adhesively-bonded joint is tested
below the T, of the adhesive, the latter will behave like a low-strain rigid material,
able to effectively bond two different materials, while above this temperature it will
have a rubber-like behavior, unable to guarantee the required stress transfer
between the same materials (Banea et al., 2011). As a consequence, in most appli-
cations, the epoxy is used at a temperature well below T, (i.e., in the glassy state).

For economic and practical reasons, the resins used as matrix and/or adhesive
for FRP in constructions are “cold-cured” types, typically based on bisphenolic
epoxies and cured at ambient temperatures on site with the addition of aliphatic
amines (Hollaway, 2010). Providing any kind of heat sources, over the large areas
required for the described applications, is very difficult and prohibitively expensive.
Furthermore, the process (outdoor) conditions in which the resins set and harden
are not sufficiently controlled and kept constant, unlike the factory fabrication con-
ditions used for aeronautical/aerospace products.

The main consequences of a cure at ambient (uncontrolled) temperature of epoxy
resins are: (1) long curing times (even months) are necessary to achieve sufficient
mechanical properties, the lower the curing temperature, the longer the curing time
(Moussa et al., 2012; Maljaee et al., 2017)—this observation is incompatible with
the short periods suggested in the technical datasheets for complete curing of epoxy
resins (Sciolti et al., 2010); (2) the curing (cross-linking) reactions, taking place at
ambient temperatures, are often not completed because of kinetic restraints
(Karbhari, 2007), that is to say: a full degree of curing may never be achieved
when the epoxy is cured in natural environmental conditions; (3) a moderate glass
transition temperature (7), in practice never greater than 65°C—70°C, is attainable
by these systems, particularly if the curing of the resin occurs at low winter tem-
peratures (see, for instance, Fig. 7.3) (Frigione et al., 2001; Frigione et al., 2006;
Frigione et al., 2006; Frigione and Lettieri, 2008; Sciolti et al., 2010; Moussa et al.,
2012). In addition, the absorption of external water (as atmospheric moisture or
rain), produces a decrease in the Tg of the resin (as illustrated in Fig. 7.4), which in
turn negatively affects its mechanical and adhesive properties (Shin et al., 2011), as
the data reported in Table 7.1.

The incomplete cure attained by the cold-cured epoxy resins at short/medium
times (even after 1 year) is testified by the presence of unreacted epoxy groups in
the cured resin and a glass transition temperature lower than that achievable by the
same fully-cured resin (Savvilotidou et al., 2017a). When the T, is surpassed by
even mild external temperature, the adhesion between FRP and concrete is likely to
be reduced. Furthermore, in thermosets which are not fully cross-linked, exposure
to moderate temperatures (above the T,) can promote the postcure of the matrix/
adhesive. The postcuring is usually reflected in increment of T, and of stiffness of
the resin (Silva et al., 2016); the T, of the fully cured epoxy resin (Ty00) may be
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Figure 7.3 Glass transition temperature versus time of partially cured commercially epoxy
adhesive samples at different isothermal temperatures.

Source: Reprinted from: Moussa, O., Vassilopoulos, A.P., Keller, T., 2012. Effects of low-
temperature curing on physical behavior of cold-curing epoxy adhesives in bridge
construction. Int. J. Adhes. Adhes. 32, 15—22, with permission from Elsevier.
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Figure 7.4 Glass transition temperature (7,) versus immersion time measured on
commercial primer, putty, and adhesive employed for the manufacturing of wet lay-up FRP
systems.

Source: With permission from ASCE of: Sciolti, M.S., Frigione, M., Aiello, M.A., 2010. Wet
lay-up manufactured frps for concrete and masonry repair: influence of water on the
properties of composites and on their epoxy components, J. Compos. Constr. 14, 823—833.
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Table 7.1 Results of adhesion tests performed on joints obtained
with f 50 concrete and commercial (S50) epoxy adhesive after
different immersion time in distilled water

Days of Adhesive Fu Sr, COV oy So, Cov Aoy,

immersion thickness (kN) (kN) (%) (MPa) (MPa) (%) (%)
(mm)

0 0.5 164.96 1.61 1 19.56 0.12 1 -
2.0 152.20 0.97 1 17.62 0.03 0 —
5.0 146.32 17.98 12 16.51 2.00 12 —

2 0.5 153.34 0.53 1 18.02 0.02 1 -8
2.0 169.20 7.51 4 19.68 1.01 5 +12
5.0 135.82 22.78 17 15.65 2.30 15 -5

7 0.5 138.33 3.06 2 15.78 0.33 2 —19
2.0 118.59 5.12 4 14.04 0.62 4 -20
5.0 — —

14 0.5 105.59 11.38 11 12.52 1.30 10 —36
2.0 96.09 11.22 12 11.49 1.34 12 -35
5.0 94.83 7.1 7 11.15 0.75 7 -32

28 0.5 104.38 15.65 15 12.41 1.76 14 -36
2.0 92.37 15.87 17 10.81 1.90 18 -39
5.0 92.65 9.71 10 10.73 1.26 12 -35

Source: Reprinted from: Frigione, M., Aiello, M.A., Naddeo, C., 2006. Water effects on the bond strength of concrete/concrete adhesive
joints. Constr. Build. Mater. 20, 957—970, with permission from Elsevier.

even achieved. These systems, therefore, operate in a nonequilibrium state, with the
properties evolving in time and as a consequence of the variable external
conditions.

Nevertheless, the effect of a long curing time on the mechanical properties of
FRP produced with a cold-cured epoxy matrix mainly depends on the disposition of
fibers in the composite, and on the direction of application of the load. Mechanical
in-plane tensile tests performed on unidirectional single-ply FRP during the curing
stage of the resin demonstrated that the curing time has no influence on FRP perfor-
mance, irrespective of the kind (carbon or glass) of fibers (Sciolti et al., 2010).
Conversely, it is expected that the adhesion strength developed between FRP and
the substrate during the curing of the matrix (for wet lay-up systems) and the adhe-
sive (for all systems) is appreciably influenced by the progress of curing. It must be
emphasized that only a few systematic studies focalized on this critical topic have
appeared only recently in literature (Jeong et al., 2016).

7.4 Durability of fiber reinforced polymer for
rehabilitation of concrete structures

Most of the literature on durability studies on FRP refers to applications limited to
aerospace and automotive industries (hot-cured matrices, controlled processes
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carried on in industrial plants). As already underlined, these applications display
significant differences from the infrastructure field, in terms of manufacturing and
installation processes, exposure environments, and load regimes. Only recently the
academic efforts were more systematically devoted to the study of long-term perfor-
mance of FRP’s exposed to the environmental agents typically encountered in infra-
structure and building applications. However, although the knowledge on FRP
degradation mechanisms is rapidly growing, not all the studies present in literature
can be truly useful for the assessment of the FRP’s durability and their remaining
service-life in such “new” applications.

As already pointed out, different results are often found in studies carried out by
different researchers. In some published papers, generic “FRP” laminates are
reported, without specifying whether the composite was previously produced by an
industrial process employing controlled high-temperature curing cycles or manually
applied by wet lay-up at “uncontrolled” ambient temperature. In other studies,
insufficient details are reported on the kind of matrix used (often commercial with
a proprietary composition) and on the curing conditions (time, temperature, relative
humidity) used before any environmental exposure of the specimens. Yet, it is per-
haps almost inevitable that companies change the composition of their products as
a result of drivers such as material developments, economics and sustainability, and
still maintaining the same trade name (Lees et al., 2017). On the other hand, all the
cited parameters have an appreciable influence on the durability performance of the
FRP: a different (not declared) choice of resin or curing/conditioning conditions
can partly justify the observed discrepancies. Thus, once carefully established at the
design stage of the experimental campaign, any parameter must be specified as
much as possible when illustrating the experimental procedure.

In addition, it must be emphasized once again that the behavior of the cold-
cured resins during natural exposure or laboratory experiments can be appreciably
influenced by the progress of curing reactions if these are not completed before the
beginning of the exposure and/or the experiments. Any change in properties should
be properly considered in interpretation of the experimental results, as the measure-
ments are usually conducted at relatively early curing ages (e.g., 2 months)
(Maljaee et al., 2017). Ideally, one should ensure the attainment of a “stable” sys-
tem, i.e., a system that has achieved the maximum degree of cure (even if not nec-
essarily fully cured) at the same temperature of the aging experiments (i.e., with
steady values of properties at the specific environmental conditions under analysis),
in order to separate and analyze the effects that can be totally attributed to the aging
conditions.

Generally speaking, the performance and the long-term behavior of polymer
composites based on thermosetting resins depend intrinsically on the choice of con-
stituent materials (i.e., primer, adhesive, fibers), on the conditions in which the
matrix resin sets and hardens, on the process used to manufacture and to apply the
composite, and on the surrounding environmental conditions over its entire service
life. The environmental conditions to which FRP’s for strengthening and rehabilita-
tion of concrete structures are more frequently exposed during their application and
service life are neither constant nor predictable, and they depend on several
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parameters such as the latitude of the site, the season, the distance from sea, the
local weather, etc. (Wypych, 1995). Environmental factors can severely affect the
performance in service of each element composing FRP and of the whole FRP,
even after a short time since installation, due to specific processes—either revers-
ible or permanent—taking place between the external agents and the materials com-
posing the FRP.

An environment can be defined as the sum of all factors acting on a material.
For indoor applications, the influence of humidity, small variations in temperature,
and their combinations on the properties of FRP’s must be taken into account. For
the more common outdoor applications, it can be hypothesized that, during its ser-
vice life, a polymeric composite will come in contact with atmospheric humidity,
rain, solar (UV) radiations, large variations in temperature, freeze—thaw regimes,
acid rain, sea-water, deicing chemicals, and alkaline environment when in the prox-
imity of Portland cement concrete. Finally, polymer composites can be accidentally
exposed to extreme environments, such as: fire, earthquake, explosive blasts.

Referring to the resins, concerns arise from the behavior of cold-cured epoxies
used as matrices and adhesives in FRP. The experimental studies present in current
literature on the effect of environmental agents on the properties of FRP highlight the
crucial role of the adhesive/matrix resin on the behavior of the whole system. Due to
the peculiarity of cold-cured epoxy resins, there are environmental conditions fre-
quently encountered in civil infrastructures that may severely affect the performance
of wet lay-up type FRP as well as the integrity of FRP-to-FRP and FRP-to-concrete
bonds. Many other parameters (i.e., direction and disposition of fibers, direction of
load application) are involved in the assessment of the durability of an FRP.

7.4.1 Durability of matrix/adhesive resins

The performance and the long-term behavior of cold-cured thermosetting matrix/
adhesive resins depends on the chemical nature of the base materials (resin/hardener
couple), on the curing conditions and, above all, on the environmental service con-
ditions (temperature, presence of water/moisture, chemicals and other harsh agents).

The most common exposure conditions in civil engineering structures are simul-
taneous moisture and temperature variations, known as “hygrothermal” aging. The
properties modification of epoxy resins in hygrothermal conditions is the result of
several complex and interrelated mechanisms, which are even more complicated in
the case of not-fully cured epoxy, employed in such applications. Many studies
have recently focused on the effect of moisture and temperature (in an uncoupled
or coupled manner) on the cold-cured epoxy resins (Lettieri and Frigione, 2012;
Moussa et al., 2012; Blackburn et al., 2015), highlighting the concurrence of differ-
ent physical (reversible) or chemical (not reversible) phenomena.

Starting with the influence of the service temperature, as already underlined, the
mechanical/adhesive properties of epoxy resins reduce significantly at temperatures
near or above T,, which can lead to failure of structural components. A moderate
service temperature (such as that measured inside a concrete element with the sur-
face irradiated by sun), is able to appreciably reduce the adhesion strength to
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concrete (by over 80% at 50°C) and the fatigue resistance (Aiello et al., 2002; Shin
et al., 2011). Therefore, several design codes established limitations for the mini-
mum acceptable 7, with respect to the environment’s temperature: under working
conditions, the latter should be 20°C below the glass transition temperature of the
resin (Hollaway, 2010).

It is worth noting that exposure to temperatures above the 7, of the fully cured
system, i.e., T,00, can cause a thermal degradation of the resin, with reductions in
T, and mechanical characteristics (Stewart et al., 2007; Carbas et al., 2013). Most
of the effects of moderate/high temperatures on thermosetting (adhesive and matrix)
resins are permanent and irreversible.

Water, either in the form of moisture or actual water through rain, or even in
immersion, is another harmful external agent frequently encountered by matrices
and adhesives employed in FRP for civil engineering applications. The ingress of
water/moisture over time is particularly significant if the polymer is permanently
immersed in water.

The high vulnerability of unsaturated polyester resins to moisture has been
already mentioned.

Epoxy resins are prompt to absorb substantial amounts of water due to the pres-
ence in their macromolecules of polar groups able to attract water molecules.
Moisture absorption can cause reversible (plasticization) and irreversible (hydrolysis,
cracking and crazing) changes in physical, chemical and mechanical properties of
epoxy resins. At short-time exposures, moisture leads to increments of free volume in
cross-link chain, with a depression of T,. This process, termed plasticization, is a
physically reversible process and its effects can be mostly reversed upon drying
(Frigione and Lettieri, 2008; Zhang et al., 2014). An excessive penetration of water is
generally considered harmful, since it leads to a reduction (even halved) in stiffness
and strength of the resin with a consequently marked, unsuitable decrease of its load-
bearing capacity (Frigione et al., 2006; Frigione et al., 2006; Silva et al., 2016). The
absorbed moisture is able to modify the type of failure mode of the epoxy from brit-
tle, for the not-aged, to ductile, for the saturated specimens (Lin and Chen, 2005).
Long-term exposure to moisture can lead to chemical changes in the polymeric ester
linkage (chemical process), and in some cases produces further cross-linking when
the epoxy resin is not-fully cured (with an increase in T,). Most of the effects on the
physical properties of resins exposed for longer times to moisture are permanent.

Immersion at moderate temperatures (i.e., 60°C) caused further degradation with
significant decreases in strength and stiffness, much higher than those measured
under other conditions, such as in salt-water at 23°C (Yang et al., 2008; Cabral-
Fonseca et al., 2009). Increases in temperature lead to increment of moisture
absorption rate and thus, faster plasticization—amplifying the degradation caused
by the immersion conditions (Bao and Yee, 2002). Depending on the degree of cure
of the (not-fully cross-linked) resin, the combination of temperature and moisture
exposure can even cause an increase in 7, and in mechanical properties of the resin
(Sciolti et al., 2015; Maljaee et al., 2017).

The bond between the concrete elements and the FRP material plays an impor-
tant role on the success and efficiency of a strengthened system. Therefore, the
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effect of temperature, moisture and hygrothermal conditions on the adhesive bond
between the FRP sheet and the concrete surface has been under investigation.
When the service temperature approaches and exceeds the T, of the matrix/adhe-
sive, for wet lay-up FRP, and of the adhesive, for precured FRP (both applied to
concrete elements), an appreciable decrease in bond strength occurs (Almusallam
and Al-Salloum, 2006; Leone et al., 2009). The effect of temperature on the adhe-
sive strength depends on the strength of the concrete in relation to that of the adhe-
sive and on the thickness of the adhesive layer. Exposure to a moderate temperature
(i.e., 40°C) can even increase the bond strength developed with concrete, due to the
postcuring of the resin. However, the combination of sustained loading and elevated
temperatures hampers any strengthening effect (Gullapalli et al., 2009).

The bond strength is also severely affected by the presence of water at the con-
crete substrate level (Wan et al., 2006; Karbhari and Navada, 2008). In the presence
of appreciable water-moisture amounts or at medium-high temperatures, mechanism
of failure occurring in concrete-adhesive elements changed from predominantly
concrete failure to mixed failure of epoxy and at the interface (Aiello et al., 2002;
Frigione et al., 2006; Jeong et al., 2016), which further supports the hypothesis of
the adhesion bond degradation due to hygrothermal conditioning.

The presence of salts in water does not greatly affect the properties of resins,
and their bond strength with concrete, with respect to the immersion in pure water
(Grace and Grace, 2005; Silva et al., 2016).

The effect of alkaline water exposure on physical and mechanical properties of
cold-cured epoxy resin has been widely investigated with contradictory results.
After 24 months of exposure to pure water and alkaline solutions at different tem-
peratures, a higher decrease of tensile strength and stiffness was measured in the
case of alkaline exposure with respect to pure water (Yang et al., 2008; Cabral-
Fonseca et al., 2009). In other studies, however, it was found that the water uptake
in pure and alkaline water were the same and the immersion in alkaline water
resulted in reductions of physical and mechanical properties of cold-cured epoxy
resins similar to those obtained after immersion in demineralized water (Wolff
et al., 2006; Savvilotidou et al., 2017b). Epoxies, however, have shown to be more
resistant to alkaline environments than vinyl esters and polyesters.

Finally, ultraviolet radiations mainly affect the surface of the resin and, conse-
quently, can degrade only the matrix of an FRP, possibly causing a decomposition of
the resin molecules. The possible embrittlement of the matrix produces micro-cracks
at the surface, which, in presence of other environmental agents, can accelerate the
degradation process by allowing easier penetration of fluids into the laminates. In
some cases, the exposure to radiations can even slightly increase the stiffness and
strength of laminates through the post-cure of the not-fully cured matrix resin.

7.4.2 Durability of fibers

Carbon is the most commonly-used fiber in FRP systems for repair and strengthen-
ing where exposure to aggressive environments is expected. Carbon fibers are, in
fact, generally considered to be inert to most environmental influences likely to be
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faced in civil infrastructure applications. The mechanical properties of carbon fibers
remained totally unaffected by thermo-hygrometric treatments. In addition, carbon
fibers did not show weakness towards alkaline solutions.

Glass fibers, on the other hand, are well known to undergo stress corrosion in
presence of moisture (Mascia and Allavena, 1976). Moreover, when alkaline solu-
tion penetrates the composite, it can severely damage glass fibers through loss in
toughness, strength, and embrittlement. When in close contact with Portland cement
concrete, glass fibers are damaged due to the combination of two processes:
(1) chemical attack of the glass fibers by the alkaline cement environment, and (2)
concentration and growth of hydration products between individual filaments
(Murphy et al., 1999). The embrittlement of fibers is due to the nucleation of cal-
cium hydroxide on their surface. The hydroxylation can cause fiber surface pitting
and roughness, which act as flaws severely reducing the properties of fibers in the
presence of moisture. In addition, found in the concrete pore solution are also
aggressive towards glass fibers (Benmokrane et al., 2002). Therefore, the degrada-
tion of glass fibers not only depends on the high pH level, but also on the combina-
tion of alkali salts, pH, and moisture.

Carbon-reinforced FRP’s are reported to be generally not affected by ultraviolet
rays. Aramidic and glass fiber- reinforced composites, on the other hand, show
reductions in impact tensile strength as a consequence of exposures to radiations,
resulting in the loss of performance of the strengthened system (Larsson, 1986;
Tomosawa et al., 1998).

It can be concluded that carbon-based composites are better suited for applica-
tions involving harsh exposures while glass fiber laminates show the lowest durabil-
ity in chemical solutions, especially alkaline ones. Both ultimate strength and
strain-at-break of Glass Fiber Reinforced Polymers (GFRP) are significantly
reduced by exposure to either water or simulated seawater and acidic and alkaline
solutions. In order to provide adequate protection to the glass fibers, the use of
appropriate, tailored sizings able to significantly reduce the level of degradation
through development of a protective coating on the fiber—which also served to
enhance bonding—has been recommended. GFRP durability can be also improved
by using hybrid glass—carbon fabrics.

7.4.3 Durability of the whole system

As underlined, the experimental durability studies performed on FRP’s intended for
civil engineering applications highlight the crucial role of adhesive/matrix resin,
especially if cold-cured, on the behavior of the whole system. However, many other
parameters (i.e., number of plies, direction and disposition of fibers and weave pat-
tern, direction of load application) must be taken into account when assessing the
durability of an FRP applied on a concrete surface (Hollaway, 2010).

Although FRP composites do not corrode, they do undergo physical and chemi-
cal changes, including oxidation and hydrolysis of the matrix/adhesive resin. While
synergistic effects of multiple exposure conditions can be severe, it is generally
agreed that the most significant issue with externally-bonded FRP composites is
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their susceptibility to degradation when exposed to water/moisture, subjected at
high temperatures and under mechanical stresses (Karbhari et al., 2002). Generally
speaking, the matrix is more affected by environmental agents than do fabrics.

Referring to the influence of water/moisture, apart from the kind of matrix resin
(being epoxy and vinyl ester resins generally more resistant to the action of water
than polyester) and fibers used (carbon vs glass), the performance of FRP mainly
depends on configuration of fabrics (number and disposition of plies) and on the
direction of application of the load.

The tensile properties of an FRP composed by a single-ply in the direction of
fibers are highly dependent on the properties of the fibers. In the case of in-plane
tensile tests performed on unidirectional single-ply wet layup carbon-based FRP
(i.e., CFRP), only a negligible influence of presence of water is observed
(Saadatmanesh et al., 2010; Sciolti et al., 2010), as illustrated in Fig. 7.5. Water, on
the other hand, can cause a deterioration of the mechanical properties (stiffness and
strength) of laminates manufactured with glass fibers (i.e., GFRP) (Saadatmanesh
et al., 2010; Ghiassi et al., 2013). Moisture can easily penetrate along the fiber-
matrix interface causing deleterious effects to the fiber-matrix bond (Rinaldi and
Maura 1993; Karbhari, 2002).

In laminates composed of several plies, the presence of water at the interface
between the adjacent layers is likely to be severely harmful. Since the matrix resin is
responsible for the adhesion between plies, and is generally very susceptible to degra-
dation by water, greater reductions in tensile strength are found for thicker specimens
composed by a large number of plies (Abanilla et al., 2006; Abanilla et al., 2006).
Interlaminar properties are also intrinsically dependent on the resin characteristics,
and undergo similar deteriorations. An increase in the interlaminar fracture toughness,
however, can take place as a result of the immersion in pure water, which causes
plasticization of the matrix resin with a consequent reduction in its stiffness.
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Figure 7.5 Tensile elastic modulus versus immersion time measured on commercial carbon-
based fiber reinforced polymer (CFRP) and Glass fiber reinforced polymer (GFRP)
specimens.

Source: With permission from ASCE of: Sciolti, M.S., Frigione, M., Aiello, M.A., 2010. Wet
lay-up manufactured FRPs for concrete and masonry repair: influence of water on the
properties of composites and on their epoxy components. J. Compos. Constr. 14, 823—833.
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As already underlined, the presence of water/moisture at the adhesive/fibers/
substrate interfaces is particularly detrimental when the FRP is applied to a concrete
substrate (Dai et al., 2010). Moisture plays an important role in the durability of the
bond between FRP and concrete, affecting the whole structural response of the
strengthened elements. Moisture, in fact, reduces the fracture energy up to debonding;
it often causes the failure mode to change from cohesive, within the concrete substrate,
to adhesive, at the interface (Tatar and Hamilton, 2016); it involves a decrease of the
ultimate capacity of FRP-strengthened reinforced concrete beams (Sciolti et al., 2012).
Other parameters affect the fracture energy displayed by an FRP-concrete structural
element, namely the environmental relative humidity, the specimen dimension and
configuration, the material diffusion properties, the test approach, and the surface treat-
ment of the specimens. As a consequence, the assessment of a model of general valid-
ity, defining its durability in presence of water/moisture, is still a complex task.

Wide temperature variations possibly encountered under normal service conditions
can also adversely affect the performance of an FRP applied to a concrete substrate,
since the coefficient of thermal expansion of epoxy resin is of about one order of
magnitude greater than that of concrete. Similarly, in many cold climates, such as
those found in Canada and in the Northern U.S., seasonal and daily temperature var-
iations have the potential to cause numerous freezing—thawing cycles than can,
again, result in different thermal expansion in the FRP reinforce and the concrete sub-
strate (Bisby and Green, 2002). The bond strength at FRP-concrete interface reduces
with increasing freeze—thaw cycles (Kolluru et al., 2008; Yun and Wu, 2011).

Cyclic variations in temperature in conjunction with presence of moisture may
lead to even more severe effects. This is the case of concrete columns strengthened
with GFRP warps that experienced an appreciable decrease in axial tensile stiffness
(Silva, 2007).

Freeze—thaw exposure generally causes a severe degradation of FRP properties,
also attributed to the stiffening and embrittlement of the matrix resin at temperatures
below its T, with the consequential formation of micro-cracks. Reductions in tensile
strength and interlaminar fracture toughness are generally observed after freeze—thaw
repeated cycles. The loss in strength is even more severe when the thaw regime is
performed in saline environments. All the mentioned effects are generally magnified
by increasing the number of freeze—thaw cycles and are almost independent of the
kind of matrix resin and fibers used. The permanence at a sub-zero temperature has
only a limited influence on the mechanical properties of an FRP.

Potential synergies can exist between individual physical and environmental fac-
tors when the structural element is also subjected to a sustained load. As an example,
GFRP externally-bonded to concrete prisms and subjected to a sustained load experi-
enced severe decreases in interfacial fracture energy when exposed to either moderate
temperatures (50°C—60°C) or freeze—thaw conditions during sustained loading (Jia
et al., 2005). On the other hand, relatively moderate decreases in fracture energy
were observed for the same specimens subjected to indoor laboratory conditions dur-
ing the same loading.

The durability of a composite material, also in conjunction with concrete, in
saline or acid solutions depends on the resistance of both the matrix and the reinfor-
cing fibers to these agents. Seawater, deicing salts, alkaline and acid solutions are
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particularly harmful for Aramidic Fiber Reinforced Polymers (AFRP) and GFRP,
producing in both composites damage at the fiber/resin interface and the degrada-
tion of the glass fibers for GFRP. Exposure to alkaline solution also severely affects
the integrity of the bond developed with concrete (Cromwell et al., 2011). The ten-
sile properties of GFRP are scarcely influenced by immersion in alkaline and acid
solutions, while their flexural and interlaminar characteristics are affected by both
chemicals (Karbhari and Ghosh, 2009).

A major concern for the construction engineer using polymer-based composites
is their vulnerability against fire, since resins are organic materials mainly com-
posed of carbon and hydrogen, both highly flammable. However, the most impor-
tant health hazard derived from polymer and composites in a fire accident is
generated from the toxic combustion products produced during burning of materi-
als. In order to reduce the fire hazards in FRP, it is recommended (Hollaway, 2010)
to provide thermal protection for structures on site (Ludovico et al., 2012); to intro-
duce flame retardant (halogen based) additives into resin formulations; or to apply
a protective intumescent coating on the surface of the manufactured composite
(Keller et al., 2006).

Finally, natural exposure of FRPs generally has the following effects: (1) a
reduction in mechanical properties of FRP caused by plasticization of the matrix
resin by atmospheric water uptake; (2) severe degradation of the surface in the
resin-rich areas, mainly attributed to UV exposure, which creates cracks and pro-
vide an easy path for ingress of moisture, which can, in turn, cause degradation of
the fibers; (3) possible slight increases in T, of the matrix resin, due to postcure.
Comparison of properties measured on samples naturally weathered with those
measured after (possibly more severe) laboratory exposures, generally indicates that
levels and rates of degradation of outdoor exposed samples are significantly lower
than those recorded for specimens exposed to simulated environments (Jia et al.,
2005). In addition, outdoor exposure tests have demonstrated that deterioration of
the bond between FRP and concrete substrate is usually marginal.

7.5 Standard tests, traditional and alternative methods
of assessing durability of fiber reinforced polymer

Due to the lack of specifically designed standards for polymers used in civil engineer-
ing applications, many of the experiments on durability aspects are conducted accord-
ing to standard procedures which are not appropriate for the particular systems.
Although standards referring to FRP based on hot-cured thermosetting adhesives and
matrices employed in many areas (aeronautical, aerospace, automotive, etc.) can be
useful, they are not directly applicable to FRP materials employed for strengthening
and upgrading concrete structures for the reasons previously illustrated.

As an example, the standard code frequently employed for water absorption tests
(ASTM D 570) recommends a conditioning procedure, able to assure the complete
dryness to samples before their immersion in water, in which each sample is dried
in vacuum oven for 24 h at 50°C and then cooled in a desiccator. The described
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conditioning procedure performed on cold-cured resins, which are not fully cross-
linked, can be regarded as a thermal treatment (possibly postcure) that can influence
the properties of the resins (Frigione and Lettieri, 2008), i.e., the behavior upon
immersion will be assessed on a system different from that employed on field.
Thus, to overcome this inconvenience, a new procedure to completely dry the speci-
mens of FRP, based on cold-curing resins, before the water-immersion tests has
been proposed and successfully experimented in different studies (Frigione and
Lettieri, 2008; Sciolti et al., 2010; Sciolti et al., 2012).

As illustrated in the previous example, there is an urgent need to develop dura-
bility standards and guidelines pertinent to these specific applications and exposure
conditions.

Another issue relates to the applicability of durability studies carried out in labo-
ratory to the true (on field) behavior of the materials.

Current knowledge concerning the long-term performance of FRP’s used for exter-
nal reinforcement of concrete exposed to different environments is mainly based on
laboratory investigations aimed at assessing the effect of any single environmental
agent on the FRP. It is performed for a very limited duration, generally not exceeding
two years, while reliable durability studies would require periods of natural exposure
longer than 2 years. In the field monitoring, on the other hand, the combined effects
of environmental factors and the variability of conditions often result in different
rates, and mechanisms, of degradation with respect to laboratory experiments. This
makes it difficult, therefore, to obtain good correlations with controlled laboratory
exposures. In addition, as illustrated so far, one of the strengths of FRP’s is that there
are a multitude of variables that can be modified in order to achieve on-demand
material properties. Thus, considering the enormous number of different composites
that can be manufactured and applied (type of matrices and fibers, presence of sur-
face finishes or coatings, curing and processing conditions, technology of application)
and the wide variability of climatic conditions that can be encountered during natural
weathering, field exposure is too expensive and time consuming to be considered the
only reliable method to estimate the durability of composite materials.

Accelerated laboratory tests are, then, continuously under investigation in order
to assess if they can be regarded as a meaningful and effective method in replicat-
ing the real environmental conditions, able to predict the long-term behavior of the
materials subjected to weathering.

In standardized accelerated procedures, one or more weather-like conditions are
intensified to levels greater than those occurring naturally. For example, one of the
frequently applied methods to accelerate the effect of exposition to water is immer-
sion in boiling water. Another possible method is to employ significantly increased
levels of radiation and temperature for testing under simulated conditions in weath-
ering cabinets. None of these standards, moreover, imposes rigid conditions on how
an accelerated test should be performed, which is basically left to the experimenter,
despite some guidelines for choosing the test parameters. These procedures, whilst
reducing test time, may give unrealistic failure modes which may not take place
under true service conditions (Zhou et al.,, 2011; Eldridge and Fam, 2014).
Furthermore, a rationale prediction through accelerated procedures must include,
for each specific material (matrix/resin, fiber, configuration of plies, etc.), a precise



Durability problems of concrete structures rehabilitated with FRP 165

correlation between the results obtained under natural and under artificial weather-
ing conditions. This would require, in turn, a huge number of carefully selected pro-
cedures based on both natural and artificial exposures.

Starting from the matrix/adhesive resins, the few studies performed on cold-
cured resins demonstrated that substantially poor correlations exist between the
results found for accelerated tests and those obtained from on field exposure
(Lettieri and Frigione, 2011). In particular, more severe effects were produced by
an accelerated aging, attributed to the improved influence of any single environ-
mental agent amplified for the purpose: a higher amount of water absorbed, which
was able to produce the plasticization of the resins; a high temperature of exposure,
which caused a more rapid post-cure of the resin; thermo-oxidative processes; and
the erasure of “physical aging” in the resins (a well-known process taking place in
cold-cured resins that are in an unstable thermodynamic state due to their incom-
plete cure at ambient temperature). Furthermore, the condition levels remained con-
stant during the accelerated weathering treatment and were, therefore, more harsh
and not even able to reproduce the fluctuations of external agents.

Similar uncertainty on the soundness and effectiveness of accelerated weathering
tests can be extended to the prevision of durability for composites employed to
strengthen a concrete structure outdoor located (Wu and Yan, 2013). Whether
FRP’s are formed in situ through wet layup technique, using a cold-cured matrix/
adhesive, or applied as precured laminates using a cold-cured adhesive, the
unpredictable behavior of the cold-cured resin will affect the durability in service
of the FRP. Accelerated weathering procedures, as well as Time-temperature super-
position principle, employ values of temperature possibly able to postcure the resin
and must be, therefore, avoided as possible. As an example, it has been established
that aging of GFRP in seawater at 50°C is 12 times as severe as that in seawater at
23°C without any real evidence for the accuracy of this rule (Silva, 2007).

In conclusion, at the present time the field monitoring of properties of FRP and
its components still seems to be the only reliable and realistic method to assess the
durability of the composite employed for concrete strengthening technique and the
accelerated procedures can only supply qualitative indications, i.e., reference limit
values never achievable in true service conditions.

7.6 Recommendations for further research and future
trends

It is expected that the already well-esteemed FRP strengthening techniques will
increasingly continue to be the preferred choice for many rehabilitation and repair
projects involving buildings, bridges, historic monuments, and other aged concrete
structures; when their demolition and reconstruction is restricted by sustainability
and economic considerations. Therefore, one of the main challenges of the research-
ers in this area for the forthcoming years is to determine a more complete under-
standing of the degradation process taking place in FRP-concrete structural
elements in different environments, collecting and organizing rationally the
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numerous available studies in order to accomplish an adequate reliability of the pro-
posed solutions, i.e., comparable to that achieved in aeronautical and aerospace
industries.

The development of proper codes and standards is strongly suggested, including
considerations for safety, short-term development of properties (it has been under-
lined, for instance, the essential lack of information concerning the adhesion
strength developed between FRP and the substrate during the curing of the matrix/
adhesive resin in dependence of the curing conditions, i.e., temperature and time),
long-term performance and durability. As already pointed out, experiments are
often conducted according to standard procedures that are not appropriate for these
particular systems. Another challenge is the development of suitable predictive
models able to supply reliable previsions for the service life of composites or
bonded structures. The poor suitability of accelerated aging tests in replicating the
real environmental conditions has been mentioned. In addition, there is a urgent
need to transfer the results of research from laboratory to the market.

In terms of implementing materials, the development of improved cold-cured
resins is compulsory. The adhesives/matrices for FRP employed in concrete struc-
tures must set and harden in different environmental conditions, possibly at very
low temperatures, and perform, even after short curing times, at a sufficient level
irrespective to the exposure regimes. To this regard, the use of nano-structured
polymers, such as nano-composites, based on preformed nano-sized inorganic (sil-
ica, clay, carbon nanotubes) particles dispersed into the resin, or organic—inorganic
hybrid materials, is expected to become a realistic alternative to traditional poly-
meric products due to their superior properties—especially in terms of higher dura-
bility against moisture, temperatures, hash environments, fire. The formulation
strategy of these systems must be aimed at increasing 7T, and the elastic modulus in
the rubbery region of the resin, as well as at improving their performances under
different environmental regimes. At the present time, the development processes of
such nano-structured polymers are still complicated and expensive to be conve-
niently applied in the construction industry. And, in fact, none of the mentioned
systems are commercially available at the present time.

In conclusion, the efforts of academic and industrial research in this field must be
mainly devoted to the development of more durable thermosetting matrix/adhesive
resins at affordable costs, also able to achieve a stable thermodynamic state after
short curing times; an improvement in the long-term performance of FRP’s and a reli-
able assessment of their service life; a standardization of procedures and tests.
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Field assessment of concrete
structures rehabilitated with FRP

Nur Yazdani*, Eric Chavez Garcia and Mina Riad
University of Texas at Arlington, Arlington, TX, United States

8.1 Introduction

Repair and rehabilitation methods for civil infrastructure have become a topic of
great interest to engineers. Fiber Reinforced Polymer (FRP) is considered one of
the most popular and practical solutions for strengthening and retrofitting civil
infrastructure. Several past studies indicated that significant increase in strength
and stiffness can be achieved by using this technology. The FRP—concrete interface
bond is critical in transferring stresses from the concrete substrate to the FRP.
However, the evaluation of the bond strength is still a challenging issue.

8.2 Types and benefits of fiber reinforced polymer
rehabilitation systems for concrete structures

The two dominant materials for infrastructure construction today continue to be
steel and concrete. While they maintain their relative importance in infrastructure,
there has been an increasing need for advanced techniques, especially for the reha-
bilitation of aging infrastructure. FRP has emerged as a potential strengthening
agent for deteriorating and/or under-designed concrete infrastructures. FRP is a
composite material made of a polymer matrix reinforced with fibers. The fibers are
usually glass, carbon, or basalt. There are two main types of FRP rehabilitation
methods: embedded FRP rebars and externally applied FRP laminates. Examples of
retrofitted structures using FRP laminates are shown in Fig. 8.1.

Embedded FRP rebars are highly corrosion-resistant and, unlike steel, will not
rust when exposed to harsh weather and chemicals. They are also nonconductive,
impact resistant, and have higher strength than steel. Externally-applied FRP lami-
nates are being effectively used for their high strength to weight ratio, fast and easy
application, confinement of concrete elements, very small thickness and excellent
corrosion resistance. They can be used whenever there is a change in use of the
structure, construction defect, code change, seismic retrofit, or deterioration of an
existing structure.

* Profile: http://www.uta.edu/faculty/yazdani/

Eco-efficient Repair and Rehabilitation of Concrete Infrastructures. DOI: http://dx.doi.org/10.1016/B978-0-08-102181-1.00008-3
© 2018 Elsevier Ltd. All rights reserved.
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(B)

Figure 8.1 (A) fiber reinforced polymer (FRP) laminate applied to exterior of bridge beam;
(B) FRP laminate applied to typical canopy column (Alkhrdaji, 2015).
Source: Reprinted with permission, STRUCTURE magazine, June 2015.

FRP composite materials can acquire higher strength and stiffness characteristics
with the use of less material to achieve a similar performance to other available
techniques, thus resulting in less resource use and waste production. FRP is also a
lightweight composite that can lower construction costs and increase the speed of
construction, resulting in minimal environmental impacts (Lee and Jain, 2009). FRP
provides many benefits, with the most promising being the development of struc-
tural systems with greater service lives exceeding that of traditional materials due
to its physical characteristics. Subsequently, the promise of FRP composites is to
extend service life of existing structures while protecting new structures from age-
ing, weathering, and degradation in severe environments. The durability for FRP
composites in harsh and changing environments, however, has not yet been fully
understood. The critical factor is the quantification of material durability in compar-
ison to conventional materials. This will provide designers with the knowledge to
select the best material for achieving a sustainable environment. While some advan-
tages are well known for the FRP composites, challenges in developing and imple-
menting the technology still exist. In addition to durability, new developments are
needed to minimize costs of production and environmental impacts. The implemen-
tation in codes and standards are needed to bring this product to the market and
include safety, performance, and sustainability. Equally important is the education
of designers and architects is a paramount component for the use of composites in a
built environment (Lee and Jain, 2009).

8.2.1 Rehabilitation with embedded fiber reinforced polymer
rebars

Steel rebar in reinforced concrete has one underlying weakness; susceptibility to
corrosion (oxidation) when exposed to salts, chemicals, or moisture. As the steel
corrodes the concrete begins to crack and spall due to the swelling and increase of
the tensile load on the rebar. This, in turn, creates openings that lead to faster
deterioration of the concrete that can be mitigated with embedded FRP rebars in
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concrete structures. First and foremost, composite rebar will not corrode, meaning
it is ideal for periodic and long-term immersion in fresh water for applications such
as retaining walls, piers, decks, and canals. It is also resistant to road salt and other
chemicals, making it more durable while providing less maintenance for structures
such as roadways and bridges. Another advantage is that the tensile strength of FRP
rebar is typically 1.5—2 times higher than steel. This provides a good counterbal-
ance to concrete’s high compressive strength. Although the initial cost of composite
rebar is generally higher than standard steel rebar and is roughly comparable to
epoxy-coated steel rebar, when considered on a lifecycle cost (LCC) basis, it can be
quite economical (Malnati, 2011). In contrast to steel, however, there is yet no stan-
dardization for the surface characteristics of FRP bars. Therefore, determining the
bond characteristics of nonstandardized commercial rebars is a fundamental require-
ment for their practical use, as this influences the mechanism of load transfer
between reinforcement and concrete.

8.2.2 Rehabilitation with external fiber reinforced polymer
fabric wrapping

External application of FRP (also known as FRP wrapping) is a technique whereby
FRP fabric is saturated in a polymeric epoxy and the fabric is applied to the desired
surface of a structure. This wrapping technique is known as the wet layup or prefab-
ricated systems using cold-cured adhesive bonding, and is the most widely-used
method due to its fast and easy application without a significant change in the
dimensions of the original structure. The main and important feature of this tech-
nique is that the fibers of externally-bonded FRP composites are in parallel, as prac-
ticable with the direction of principle tensile stresses. The basic technique of the
FRP-strengthening described refers to the manual application of FRP reinforcement
to an existing member. A two-part cold-cured bonding agent is used to achieve
bonding (Setunge, 2002). One of the keys to assuring proper bonding comes in the
surface preparation of the structure. Because FRP relies heavily on the bond
between the FRP system and the existing concrete, any existing deterioration and
corrosion of the internal reinforcing must be taken care of prior to installation.
Strengthening can only be applied after all such problems have been determined
and resolved using appropriate procedures (Alkhrdaji, 2015).

8.3 Destructive field assessment

One of the main drawbacks to using FRP rehabilitation is the cost. Because of this
aspect, it is important to properly evaluate the structure and assess which tests are
most suitable for the given conditions. Destructive field assessments give the
inspector the ability to determine the areas of deficiency by testing the FRP condi-
tions in situ. Due to the nature of the tests, careful analysis must be completed
in order to ensure the test is suitable and will give useful results to the engineers.
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This section will talk about some of the major destructive tests performed on FRP
enhanced structures.

8.3.1 ASTM pull-off test

American Society of Testing and Materials (ASTM) FRP pull-off testing deter-
mines the greatest tension force (applied perpendicular to the surface) that the
FRP—epoxy—concrete bond can resist. The method consists of adhesively bonding
a metallic circular loading fixture (dolly) normal to the testing surface (Fig. 8.2).
The instruments and materials needed consist of: the pull-off tester, loading fixtures
(dollies), epoxy to attach the dollies to the surface, and a core drill or circular hole
cutter. The circular hole cutter is used to isolate the area being tested from the rest
of the surface. This hole must be the same diameter as the loading fixture, com-
monly taken as 50 mm for concrete elements. The dolly contains a threaded hole in
the center that allows for attachment of the fixed-alignment adhesion testing device
(pull-off tester shown in Fig. 8.3). After attaching the tester, a tension force is
applied gradually to the dolly until a partial or full detachment of the dolly is wit-
nessed. This load at the time of rupture is regarded as the maximum bond force
(ASTM, 2009). The observed modes of failure can shed light on the condition of
the epoxy—FRP—concrete interface, the long-term performance, and the quality of

Load applied by pull-off tester

T ) Loading fixture (dolly)

CFRP : | —

Figure 8.2 Pull-off test mechanisms (Pallempati et al., 2016).

Figure 8.3 ASTM pull-off testing apparatus: (A) testing dollies (B) pull-off adhesion tester
(Pallempati et al., 2016).
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the initial FRP installation. The ASTM pull-off test method has the following
advantages: quick and economic, on-site testing with only minimal damage to the
FRP, and immediate tests results. A field assessment of the FRP-strengthening and
the evaluation of the long-term behavior of FRP is helpful in better understanding of
FRP as a concrete strengthening material. The ASTM pull-off test results are used to
evaluate the performance of FRP as a strengthening material (Pallempati et al.,
2016).

8.3.2 Differential scanning calorimetry

FRP materials are combustible and susceptible to deterioration of mechanical and
bond properties at elevated temperatures. Therefore, the concrete members strength-
ened with FRP must be evaluated in the case of a fire before the system can be
used with confidence in buildings. The overall goal of the calorimetric study is to
elucidate the high temperature performance of specific FRP systems currently in
use, in such a way that fire recommendations can be made with confidence and
regarding the conservative fire design of a structure (Foster and Bisby, 2005). The
Differential Scanning Calorimetry (DSC) test is used to determine the glass transi-
tion temperature (GTT, T) of the polymer matrix used. This value allows for the
evaluation of the behavior of FRP at elevated temperatures. At elevated tempera-
tures, externally-bonded FRP materials can be expected to display severe reduction
in strength, stiffness, and bond properties. This is most likely due to reductions in
mechanical properties of the polymer matrix at the given temperatures, which leads
to a reduction in the bonding stress between the fibers. Consequently, for unidirec-
tional composites, the major properties of the matrix such as shear strength and
bond strength are expected to be affected by the rise in temperature. DSC studies
were conducted according to ASTM D3418 (ASTM, 2003) using a TA Instruments
DSC Q100 differential scanning calorimeter (Foster and Bisby, 2005).

8.3.3 Witness panel test

Witness panel tests, also known as coupon tests, are used to evaluate tensile
strength and modulus, lap splice strength, hardness, and GTT of the FRP system
(ACI, 2008). These panels are flat and fabricated on site using the installation pro-
cess similar to those used for the typical FRP system. Once cured, the panels are
sent to a laboratory where they undergo testing. For small projects, it is common to
select one panel for each new roll of material for each new batch of epoxy, or one
per day. Randomly selected material (around 15%) is sent to the laboratory for test-
ing. For large projects, one panel for each new roll of material or for each new
batch of epoxy or three per area are selected. Randomly selected material (around
10%) is to be sent for testing (Chen et al., 2009). Once the specimen has been prop-
erly prepared, aligned, measured, gripped and tested, the witness panel test follows
the ASTM 2008 standard and provides the true tensile properties of the FRP, such
as modulus, rupture strain, and rupture strength. Because the FRP composites are
linear elastic brittle, meaning there is no strain hardening, the failure occurs when
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the fiber reaches the rupture strain. Reasons for failure occurring prior to the strain
reaching the rupture strain point could be due to the existence of bending or local
stress concentration, arising from factors such as misalignment and improper grip-
ping. It is because of this reasoning that the rupture strain obtained from the witness
panel represents the lower bound of the actual rupture strain if no flaws exist in the
procedure (Chen et al., 2009).

8.4 Nondestructive assessment

The reliability of nondestructive testing (NDT) techniques to detect and assess
defects in FRP-rehabilitated concrete structures is highly dependent upon their abil-
ity to detect critical defect types and on the practicality of the method. Whereas
some methods require very little equipment that could lead to the defect size, depth,
and type being questionable, other methods are extremely powerful but have
requirements such as power supply, experience, and ample space which are imprac-
tical in the field. The following sections discuss different types of applicable NDT
techniques along with the advantages and disadvantages.

8.4.1 Visual inspection

Visual inspection is used in all fields of construction, making it the most versatile
and simple technique. In this technique, personnel use their own judgment to deter-
mine whether a procedure was followed correctly (Karbhari et al., 2005). Visual
inspection can be categorized in two ways: either by overall visual appearance or by
inspection for localized visual defects. These defects can be in the form of chips,
cracks, delamination, burns, or even fractures. The Standard Practice for Classifying
Visual Defects in Glass Reinforced Plastic Laminate Parts (ASTM D 2563, 2015)
provides the specifier with an important resource for managing the quality of
corrosion-resistant FRP. It is the specifier’s responsibility to assure that the require-
ments of the specifications are realistic—from both the technical and the economic
points of view (Reichhold, 2009). Advantages to visual inspection include instanta-
neous data results, economy, and low equipment cost. Disadvantages include the
limitation of the human eye, mistakes made by human misinterpretation, and inspec-
tion only of the structure’s surface. Anything as simple as illumination can provide a
major restriction for the NDT method, thus make it a cheap yet unreliable method.

8.4.2 Mechanical and acoustic vibration

One of the most common types of mechanical vibration evaluation is the tap test.
Tap testing is an NDE practice used on bridge decks that is fast, low cost and effec-
tive for inspecting composites. To perform the test, an inspector taps the surface of
the area of interest with a coin or hammer and then listens for any distinctive
change in frequency which marks where a void or delamination exists (Fig. 8.4).
A clear, sharp ringing indicates a well bonded structure, whereas a dull sound
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indicates a delamination or void (Groenier et al., 2006). Although the tap test is
basic, changes within the structure can also produce a distinctive change in fre-
quency; therefore, the inspector must be familiar with the features of the structure.
Tap testing is fast, low cost, and provides an effective way to inspect composites
for delamination. Drawbacks to this test include the presence of ambient noise
which could result in the erroneous interpretation of the defects.

8.4.3 Acoustic emission

Acoustic Emission (AE) is defined as the transient elastic wave generated by a sud-
den redistribution of stress from a localized source or sources within a material
(Degala et al., 2008). When a structure is subjected to an external stimulus, the elas-
tic energy propagates as a stress wave (AE event) in the structure and is detected
by one or more AE sensors. AE events may be generated by moving dislocations,
crack onset, growth and propagation, fiber breaks, disbonds, and plastic deforma-
tion, among others. This detection can serve as a valuable tool as it pertains to the
origin of the discontinuity of a material. Fig. 8.5 displays the basic test set up for
the AE test. Due to the versatility of the test, AE differs from other NDT methods
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Substrate

Figure 8.4 Coin tap test demonstration (Karbhari et al, 2005).
Source: Image courtesy of the Oregon Dept. of Transportation.
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Figure 8.5 Acoustic Emission test equipment (NSF, 2009).
Source: Reproduced with permission from the NDT Resource Center and Center for NDE,
Iowa State University.
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in two key aspects. First, the signal has its origin in the material itself and is not
introduced from an external source. Due to this advantage, AE tests are often per-
formed on operating structures due to proper loading placed on the structure for trig-
gering these AEs. Second, AE detects dynamic processes such as movement or strain,
whereas most other methods detect existing geometric discontinuities or breaks (NSF,
2009). Other advantages of AE include: fast and complete volumetric inspection using
multiple sensors, permanent sensor mounting for process control, and no need to disas-
semble and clean a specimen. Drawbacks of AE testing include the possibility of flaws
remaining undetected due to insufficient loading—resulting in a value not high enough
to cause an acoustic event. Another drawback of AE comes from environments that
have load and noisy natures, which contribute extraneous noise to the signals. For suc-
cessful applications, signal discrimination and noise reduction are crucial.

8.4.4 Ultrasonic methods

In contrast to the AE tests where elastic waves are generated through existing load-
ing, in the ultrasonic pulse velocity (UPV) tests, a pulse signal of high frequency
sound energy is sent traveling through the structure to evaluate its condition. This
inspection can be used for assessment of cracks, delamination, flaw detection and
more. Because wave propagation depends on the extent of the cracks, damage
assessment tools may be developed based on the variation of UPV (Mirmiran and
Wei, 2001). A typical ultrasonic testing inspection system consists of several func-
tional units, such as the pulser/receiver, transducer, and display devices. Fig. 8.6
displays typical inspection materials to run the test. The pulser/receiver produces
high voltage electrical pulses and drives the transducer, which generates high

CNTROLE

Figure 8.6 Ultrasonic Pulse Velocity test equipment (Controls Group, 2016).
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frequency ultrasonic energy. From here, the sound energy propagates through the
material as a wave. Discontinuities in the structure (such as cracks) will cause the
wave path to be reflected back. This energy is then transformed into an electrical
signal by the transducer and displayed on the screen (NSF, 2009). The signal travel
time can then provide information about the reflector size, location, and orientation.
Advantages of the UPV test include; instantaneous results, minimal preparation,
the production of detailed results, and high accuracy. Limitations to the UPV test
include accessibility to transmit ultrasound, proper required training, and only suit-
ably for homogenous materials.

Impact echo is another ultrasonic method for NDT. This method is based on the
use of impact-generated stress waves that propagate through concrete and are
reflected by internal flaws and external surfaces (Sansalone and Streett, 1998).
A short impact, produced by tapping a steel ball against the concrete surface, is used
to generate low-frequency stress waves that propagate in the structure and get
reflected by flaws or other discontinuities. These surface displacements caused
by wave reflections are recorded by a transducer that produces a voltage proportional
to displacement, resulting in a voltage-time signal. This is then transformed by a
computer into a spectrum of amplitude versus frequency (Sansalone and Streett,
2003). These variations in reflections are then used to identify and evaluate the integ-
rity of the structure and to determine the location of flaws. Impact echo can be used
to determine the severity and location of discontinuity in concrete structures, such as
voids, cracks, delaminations, and debonding. Principal components include: a cylin-
drical handheld transducer unit, a set of spherical impactors, a portable computer, a
high-speed analog-to-digital data acquisition system, and a software program that
controls and monitors the test—displaying the results in numerical and graphical
forms. Impact echo should not be confused with ultrasonic methods, such as pulse
velocity and pulse echo. Unlike ultrasonic methods, impact echo utilizes lower fre-
quency signals (2—20 kHz, typically). This low frequency allows the impact echo to
overcome high-signal attenuation encountered with ultrasonic methods.

Another technique used for NDT is the Ultrasonic Tomography method. This
technique consists of exciting an elastic wave within the concrete structure in order
to determine location and size of defects, such as cracks, air voids, or inclusions.
Instrumentation features a multihead antenna that generates 50 kHz ultrasonic
pulses and is used for receiving and processing ultrasonic signals. Fig. 8.7 shows a
schematic of the tomograph with three perpendicular cross sections of the tested
object and the coordinate system connected with the antenna. Each head is mounted
on the antenna and, due to the dry point contact, means of coupling and special
preparation of the surface for testing are not required (Schabowicz, 2013).The
methodology has been geared to locate defects in unilaterally accessible concrete
members, determining their size and estimating the thickness of the members.
Fig. 8.8 further explains the sequence of the technique.

Nonlinear ultrasonic is a newer approach for NDE of material degradation that is
helpful in detecting cracks at early stages. When there is presence of micro-cracks
in an elastic medium, the proportionality between an impinging ultrasonic wave
and the corresponding elastic response of the medium occurs. Due to an increase of
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Figure 8.7 Ultrasonic tomograph: (A) top view, (B) ultrasonic pulses, and (c) three mutually
perpendicular cross sections (scans) of investigated object and coordinate system connected
with tomograph antenna (Schabowicz, 2013).

nonlinearity associated with increased damage, the goal of nonlinear ultrasonic
methods is to extract the signature of the nonlinearity from the elastic response of
the tested element in order to characterize damage progression (Antonaci et al.,
2009). Scaling Subtraction Method (SSM) is a type of nonlinear ultrasonic method
for the detection of nonlinear terms in the elastic response of a solid to a linear
ultrasonic wave excitation. The method compares the recorded nonlinear signal,
which represents the elastic nonlinear response of a damaged element, and the ref-
erence signal. It has been found to be more efficient than traditional linear and other
nonlinear techniques, due to its ability to distinct between initial stages of degrada-
tion and latter damage propagation (Bruno et al., 2010). Another type of nonlinear
test includes spectral analysis — that uses a filtering technique, allowing for the
study of frequency content of the elastic response and to evaluate the amplitude of
the generated high order frequencies, along with their dependence on the amplitude
of the fundamental frequency of the excitation (Bruno et al., 2010).

8.4.5 Radiographic imaging

Real time radiography (RTR) is an NDT whereby an image is produced electroni-
cally, rather than filming, so that limited lag time occurs between the item being
exposed to radiation and the image. The image comes from the radiation passing
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Methodology for nondestructive location of defect and determining its size in unilaterally accessible concrete member
or estimating thickness of such member by means of ultrasonic tomograph
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Figure 8.8 Methodology for nondestructive testing (NDT) of defects in or estimating
thickness of such members by ultrasonic tomography technique (Schabowicz, 2013).

through the object, resulting in a light emitted from the interaction. These lights or
fluorescent elements form the image that is seen in the film radiography. The posi-
tive image is formed showing where the higher levels of radiation were transmitted.
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Figure 8.9 Equipment for real time radiography (RTR) system (NSF, 2009).
Source: Reproduced with permission from the NDT Resource Center and Center for NDE,
Towa State University.

Lighter and brighter images mean a thinner, or less dense, section. Most types of
defects can be detected, including porosity and matrix cracks. Fig. 8.9 shows the
equipment set up for the RTR test. One of the main features of the radiographic
imaging is the sensitivity of the test. Accurate results largely depend on the orienta-
tion of internal material. For long cracks, for example, the best desired orientation
must be in a position such that the photon ray will penetrate the maximum distance
of the crack. If the orientation is perpendicular to the crack, the penetration region
would be very small and the result of the recorded image would likely reveal no
vital information (NSF, 2009). RTR offers plenty of advantages, especially during
in situ testing. For starters, the test produces instantaneous and extremely accurate
images of the radiographed section. It also works with any form of radiation includ-
ing X-ray, gamma, or neutron radiation. The electronic signal from the RTR test
can also be digitally processed to enhance image quality, and eliminate noise and
other unnecessary information. Additionally, no surface contact is required; almost
any geometric shape can be inspected. Disadvantages to RTR include sensitivity,
the need for high energy sources, and safety precautions due to radiation.

8.4.6 Electromagnetic techniques

One of the popular electromagnetic techniques is the Eddy Current Test (ET). The
eddy currents are created through electromagnetic induction. When alternating
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current is applied to the conductor, such as a coil or copper wire, a magnetic field
is developed around the conductor. The magnetic field propagates as the current
rises to a maximum level, and collapses until the current is reduced to zero. When
another electric conductor is brought close to the original one, a change in magnetic
field occurs and current will induce in the second conductor (Laight et al., 1997).
As a result, electrons in the material under investigation are forced to circulate in
an ‘“eddy-like” pattern (Fig. 8.10). The Eddy name comes from eddies that form
when a liquid or gas flows in a circular path around obstacles under the proper con-
ditions. Simultaneously, the circular currents form a magnetic flux field that can be
detected by the driving coil or a second, separately-placed coil. When a flaw is
introduced to the conductive material, the eddy currents are disrupted (NSF, 2009).
ET poses many advantages as an NDT tool due to its wide range of variety in
inspections and measurements. Advantages include: detection of near-surface
defects, instantaneous results, portable equipment, minimal preparation, no surface
contact needed, and the ability to inspect irregular shapes. Some limitations include:
characteristics that only allow inspections in regions of high fiber density due to the
magnetic flux, the skill and training needed to operate equipment, limited depth of
penetration, and undetectable flaws—such as delamination that lie parallel to the
probe coil winding direction. The Eddy Current method requires a conductive mate-
rial. The Glass FRP (GFRP) is not conductive, therefore this method has limited
application for GFRP testing.

Another popular Electromagnetic technique is microwave-based. It uses high fre-
quency electromagnetic energy, ranging from a few hundred megahertz to a few
hundred gigahertz (Dong and Ansari, 2011). Here, the material is tested by measur-
ing various properties of the electromagnetic waves scattered by or transmitted
through the test material. The imaging capabilities are based on transmitting
directed electromagnetic waves into a dielectric material, using the information of
magnitude and phase to create images of the specimen (Karbhari et al., 2005). This
test poses advantages with thick composites as the microwaves have the ability to
penetrate inside the mentioned dielectric materials. This test can be used to detect
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Figure 8.10 Alternating current source and coil wire for Eddy Current testing (NSF, 2009).
Source: Reproduced with permission from the NDT Resource Center and Center for NDE,
Iowa State University.
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delamination, voids, and debonding, along with their depth in FRP reinforced
concrete. Location and geometry of the debonded regions can also be identified.

Dielectric spectroscopy is a fundamental technique that measures the dielectric
properties of a medium, as a function of frequency. The application allows for the
prediction of parameters such as porosity and pore connectivity, based on the inter-
action of an external field with the electric dipole moment, often expressed by
permittivity (Sanchez-Fajardo, 2013). The permittivity represents the electrical
polarization. Equipment set up for dielectric test can be seen in Fig. 8.11. The
dielectric spectroscopy technique could be used to measure moisture penetration in
adhesively-bonded composite structures and to monitor the degradation of adhesive
joints.

Nuclear Magnetic Resonance (NMR) is a technique that studies the properties of
water storage and transport. They also provide information about the porosity and
water tightness of structures which allows for the determination of environmental
durability problems at an early stage. Solving these problems can prevent unex-
pected fatal damage due to moisture entrance. NMR is a spectroscopic technique
that uses the resonance interaction between electromagnetic waves and hydrogen
nuclei placed in an external magnetic field (Dobman et al., 2002). With one-sided
access (OSA) NMR, a moisture content profile can be measured non-destructively.
This offers the possibility of monitoring water absorption/desorption and moisture
migration during drying and wetting processes. Using the OSA method, successful
aquametric applications have been performed for concrete and polymers (Wolter
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Figure 8.11 Dielectric spectroscopy measurement set up (Raihan, 2014).
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et al., 2003). With this instrumentation, it is possible to recognize the risk for a
reduced residual life time of building materials at very early ages.

8.4.7 Ground penetrating radar

Ground Penetrating Radar (GPR) is a real-time NDT technique that uses high fre-
quency radio waves, yielding data with very high resolution in a short amount of
time. This technique uses electromagnetic waves that travel at a specific velocity
determined by the permittivity of the material. Velocities will differ based on the
kind of material, due to difference in electrical properties and will thus provide
responses at different times. As antennae move along the survey line, a series of
traces are collected at specific points along the line (Fig. 8.12). The scans are then
positioned side by side to form a profile of the area (Ekes, 2007). The main compo-
nents that make up the GPR include a waveform generator, a single transducer
comprised of an emitting and receiving antenna, a signal processor, and a data stor-
age/display unit. Various approaches have been used for structural applications,
such as frequency modulation, synthetic pulse-radar, and pulse systems. Although
all are accepted methods, the pulsed system method has been found to be the most
accepted and used in most available equipment (Bungey and Millard, 1993). GPR
is most-commonly used for locating spacing and depth for reinforcing steel, post-
tensioning cables or anchors, measuring rebar cover, and mapping voids (Fig. 8.13).
With the growing availability and improvement of GPR processing software,
research has found that it can be used as a subsurface condition assessment for
FRP composites. GPR waveforms can now help detect voids inside the concrete.
Compared to other nondestructive techniques, such as infrared thermography,

Figure 8.12 Ground penetrating radar equipment.
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ultrasonic or microwave, GPR offers more penetrating power and so can detect
concrete defects or deteriorations at greater depths (Dong and Ansari, 2011).

8.4.8 Optical methods

Optical field testing has a large variety of methodologies that allow for the detec-
tion of surface deflections, through the formation of fringe patterns on the surface
of an object. These methods measure the change in strain which requires the appli-
cation of loads on the structure. The most common methods are interferometry,
holography and shearography. These methods use a geometrical moire (large scale
interference patterns) which uses superposition of two gratings to cause formation
of fringe patterns (Parks, 1998). These patterns correspond to the displacement rela-
tive to a fixed reference point. Depending on the number of fringes in a region, it
corresponds to the strain in the material as well as the magnitude of displacement.
Moire interferometry (Fig. 8.14) uses a more complex geometrical moire that
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Figure 8.14 Test set up for moire interferometry (Karbhari et al., 2005).
Source: Image courtesy of the Oregon Dept. of Transportation.



Field assessment of concrete structures rehabilitated with FRP 187

provides high flexibility and resolution. Here, the grating is formed by interference
of two coherent light beams illuminating the specimen at two complimentary
angles. Due to coherence, the beams generate walls of constructive and destructive
interference, which result in a virtual grating in the zone of their intersection (Post
et al., 1994). For holographic interferometry (Fig. 8.15), a three dimensional image
is created from a body. Rather than interference of two beams to form grating, a
reference beam is aimed directly at the recording media, and the second illuminates
the test object. The white surface of the object causes a reflection of the scattered
light waves towards the recording device, where interference of the two beams
occurs. An advantage of this test is that it does not require specimen grating, while
a disadvantage is the need to perform this test in a laboratory due to stability
requirements. For shearography (Fig. 8.16) the key to the study is the birefringent
crystal that serves as a shearing device. This crystal brings two non-parallel beams
scattered from two separate points onto the object surface to become almost collin-
ear (Hung, 1998). Flaw detection is based on the comparison of two states of
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Figure 8.15 Test set up for holographic interferometry (Karbhari et al., 2005).
Source: Image courtesy of the Oregon Dept. of Transportation.
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Figure 8.16 Test set up for shearographic imaging (Karbhari et al., 2005).
Source: Image courtesy of the Oregon Dept. of Transportation.
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deformation in the test object. The differences in light emitted can be related to sur-
face strains through the use of image subtraction. All these optical methods are lim-
ited to the surface inspection. This puts a limitation on the detectability of the
defects that are of insufficient size, creating a huge drawback in the inspection of
thick composites.

8.4.9 Thermographic imaging

Thermal NDT methods involve the measurement of surface temperatures as heat
flows to and from an object. These tests range from simple thermal measurements,
such as point measuring with a thermal couple to locate hot spots like worn out
bearings, to more advanced testing such as thermal imaging systems that have
thermal information rapidly available through a vast area (NDT). The Infrared
Thermography technique is one method that has been used for many years to scan
aerospace structures, particularly to detect and characterize delamination in carbon/
epoxy composites (Maldague, 2001). This technique involves heating the surface of
a structure during a period and measuring the temperature distribution of the sample
with the use of an infrared camera (Fig. 8.17). There, the infrared camera will pro-
duce images of pixels composed of uncooled microbolometer detectors allowing to
see temperature differences. The principle is that the camera monitors the flow of
heat from the surface, which is affected by internal flaws such as disbands, cracks
or voids. Solid bonds will cause rapid heat dissipation throughout the material,
while areas with defects will retain the heat for longer periods of time. A basic test
set up is shown in Fig. 8.18. The method behind this principle is that the presence
of subsurface anomalies will alter the rate of diffusion with respect to the surround-
ing area. As such, entrapped pockets or air will retain heat longer and serve as hot
spots. This phenomenon is due to the low thermal conductivity of air as well as the
high heat flow rate in the surrounding material (Karbhari et al., 2005). Advantages
of this test include ease of accessibility due to in situ testing and short inspection
time. Difficulties include the differentiation in thermal contrast between the good
and defective regions.

Figure 8.17 Infrared camera.
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Figure 8.18 Infrared Thermography test set up (Taillade, 2012).

Source: © 2012 Taillade, F., Quiertant, M., Benzarti, K., Dumoulin, J., Aubagnac, C.
Published in [short citation] under CC BY 3.0 license. Available from: http://dx.doi.org/
10.5772/27488

8.4.10 Load testing

The main principle of design is based on the maximum permissible level of loading
and deflection. Structures are considered to be in good service as long as they meet
the loading criteria and do not surpass their service load levels. When aging occurs,
these structures are likely to experience some sort of degradation including fatigue,
cracking, moisture absorption, or creep. Diagnostic load tests can be performed to
monitor a structure’s response to known loading conditions. If linear—elastic behav-
ior is exhibited during the load test, meaning the load below the elastic load limit is
observed, the results can be used for model calibration and load rating (AASHTO,
2011). Strain or deflection measurements are taken at strategic locations to deter-
mine the load distribution or stiffness characteristics of the bridge. Strain gauges
are typically installed near the location of maximum moment in the girder, while
deflection is measured using linear variable differential transformer (LVDT). After
the test is performed, the results are compared to the analytical response to better
estimate the capacity. Generally, the measured strains during the live load test are
smaller than the theoretical due to increased live load distribution previously unac-
counted for (Sanayei et al., 2015). Since the load testing rating is based on the
structure’s response to loading, it is widely considered a more accurate load rating
reflecting the actual capacity of the bridge at the time of testing (Jauregui and Barr,
2004). Problems of the load testing method can include: concrete cracking, debond-
ing of concrete composite interface, and fiber rupture. The load testing method is
effective where the defects in composites have already exceeded the acceptable limits.
This means defects in CFRP composites or in the interfacial region may not be of
enough magnitude to change the load deflection response acquired during the load
test. To sum up, this method is likely to lack sensitivity to small defects or capability
to provide information about size, location and magnitude of individual flaws.
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8.4.11 Embedded sensors for real time structure health
monitoring

There has been a large demand for in-service structural health monitoring (SHM) in
response to the need for safety, security and lower LCCs. SHM assesses the state of
the structural health and, through appropriate data processing and interpretation,
predicts the remaining life of the structure. An SHM program involves selection
and placement of sensors suitable for measurement of key parameters that influence
the performance and health of the structural system. There are two popular types of
sensors used for monitoring the structure performance.

The first is optical fiber sensors. These are emerging as a superior non-
destructive means for evaluating the condition of concrete structures. Optical fibers
are able to detect minute variations in structural conditions through remote mea-
surements. Structures fully integrated with optical fibers will be able to monitor the
initiation and progress of various mechanical or environmentally-induced degrada-
tions in concrete elements (Ansari, 1997). The optical fibers sense the physical and
ambient perturbations based on intensity, wavelength, and interference of the light
wave. Fiber-optic sensors have been developed and effectively employed in civil
engineering applications (Yuan and Ansari, 1997; Gu et al., 2004; Wu and Xu,
2002; Zeng et al., 2002). Advantages of fiber-optic sensors include dimensional and
material compatibility. The fibers will not corrode or degrade during curing and
will bond strongly to the matrix.

The second type is ultrasonic sensors. This is an NDE method that relies on elas-
tic wave propagation and reflection within a material (Giurgiutiu and Cuc, 2005).
Using measurements such as: time of flight, path length, frequency, phase angle,
amplitude, acoustic impedance, and angle of wave deflection, the purpose of the
test is to try to identify the wave field disturbance due to local damage and flaws.
Through a network of sensors embedded into the structure, real time monitoring
can be achieved for loads, stress, and environmental conditions. Another method
employs piezoelectric wafer active sensors (PWAS) that send and receive ultrasonic
Lamb waves and determine the presence of cracks, delaminations, disbands, and
corrosion. This method is enabled by embeddable ultrasonic transducers, consisting
of thin piezoelectric wafers that can be permanently attached to metallic and com-
posite structures.

8.5 Relative assessment of available techniques

While FRP-retrofitted concrete members may be evaluated by a large number of
NDT techniques, most methods are not yet fully developed for field application.
Currently there is not a single method capable of comprehensively assessing the
response of FRP rehabilitated concrete structures at the global as well as local
levels. Visual inspection is the primary method that is still utilized; it is convenient,
inexpensive and fast, but results are not quantitative and are subjective. It is unable
to detect internal cracks and delamination.
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Acoustic impact methods are usually used for large near-surface voids and
delamination. This is in contrast to ultrasonic techniques which provide a viable
methodology capable of assessing both surface and subsurface discontinuities, but
can be restricted by thickness and material interface. The latter two are the most-
used techniques after visual inspection. Methods such as AE allow for the monitor-
ing of the entire structure, but the test objects need to be loaded and is often diffi-
cult to identify the type of defect present and its location. Radiographic techniques
provide detailed and sensitive results and can be used for point detection of defects,
but due to their health hazards and cost, are considered in a small number of cases.
Most of the popular electromagnetic techniques (e.g., Eddy current) have limited
application in the case of concrete repaired with FRP, due to the low conductivity
of the surface. Optical methods are effective for thin composite materials, and they
require the application of load. Most of these methods are suitable for laboratory
environment because of their complexity and sensitivity to external noise and vibra-
tion. Inhomogeneity of composites used in civil engineering limits the application
of optical techniques. Advances in thermography have allowed for rapid inspection,
but is typically used for periodic monitoring and not real time monitoring. They are
effective to detect near-surface defects, fast, accurate, reliable and cost effective.
GPR offers good penetration but is less sensitive to cracks and small voids. Due to
the development of embedded sensing systems, health monitoring of FRP-repaired
concrete structures is now possible. Embedded at the FRP—concrete interface,
fiber-optic sensors provide the ability to measure strain remotely. The use of
embedded sensors in FRP-rehabilitated concrete structures for real-time structural
monitoring can greatly improve the durability and safety of the structure.

Generally speaking, there is no single method that provides all the inspection
requirements. Combinations of different methods are necessary to properly evaluate
a structure. The results of NDE, accompanied by analytical simulation of structural
performance with proper damage models, will ideally provide a comprehensive
evaluation tool for assessment of the structural condition and service life.

8.6 Future trends

FRP applications in civil engineering have advanced significantly since their intro-
duction. As the knowledge-base on the material continues to grow, so does the
potential of addressing the challenges for ageing infrastructure. Engineers will
hopefully become more comfortable with the behavior of FRP-repaired concrete
structures, with standards that provide detailed procedures for quality control and
assurance of the FRP repaired structures.

The progress in developing embedded sensor technology is arguably one of the
most exciting developments for the future of civil engineering. This technology
allows for a better understanding of the actual performance of the repaired structure
and will pave the way for the development of smart composites. A composite struc-
ture embedded with intelligent sensors that monitor and respond to the structural
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health is forthcoming. This developing idea is likely to grow rapidly in the near
future, resulting in more efficient and sustainable structures. On the other hand,
there is still a great amount of room for further NDT research in an effort to
improve current techniques and capabilities, and their combined use of strategies
for better material characterization and damage assessment. These fast and noncon-
tact NDT methods will soon become an essential tool for damage assessment and
for condition evaluation of existing structures.
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Field assessment of a
concrete bridge
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9.1 Introduction

Field assessment of concrete bridges can be carried out in different ways. One way
is the traditional visual inspection. To see beyond the surface of the structure, non-
destructive techniques can be used. With these techniques, regions of corrosion,
delamination, cracking, and other structural faults can be identified (ASCE/SEI-
AASHTO Ad-Hoc Group On Bridge Inspection Rating Rehabilitation and
Replacement, 2009; Ryan et al., 2012). In some cases, samples need to be taken
from the bridge to know the concrete compressive strength, the level of carbon-
ation, the amount of chlorides, and/or the steel quality that was used. To know
more about the structural behavior of a bridge, a nondestructive load test can be
carried out (Schacht et al., 2016b).

Two types of load tests can be distinguished. The first type consists of diagnostic
load tests (Sanayei et al., 2016; Olaszek et al., 2014; Matta et al., 2008; Velazquez
et al., 2000), which are carried out at a lower load. These types of tests can be used
for comparison to an analytical model. By studying the differences between the
analytical model and the field response, it can be identified which elements differ
from the assumptions in the analytical model. Examples of such differences, which
can occur separately or combined, depending on the bridge type, are (Barker,
2001):

+ the actual impact factors compared to the impact factor from the code,

« the actual section dimensions,

+ the unaccounted stiffness of secondary elements such as curbs and railings,
+ the actual transverse load distribution,

+ the level of restraint at the bearings,

+ the actual longitudinal load distribution,

* unintended composite action with the deck.

The second type of load testing is proof load testing (Lantsoght et al., 2016c;
Liu et al., 2014; Faber et al., 2000; Lin and Nowak, 1984; Koekkoek et al., 2016).
Proof load testing is chosen when there are large uncertainties that make an analyti-
cal determination of the structural response difficult. Such uncertainties include: the
effect of material degradation, uncertainties from a lack of information when struc-
tural plans are missing, and uncertainties with regard to the load path at higher load

Eco-efficient Repair and Rehabilitation of Concrete Infrastructures. DOI: http://dx.doi.org/10.1016/B978-0-08-102181-1.00009-5
© 2018 Elsevier Ltd. All rights reserved.
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levels. In a proof load test, a load that corresponds to the factored live load is
applied to the bridge. If the bridge can withstand the applied load without signs of
distress, it is shown that the bridge can carry the prescribed loads to a satisfactory
level. None of the nondestructive load tests give insight into the ultimate capacity
of the tested structure. If the ultimate capacity needs to be known, and the bridge is
decommissioned, a collapse test can be considered (Lantsoght et al., 2016a,b, 2017;
Bagge et al., 2015; Nilimaa et al., 2015; Puurula et al., 2014, 2015).

One type of material degradation that makes an analytical assessment of a bridge
difficult is the effect of damage caused by alkali-silica reaction (ASR). ASR takes
place when the alkali in the cement reacts with silica that is present in some aggre-
gates. The result of this reaction is a gel. When this gel comes in contact with mois-
ture, the gel will expand. This expansion causes internal stresses in the concrete. If
these stresses exceed the tensile strength of the concrete, cracking will result. In
particular, the shear capacity of elements with ASR-damage is subject to discussion,
as the cracking reduces the tensile strength of the concrete (Siemes et al., 2002).
Experimental research has shown that ASR-damage has a limited effect on the
bending moment capacity, unless the level of expansion caused by the ASR-gel is
high (Talley, 2009). For reinforced concrete members, the expansion is partially
counteracted by the reinforcement, and a prestressing effect takes place. This idea
is confirmed by testing reinforced concrete members with and without ASR-
damage, in which it is found that the cracking moment for the specimens with ASR
is higher than for the specimens without, as a result of this prestressing effect
(Haddad et al., 2008). For the shear capacity, some authors report that laboratory
testing leads to higher shear capacities (attributed to the beneficial prestressing
effect) (Ahmed et al., 1999; Ahmed et al., 1998), whereas testing of beams (den
Uijl and Kaptijn, 2004) taken from ASR-affected viaducts resulted in a reduction of
the shear capacity by 25% when compared to Rafla’s formula (Rafla, 1971).
Additionally, a number of reported load tests on ASR-affected viaducts (Talley,
2009) in Japan, France, South Africa, and Denmark (Schmidt et al., 2014) showed
that the effect of ASR on the overall structural response is limited. However, these
few studies are not sufficient to declare all ASR-affected viaducts as structurally
safe. Specific cases can be analyzed with proof load testing. In this chapter, the
proof load testing of the ASR-affected viaduct Zijlweg is discussed.

9.2 Description of the viaduct Zijlweg

9.2.1 History of viaduct

The viaduct Zijlweg is located in the road Zijlweg near Raamsdonksveer and
Waspik, and crosses the highway AS59. The bridge was built in 1965 for the
Province of Noord Brabant in the Netherlands. The originally-devised service life
was 80 years, and the original live loads were determined for traffic class B, which
used a distributed lane load of 400 kg/m? and a design truck with two axles of
10 ton and one axle of 20 ton. The current bridge owner is Rijkswaterstaat, the
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Figure 9.1 Photograph of viaduct Zijlweg: (A) top view; (B) bottom view.

Ministry of Infrastructure and the Environment, Direction Noord Brabant. A photo-
graph of the viaduct is given in Fig. 9.1.

Viaduct Zijlweg is a reinforced concrete, solid slab bridge with four continuous
spans under a skew angle of 14.4 degrees. The span lengths are 10.32 m for the end
spans and 14.71 m for the central spans. An overview of the geometry of viaduct
Zijlweg is given in Fig. 9.2. The total width of the cross-section is 6.6 m, whereas
the width of the carriageway equals 4 m. The thickness varies parabolically between
550 and 850 mm. The spans are supported by concrete piers at the central supports
and by an abutment at the end supports, and elastomeric bearing pads are used at
the supports.

In terms of documentation of the bridge, the original calculation report
(Provincie Noord Brabant, 1965) is available. Repair activities were carried out in
2002, and a report of these activities with a plan for management and maintenance
is available (Rijkswaterstaat, 2002). An inspection report from 2008 (Gielen et al.,
2008) is available as well, and inspections are programmed to take place every five
years. During the repairs in 2002, a waterproofing layer was added on the top side
of the slab, to prevent further ingress of moisture. The inspection of 2008 concluded
that the viaduct is in moderate conditions. The possibly insufficient capacity of the
main superstructure was identified as a considerable risk. As such, it was noted that
the viaduct does not fulfill all the performance requirements and has an increased
risk with respect to safety in fulfilling its required functions.
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Figure 9.2 Structural system of viaduct Zijlweg: (A) longitudinal section; (B) cross-section.
Units: centimeter (cm).

9.2.2 Alkali-silica reaction monitoring

The presence of ASR was detected in 1997 in a large number of bridges over the
highway AS59 in the Province of Noord Brabant, including the viaduct Zijlweg
(Projectteam RWS/TNO Bouw, 1997). All these bridges were built around the
same time, using the same materials. For the viaduct Zijlweg, cracking had
occurred as a result of the ASR-damage. When taking concrete cores from the via-
duct, many of the cores would be completely intersected by cracks, and thus had a
uniaxial tensile strength of 0 MPa. Other cores still had some uniaxial tensile
strength, but much smaller than expected from the concrete compressive strength.
At that time, the small uniaxial tensile strength of the concrete in bridges with
ASR-damage caused concerns with regard to the shear capacity of these bridges.
Besides the low uniaxial tensile strength, these bridges were also showing large
cracking and were not provided with shear reinforcement. Moreover, the bridges
were designed for lower live loads and larger shear capacities than prescribed by
the current governing codes.

A structural assessment was carried out in 1997. In a firsthand calculation, the
Unity Check (UC) for shear at the end support was found to be UC == 5.4 and at
the mid support as UC ==4.7 (Projectteam RWS/TNO Bouw, 1997). The Unity
Check is the ratio of the shear stress caused by the considered load combination to
the shear capacity. The load combination for assessment is the combination of the
self-weight, superimposed dead load, and live loads consisting of distributed lane
loads and concentrated loads for the design tandem as prescribed by Load Model 1
from NEN-EN 1991-2:2003 (CEN, 2003). A Unity Check larger than 1 thus means
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that the structure does not fulfill the requirements. The extremely large values for
the Unity Check found in the first calculations raised serious concerns with regard
to the shear capacity. Prior to deciding that the structure should be strengthened or
replaced, however, it was decided to carry out refined calculations. In these calcula-
tions, the value of the tensile strength was determined from the combination of 51
specimens tested in uniaxial tension and 10 specimens in splitting tension.
The shear stress caused by the considered load combination was determined by
using a linear finite element program. From these calculations, the results were
UC == 1.29 at the end supports and UC = = 1.31 at the mid supports (Projectteam
RWS/TNO Bouw, 1997). These results still indicate that the structural capacity of
the viaduct Zijlweg is insufficient, and that further studies are required to determine
if the bridge should be strengthened or replaced. It was then decided that the via-
duct Zijlweg would be a good candidate for assessment through proof load testing.
In 2003, monitoring of the viaduct for ASR was applied (Koenders Instruments,
2015). The temperature, deck thickness, moisture in the concrete, and longitudinal
expansion of the deck are monitored, see Fig. 9.3. Measurement locations 3—7
were installed in 2003, and additional sensors on locations 8—10 were installed in
mid-2007. The measurements are taken hourly, and were started on April 1, 2003.

aonzicht zijde ‘&

oanzicht zijde “B*

Figure 9.3 Monitoring system for alkali-silica reaction (ASR) on viaduct Zijlweg.
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Figure 9.4 Relation between ambient temperature from Dutch meteorological institute and
the average thickness of the deck over time.

The inspection report of Gielen et al. (2008) also evaluated the results of the ASR-
monitoring. It was noted that the expansion in the longitudinal direction of the via-
duct was reaching the maximum value. The measurements of the monitoring system
can be compared to the ambient temperature from the official Dutch meteorological
institute. The selected location is Gilze-Rijen, 14 km south of the viaduct Zijlweg.
The full analysis of the data can be found in the experimental report (Koekkoek
et al., 2015). In all plots, a clear correlation between the ambient temperature and
the thickness, joint size, and moisture content can be seen. The average deck thick-
ness follows the trend of the ambient temperature (see Fig. 9.4), whereas the joint
size is inversely correlated to the temperature. The joint size decreases when the
expansion in the longitudinal direction of the deck increases as a result of increas-
ing temperatures. As such, the observed data follow the expectations. From the
data, it is also seen that the moisture increase is only observed at one measurement
point, and that this increase is limited.

9.3 Preparation of field assessment

9.3.1 Damage identification

The material properties were determined in the same period as when the field
test was carried out. The concrete properties were determined based on six
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Figure 9.5 Reinforcement drawing: (A) top view; (B) side view. Bar diameters in (mm), all

other dimensions in (cm).

core tests (Witteveen + Bos, 2014), resulting in a characteristic cylinder con-
crete compressive strength of 24.5 MPa and an average cube compressive
strength of 44.4 MPa. The properties of the reinforcement steel were not deter-
mined based on sample tests. However, the symbols on the drawings indicate
that plain reinforcement bars were used. These bars could be steel grade QR22
(with a characteristic yield strength of 220 MPa) or QR24 (with a characteris-
tic yield strength of 240 MPa), and it is not specified on the drawings which
grade was used. An overview of the reinforcement in viaduct Zijlweg is given
in Fig. 9.5.

Prior to the field test, a visual inspection of the bridge was carried out. In
this inspection, deterioration of the top deck was observed, which was limited
to the edge of the sidewalk (see Fig. 9.6). As a result of the longitudinal
expansion, the expansion joint between the deck and the abutment has become
very small, as can be seen in Fig. 9.7. Given this problem with the expansion
joint, it was decided to monitor the joint opening and closing during the proof
load test. As a result of the ASR-damage, a typical cracking pattern (map
cracking) was observed on the bottom of the slab bridge. Additionally, crack-
ing on the side faces was detected. The drawing showing all detected cracking

is given in Fig. 9.8.
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Figure 9.6 Concrete deterioration of the sidewalk.

Figure 9.7 Closing of the expansion joint between the slab and the abutment.
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Figure 9.8 Map of cracks, showing bottom of slab and side faces.
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9.3.2 Preparation of proof load test: shear and
bending moment positions

The northernmost span, span 4 in Fig. 9.2, is used for a proof load test. The reason
why the end span is used, is that this span is not directly above the highway, so that
closing off the highway during the execution of the test is not required and no
obstruction for the traveling public occurs. Span 4 has a varying thickness over the
length. At the end support, the thickness is 550 mm. The thickness increases para-
bolically to 850 mm near the mid support. The parabola has a curvature radius of
150 m.

To define the positions at which the proof load should be applied, a linear finite
element model is used. In this model, the sectional forces and moments are deter-
mined. The model is developed in TNO DIANA (TNO DIANA, 2012). The thick-
ness of the slab in the transverse direction was considered to be uniform; the larger
depth of the sidewalk was not modeled. Instead, an additional load was applied to
represent the additional self-weight from the sidewalk. Shell elements were used in
the model (eight-node quadrilateral isoparametric flat shell elements). The slab is
modeled as 5.7 m wide instead of the full 6.6 m (see Fig. 9.2 for geometry).
Elements with a height of 500 mm and a width of 483.15 mm were used in the
model. The crossbeams at the intermediate supports have an element width of
410 mm and the crossbeams at the end supports have an element width of 250 mm.
All crossbeams have elements of 500 mm height. The final mesh contains 106 ele-
ments in the longitudinal direction and 12 elements in the transverse direction. The
two elastomeric bearing pads supporting the crossbeams are modeled as supports in
the finite element model. Full details of the finite element model can be found in
the analysis report of the proof load test (Koekkoek et al., 2015).

For an assessment of reinforced concrete slab bridges, a load combination con-
taining the self-weight, superimposed dead load, and loads from the live load model
(distributed lane loads, and concentrated live loads) is used. These loads are also
applied to the finite element model. The self-weight (permanent dead weight) is
automatically derived from the geometry modeled in the finite element model,
using a load of 25 kN/m>. The load at the edge, resulting from the difference
between the modeled 5.7 m and the real 6.6 m width, is applied as 2.3 kN/m.
Additionally, the wearing surface of 46 mm of concrete is modeled by applying a
distributed load of 1.15 kN/m?. The superimposed dead load (variable dead weight)
is modeled as an asphalt layer of 110 mm with a load of 23 kN/m".

For the live loads, Load Model 1 from NEN-EN 1991-2:2003 (CEN, 2003) is
used, consisting of a distributed lane load and concentrated wheel load pertaining to
a design tandem in each lane, as shown in Fig. 9.9. The wheel print of the design
tandem is 400 mm X 400 mm (see Fig. 9.9). An axle load of ag; X 300 kN is
applied in the first lane, of ayp, X 200 kN in the second lane, and of a3 X 100 kN
in the third lane. Since the viaduct Zijlweg only has one lane, only oy, X 300 kN is
applied. The values of g, are nationally-determined parameters, which, for the
Netherlands, all take the recommended value of ap; = = 1. The lane load equals
Qg1 X 9 kKN/m? for the first lane, and oy X 2.5 kKN/m? for all lanes with i> 1.
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Figure 9.9 Live Load Model 1 from NEN-EN 1991-2:2003: (A) side view, (B) top view.

Again, the values of «,; are nationally determined parameters, which, for the
Netherlands, take the value of a,; =1 when only one lane is present. The distrib-
uted lane load is applied over the width of the notional lane of 3 m, and pattern
loading is used to find the most unfavorable loading arrangement. On the remaining
width, ag,q. = 2.5 kN/m? is applied with oy =1 and g,y the distributed load on the
remaining width of the viaduct. On the sidewalk, a pedestrian load of 5 kN/m? is
applied. Additionally, since the viaduct has less than 250,000 vehicles per year, the
reduction factors from NEN-EN 1991-2/NA:2011 (Code Committee 351001,
2011b) are used: 0.97 on the live loads from Load Model 1, and 0.90 on the remain-
ing area. The reduction does not apply to the pedestrian load on the sidewalk.

The wheel print from Load Model 1, in Fig. 9.9, is 400 mm X 400 mm. Since
the finite element model uses shell elements, the loads are applied at mid-depth. It
is assumed that the load is distributed under 45 degrees over the height, (Fig. 9.10)
so that the load is distributed over 950 mm X 950 mm in the finite element model,
or 2 by 2 elements. The load per wheel of 150 kN becomes a distributed load of
0.155 N/mm?. The tandem is centered in the notional lane of 3 m, so that distance
between the edge of the lane and the face of the first wheel in the transverse
direction equals 500 mm. The wheel print of the proof load tandem is
230 mm X 300 mm, which better corresponds to the actual wheel print of a vehicle.
The same distribution, as shown in Fig. 9.10, leads to a contact area in the finite
element model of 780 mm X 850 mm.

The viaduct Zijlweg has a skew angle of 14.4 degrees. Therefore, in the finite
element model the position of the wheel prints is applied in two ways: parallel to
the driving direction, and following the width direction. The analysis showed that,
for bending moment, applying the loads parallel to the driving direction is more
unfavorable and that, for shear, the position along the width is more critical
(Fig. 9.11).
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Figure 9.10 Distribution of wheel print over the depth.

Table 9.1 Overview of safety levels for new and existing structures
in the Netherlands, with their respective load factors

Safety level B8 Reference period sw Ysd LL
ULS Eurocode 4.3 100 years 1.35 1.35 1.50
RBK design 4.3 100 years 1.25 1.25 1.50
RBK reconstruction 3.6 30 years 1.15 1.15 1.30
RBK usage 33 30 years 1.15 1.15 1.25
RBK disapproval 3.1 15 years 1.10 1.10 1.25
SLS Eurocode 1.5 50 years 1.00 1.00 1.00

with [ the associated reliability index; ~,,, the load factor on the self-weight; -y, the load factor on the superimposed
load; +y;, the load factor on the live load.

The different safety levels that are used in the Netherlands are described in
NEN-EN 1990:2002 (CEN, 2002) for new structures, in NEN 8700:2011 (Code
Committee 351001, 2011a) for existing structures, with additional requirements for
existing bridges in the Guidelines for the Assessment of Bridges (RBK)
(Rijkswaterstaat, 2013). An overview of these safety levels, their corresponding
reliability index, and reference period is given in Table 9.1. For a bridge assessed
with a proof load test, a different load combination, see Table 9.2 is used. For this
load combination, the load factor for the self-weight becomes 1.10. For an existing
structure, the self-weight can be considered a deterministic value. Only the model
factor remains, which equals 1.07 in NEN-EN 1991-2 + C1:2011 (CEN, 2011).
This value can be rounded off to 1.10. So, for an assessment using the load combi-
nation with the Eurocode live loads, the load factors <y, Ys» and v;; from
Table 9.2 are used, whereas for preparations for a proof load test, the load factors
Vsws Vsd» AN Ypr00r from Table 9.2 are used.

To find the required load on the proof load tandem for the bending moment test,
first the critical position is sought. For this purpose, the design tandem of the Eurocode
is moved along the span (parallel to the driving direction as discussed previously) until
the position that results in the largest sectional moment is found. Then, the Eurocode
live loads are removed, and the proof load tandem is applied at the critical position.
The load on the proof load tandem is then increased until the same sectional moment
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Table 9.2 Load factors used in combination with a proof load
test at the different safety levels

Safety level Vsw Nsd L '\fproof
ULS Eurocode 1.10 1.35 1.50 1.00
RBK design 1.10 1.25 1.50 1.00
RBK reconstruction 1.10 1.15 1.30 1.00
RBK usage 1.10 1.15 1.25 1.00
RBK disapproval 1.10 1.10 1.25 1.00
SLS Eurocode 1.00 1.00 1.00 1.00

with 1, the load factor on the self-weight; ,, the load factor on the superimposed load; +y;; the load factor on the
live load; ,,,,, the load factor for the proof load tandem.

Figure 9.11 Overview of finite element model with critical position for shear.

is found for the load combination with the proof load tandem as with the Eurocode
load combination. For bending moment, the critical position in span 4 of the viaduct
Zijlweg is found at a face-to-face distance between the support and the tandem of
3382 mm (7 elements). The magnitude of the target proof load depends on the consid-
ered safety level. The resulting values for the required target proof loads are given in
Table 9.3 as Pyy;. pending-

For shear, the critical position is known to be at a face-to-face distance of 2.5 4,
between the load and the support (Lantsoght et al., 2013b), with d; the effective
depth to the longitudinal reinforcement. An overview of the finite element model is
given in Fig. 9.12. This critical distance is derived from slab shear experiments in
the laboratory (Lantsoght et al., 2013c, 2014, 2015a,b,c). This distance, however,
has been derived for straight slabs, and the behavior of skewed reinforced concrete
slabs in shear requires further research. Limited testing showed that the behavior of
skewed slabs in shear is complex and that the failure mode changes as the skew
angle changes (Cope et al., 1983; Cope, 1985). It is known that the obtuse corner
results in the largest concentrations of shear stresses, so that the critical position is
with the tandem in the obtuse corner. The peak shear stress in the linear finite



Field assessment of a concrete bridge 207

Table 9.3 Required target proof loads for different
safety levels, for bending moment and shear

Safety level P tot, bending (kN) P tot, shear (kN)
ULS Eurocode 1259 1228

RBK design 1257 1228

RBK reconstruction 1091 1066

RBK usage 1050 1027

RBK disapproval 1049 1025

SLS Eurocode 815 791
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Figure 9.12 Position of proof load tandem for the bending moment test.

element model can be distributed over 4 d;, as was derived based on the comparison
between linear finite element models and measurements of the support reaction
for slabs (Lantsoght et al., 2013a). This averaged shear stress is then used for the
analysis and for comparison between the shear stress caused by the load combina-
tion prescribed by the code, and the load combination with the proof load tandem.
Both the design tandem and the proof load tandem are placed at a face-to-face dis-
tance of 2.5 d; from the support. First, the sectional shear (averaged over 4 d;) is
determined as caused by the load combination prescribed by the code. Then, the
required proof load to get the same sectional shear (averaged over 4 d;) for the load
combination that includes the proof load is determined. The proof load tandem is
placed in the obtuse corner, which is known from the literature (Cope, 1985) to
lead to the largest concentrations of shear stresses. Finite element models were
made to study the difference for the viaduct Zijlweg between loading at the acute
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and obtuse corner. It was confirmed that the critical position is in the obtuse corner
(Koekkoek et al., 2015). Finally, the results of the target proof loads for shear P,
shear foOr the different safety levels are determined, as shown in Table 9.3. It must be
mentioned that proof load testing for shear is generally not permitted by the existing
codes and guidelines, and that the development of stop criteria for a proof load test
for shear is still the subject of research (Schacht et al., 2016a).

For practical reasons during the execution of the proof load test, the position of the
load is slightly moved from the critical position determined based on the finite element
models. The same centerline is kept for the test for bending moment as for the test for
shear, so that the loading setup can be partially kept in place. This means that, during
the execution, the supports can remain in place, but that the load spreader beams,
jacks, and load cells need to be moved between the two experiments.

9.4 Execution of field assessment

9.4.1 Load testing procedures

The field tests on the viaduct Zijlweg were carried out on Wednesday, June 17,
2015. On Sunday, June 14th, all measurement equipment was brought to the test
site. On Monday and Tuesday morning, all sensors were applied, and on Tuesday
afternoon, all sensors were tested.

For the proof load tests at the shear- and flexure-critical positions, a cyclic loading
protocol was used. According to the German guideline for load testing of buildings
(Deutscher Ausschuss fiir Stahlbeton, 2000), each load test should be carried out in
at least three steps, during which the maximum load in each step is kept constant for
at least two minutes. The advantage of a cyclic loading protocol (Koekkoek et al.,
2016) is that reproducibility, symmetry, and linearity of the measurements can be
verified. For testing of the viaduct Zijlweg, four load levels were selected:

1. A low load level of about 40 ton, to verify if all sensors are functioning properly. If sensor
malfunctioning is detected, it is possible to make corrections prior to continuing with the
proof load test. In the bending moment test, corrections were necessary for the load cells
at the first load level, and in the shear test, one linear variable differential transformer
(LVDT) had to be placed within its measurement range.

2. The Serviceability Limit State load level. For this load level, large deflections or cracks
are not expected to occur, and the behavior should be linear elastic. Prior to continuing to
the next load level, the measurements are interpreted to see if it is safe to load to the next
load level.

3. An intermediate load level, to build up to the target proof load. The measurements are fol-
lowed closely, and based on the observed structural response, it is determined if the test-
ing can be continued.

4. The target proof load, the RBK design level from Table 9.3, plus 5%. This load level
does not require cycles, as the stop criteria and linearity of the measurements need not be
interpreted to decide if further loading is allowed. The 5% additional loading is applied to
cover the local variations in the material, and to take into account the fact that only two
positions are tested.
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Figure 9.13 Position of proof load tandem for the shear test.

After each load cycle, the load is not returned to the level of O ton, but instead a
lower threshold value of 10 ton is used. This minimum load level ensures that all
sensors and the loading jacks remain activated, and avoids the occurrence of noise
on the acoustic emission measurements, which are sensitive to full unloading. The
aim was to keep the loading speed constant during the load test. However, the speed
was determined by a manual operation, so that some deviations occurred. The posi-
tion of the proof load tandem in the bending moment test is shown in Fig. 9.12, and
the position in the shear test in Fig. 9.13.

9.4.2 Sensor plan

At various locations on the bottom of the slab, side faces of the slab, and at the
joint, sensors are placed to follow different responses of the bridge during the proof
load test. An overview is given in Fig. 9.14. All data are measured in real time and
shown on the measurement computer in the control center. These results are used
after every load cycle to determine if further loading can be permitted. The follow-
ing structural responses are followed during the proof load tests:

+ deflections of the slab

» deflections of the crossbeams

+ crack widths

+ strains on the bottom of the slab

+ rotation of the end support

+ acoustic emission signals

» opening of the joint

» opening of cracks on the side face
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Figure 9.14 Overview of applied sensors.

These responses are measured with LVDTs and laser distance finders (lasers).
The opening of cracks on the side face is monitored by applying gypsum on the
side face over the crack and then checking after the test if the gypsum has cracked,
which would mean that the crack was activated during the test. An overview of
the applied sensors is given in Table 9.4. In this chapter, the results of the acoustic
emission signals are not discussed, as they are a topic of further research. The first
analysis of the acoustic emission measurements is given elsewhere (Yang and
Hordijk, 2015).

The vertical displacement of the deck is determined with measurements taken
by laser distance finders and LVDTs. At the center of the notional lane, a row of
four LVDTs is placed to determine the longitudinal deformation profiles. An
additional LVDT is used to correct for the way the measurement frame is applied:
it is attached to the slab at the mid support, but resting on the abutment at the end
support. For the transverse deformation profiles, two lasers are used, at a location
between the position of the wheel prints for the bending moment test and the
shear test. The goal of measuring the deflections is to set up the deformation pro-
files in the transverse and longitudinal directions, to follow the load-displacement
diagram in real time during the experiment, and to calculate residual deforma-
tions after each load step. The load-displacement diagram is used to detect non-
linearity, and existing codes (Deutscher Ausschuss fiir Stahlbeton, 2000, ACI
Committee 437, 2013) give limits to the residual deformation as a stop criterion.
An overview of the applied lasers and LVDTs for measuring the displacements is
given in Fig. 9.15. The vertical displacement of the crossbeams at the end support
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Table 9.4 Overview of applied sensors, measurement range,
and their application

Name Range (mm) Application

LVDT1 10 Strain over 1 m

LVDT2 10 Strain over 1 m

LVDT3 10 Strain over 1 m

LVDT4 10 Reference for change in temperature

LVDT5 20 Deflection of the slab (on a longitudinal line)
LVDT6 20 Deflection of the slab (on a longitudinal line)
LVDT7 20 Deflection of the slab (on a longitudinal line)
LVDTS8 20 Deflection of the slab (on a longitudinal line)
LVDT9 10 Displacement of the joint

LVDT10 10 Displacement of the joint

LVDTI11 10 Displacement of the joint

LVDT12 10 Displacement of the joint

LVDT13 10 Deflection of the slab (on a longitudinal line)
LVDT14 10 Crack width

LVDT15 10 Crack width

LVDT16 10 Crack width

Laserl 100 Deflection of the slab (on a transverse line)
Laser2 20 Deflection of the slab (on a transverse line)
Laser3 20 Deformation of support (N)

Laser4 20 Deformation of support (N)

Laser5 100 Deformation of support (S)

Laser6 100 Deformation of support (S)

&y

Figure 9.15 Applied sensors for measuring deflections of the slab.
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Figure 9.16 Applied lasers for measuring deflections of the crossbeams.

and mid support is measured with lasers (two lasers per support). The deflection
of the cross-beam is resulting from the compression of the elastomeric bearings
that are used for the supports. The position of these measurements is indicated in
Fig. 9.16.

The crack width can be measured on a crack that forms during the proof load
test, or on an existing crack. The difficulty lies in estimating which crack will be
activated during the test. To measure the increase in crack width, LVDTs are
placed horizontally over the crack. For the proof load tests on the viaduct
Zijlweg, existing cracks were monitored during the test. A longitudinal crack and
a transverse crack were selected prior to the proof load test for monitoring during
the experiment. The German guideline prescribes a maximum crack width during
a proof load test, as well as a maximum residual crack width that needs to be ver-
ified after each load step. An overview of the positions of the LVDTs measuring
crack width is given in Fig. 9.17.

The strain on the bottom of the slab can be measured by applying an LVDT hor-
izontally over 1 m. Three LVDTs are used for measuring strains, and a reference
LVDT is placed on a part of the bridge that is not loaded, to measure the influence
of temperature and humidity. Especially since the material of the LVDT support
construction is made out of aluminum, which has a large coefficient of thermal
expansion, it is important to correct for the effect of temperature (and humidity).
The German guideline prescribes a limiting concrete strain as a stop criterion.
Therefore, the strain on the bottom of the cross-section needs to be followed during
the experiment. If a new crack develops within the 1 m over which the strain
LVDT measures, this event will also be measured during the proof load test. An
overview of the three strain LVDTs is given in Fig. 9.18.
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Figure 9.17 Applied linear variable differential transformers (LVDTs) for measuring the
crack widths during the test. Position “A” is the bending moment test, and position “B” is the
shear test.
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Figure 9.18 Applied linear variable differential transformers (LVDTs) for measuring strains

during the test (not showing the reference LVDT). Position “A” is the bending moment test,
and position “B” is the shear test.
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The expansion caused by ASR resulted in a clear expansion of the viaduct in the
longitudinal direction, leaving less space for the joint. To measure the movement
in the joint and the rotation of the end support, and to check if, at some point,
insufficient space is left in the expansion joint, and/or if the required rotation of the
bridge deck during the proof load tests becomes restrained, two LVDTs are placed
on both sides of the viaduct. The LVDTs measure the joint horizontally. One end
of the LVDT is connected to the abutment and the other end to the slab. The layout
of the LVDTs on the joint at the west side of support 5 is shown in Fig. 9.19. For
the east side, LVDTs are applied at the same positions as for the west side; the
only difference then is the numbering of the LVDTs, which are LVDTI11 and 12
for the east side.

A final measurement is the measurement of the applied load during the proof
load test at the four different wheel prints by four separate load cells. The load cells
have a capacity of 1000 kN and an accuracy of 1% (10 kN). The measurements of
the load are important during the proof load test, as they are used to follow the
load-displacement diagram in real time. When the load-displacement diagram
ceases to be linear, one of the stop criteria is exceeded.
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Figure 9.19 Position of linear variable differential transformers (LVDTs) that measure joint
opening and rotation, on the west side of the support. The east side is symmetric.
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9.5 Postprocessing of field assessment

9.5.1 Test results

First, the results of the proof load test at the flexure-critical position are studied.
The maximum measured load in the proof load tandem was 1332 kN. Adding the
weight of the steel plate and jacks results in a total load of 1368 kN. Nonlinearity is
studied, based on the envelope of the load-displacement diagram, in which the mea-
sured load on the four jacks is used. The envelope of the load-displacement diagram
is given in Fig. 9.20. The straight lines indicate the tangent to the load-
displacement diagram, or the stiffness. If the angle of the straight lines changes sig-
nificantly, nonlinear behavior is observed. In the third straight line, the stiffness has
decreased mildly, whereas for the last loading and unloading step, stiffening
occurred in the unloading branch. This stiffening could be caused by redistribution
of stresses at the higher loads, interaction between the applied loading frame and
the structural behavior of the bridge, or the lower loading speed in the last loading
step.

The LVDTs in the longitudinal direction are used to plot the deflection in the
span direction at the different load steps. The results show behavior as expected,
(see Fig. 9.21 in which the axles of the proof load tandem are indicated as well). As
expected, the LVDT under the proof load tandem measures the largest deflections.
A similar plot, seen in Fig. 9.22, can be made for the transverse direction. In the
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Figure 9.20 Envelope of load-displacement diagram for the bending moment test. The
straight black lines indicate the tangent to the diagram, i.e., the stiffness.
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Figure 9.21 Deflection plots in the longitudinal direction for the bending moment test,
indicating the position of the proof load tandem.

0.5

1.5}

& (mm)

25}

3.5}

Transverse deflection profiles

1000 2000 3000 4000 5000

Location from west side (mm)

| =—@—40 ton

—#—381 ton

=110 ton

~8-—120 ton
137 ton

Figure 9.22 Deflection plots in the transverse direction for the bending moment test,
indicating the position of the proof load tandem.
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transverse direction, the measurement point closer to the sidewalk is deflecting
more at lower load levels, and less at higher load levels. A possible explanation for
this observation is that, at low load levels, the behavior is less stiff because of the
observed cracking on the side of the slab with the sidewalk. The larger stiffness at
higher loads can be explained by the presence of stirrups in the sidewalk. The mea-
sured strains are fully linear.

Three cracks were followed during the proof load test. LVDT14 measures a pos-
sibly critical shear crack, LVDT15 measures a longitudinal crack on the bottom of
the slab, and LVDT16 a transverse crack. The results of the crack width for differ-
ent load levels during the test was plotted (see Fig. 9.23). From this plot, it can be
seen that the possible shear crack was not activated by the test. The longitudinal
crack was activated and the behavior was mostly linear. The transverse crack was
more activated than the longitudinal crack. Note that the maximum increase in
crack width for all measured cracks was very small, and that no signs of nonlinear-
ity are observed. Finally, the results of the measurements of the reference LVDT
are shown in Fig. 9.24. These strains are compared to the ambient temperature,
taken from the published measurements of the Dutch Royal Meteorological
Institute (KNMI, 2015) for a location 14 km south of the load testing location, as
well as to the average temperature of the bridge deck, which is measured as a part
of the ASR-monitoring system. It can be seen that the behavior of the temperature
of the bridge deck and the ambient temperature is similar. The behavior of the
strain is inversely proportional to the temperature. A negative strain represents com-
pression of the LVDT, or elongation of the aluminum strip, which is caused by the
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Figure 9.23 Measured crack width for selected load levels during the bending moment test.
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LVDT4 strain and temperature during bending proof loading
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Figure 9.24 Strain measured by LVDT4 during the bending moment test, compared to
ambient temperature and average temperature of bridge deck.

increasing temperature. The measured strains thus are as expected, and they are
used to correct the strains measured on the bottom of the slab.

Now the results of the proof load test at a shear-critical position can be revised.
The load-displacement diagram is shown in Fig. 9.25. The maximum applied load
during the proof load test for shear was 1342 kN, which leads to a maximum load
of 1377 kN, taking into account the weight of the jacks and the steel plate. From
the load-displacement diagram (Fig. 9.25), it can be seen that the behavior is fully
linear and that no signs of nonlinearity are observed. Next, the deflection plots in
the longitudinal direction are shown in Fig. 9.26. All results are as expected, except
for the last measurement point. A more detailed study of the output of this LVDT
showed that the results were suddenly shifted to larger strains between 600 and
1100 kN, and then shifted back to smaller strains afterwards. This observation is
explained by the fact that the LVDT was possibly out of its measurement range,
resulting in it being fully compressed, and only being able to move slightly as result
of changes in the aluminum measurement frame due to temperature. The deflection
plot in the transverse direction is as expected, see Fig. 9.27. The deflection under
the sidewalk is slightly less than the deflection in the span, which is expected since
the sidewalk is provided with shear reinforcement and thus has slightly stiffer
behavior. The measured strains are fully linear. Again, the opening of three cracks
was followed with LVDT14 over a possible shear crack at the same position as dur-
ing the bending moment test, LVDT15 over a longitudinal crack on the bottom face
and LVDT16 over a transverse crack on the bottom face. The increase in crack
width with the applied load is shown in Fig. 9.28. It can be seen that all monitored
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Figure 9.25 Envelope of load-displacement diagram for the shear test. The straight black
lines indicate the tangent to the diagram, i.e., the stiffness.
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Figure 9.26 Deflection plots in the longitudinal direction for the shear test, also indicating
the position of the proof load tandem.
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Transverse deflection profiles
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Figure 9.27 Deflection plots in the transverse direction for the shear test, also indicating the
position of the proof load tandem.
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Figure 9.28 Measured crack width for selected load levels during the shear test.
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cracks are slightly activated (note that the maximum crack width is less than
0.025 mm). The increase in crack width in the possible shear crack was small and
linear, and did not cause concerns about the structural safety of the tested bridge.
The joint did not fully close or cause rotation during the experiment, and the effect
of temperature was as discussed for the bending moment test.

9.5.2 Discussion and comparison to international guidelines

In the German guideline (Deutscher Ausschuss fiir Stahlbeton, 2000), stop criteria
are defined. These criteria are derived from the output of the sensors, and indicate
when further loading is not permitted. The stop criteria from the German guideline
can be used for bending moment. For shear, currently no stop criteria are defined,
but research on this topic has been carried out (Schacht et al., 2016a). Since shear
is a brittle failure mechanism, this failure mode needs to be avoided, and adequate
stop criteria need to be defined. For this purpose, the acoustic emission measure-
ments are used as well, to gain more insight in the internal cracking occurring in
the slab during the load test. As no stop criteria for shear are defined, the acoustic
emission signals were followed closely to capture signs of increased cracking activ-
ity and instable crack development, and the output of all sensors was closely fol-
lowed to capture signs of changes to the structure and nonlinearity. Moreover, the
effect of ASR-damage on the shear capacity is unknown. On one hand, the cracking
caused by ASR reduces the uniaxial tensile strength, which is expected to reduce
the shear capacity. On the other hand, the restraint of expansion in the direction of
the reinforcement creates a prestressing effect on the cross-section, which increases
the shear capacity. As such, one has to be extra careful when proof loading a shear-
critical viaduct with ASR-damage.

In this section, the stop criteria from the German guideline are analyzed
(Deutscher Ausschuss fiir Stahlbeton, 2000). These stop criteria are derived for
buildings, and only consider flexure. Further research on stop criteria is necessary
for the application to proof load testing of existing concrete bridges that are shear-
critical. The first stop criterion from the German guideline says that the ratio of the
residual to maximum deformation is limited to 10%. For the bending moment test,
this ratio was 9.7% and for the shear test 9.7%. For both proof load tests, the first
stop criterion is thus fulfilled. It must be remarked here that the residual deforma-
tion during the proof load test is measured at the moment when the base load level
is still acting on the bridge. Unloading to O kN is not used during the bridge to keep
all sensors activated. Therefore, a recommendation for the development of stop cri-
teria that can be used during a proof load test would be to express the stop criterion
for the residual deformation differently. The new expression then would take into
account the fact that no full unloading occurs after each load cycle. Moreover, it
should be defined if the residual deformation after the i-th load cycle is based on
the difference between the start of the test and load cycle i, or based on the differ-
ence between load cycles i-1 and i.

The second stop criterion from the German guideline considers the strains in the
steel. Typically, a bridge owner might not allow the removal of the concrete cover
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to measure the steel strains. Therefore, this stop criterion is considered as not
practical for the load testing of bridges. The third stop criterion considers the strains
measured in the concrete. This stop criterion is formulated as follows:

€c <Eclim — €c0 (7.1)

with €. the measured strain in the concrete, €., ;, the limiting strain of 800 pe, and
€co the strain caused by the permanent loads. The maximum strain observed in the
bending moment experiment is 240 pue at LVDT2. The value of ¢y is determined
from the linear finite element program. As a result, the maximum measured strain
has to be smaller than 800 pe—38 pe == 762 pe, and this requirement is fulfilled.
The maximum strain in the shear experiment was 224 pe at LVDT?2, and the strain
caused by the permanent loads is taken from the finite element model as 45 pe. The
requirement now becomes that 224 pe has to be smaller than 800 pe—45
pe = =755 e, and this requirement is fulfilled.

The last stop criterion from the German guideline is related to crack width. The
guideline has different requirements for existing cracks and newly developed
cracks. Since the two proof load tests only monitored existing cracks, only the stop
criteria for existing cracks need to be verified. The first requirement is that the max-
imum crack width increase during the proof load test, Aw =0.3 mm. The second
requirement considers the residual crack width, after a load cycle, for which it holds
that the value of the residual crack width = 0.2 X Aw. An overview of these results
is given in Table 9.5 for the bending moment test and in Table 9.6 for the shear
test. For both cases, it can be seen that the studied crack widths are extremely
small. In general, crack widths smaller than 0.05 mm can be neglected (Koekkoek
et al., 2016). When neglecting the small crack widths, the conclusion is that none
of the cracks was activated nor needs to be considered. When following the
German guideline for crack widths, regardless of how small they are, it is found
that all requirements are fulfilled in the bending moment test. For the shear test, the
requirement for the residual crack width is not fulfilled. However, no signs of dis-
tress were observed during the proof load test, and it can be recommended to add
the requirement that crack widths smaller than 0.05 mm be neglected to the
prescribed requirements for maximum and residual crack width. The physical
significance of cracks smaller than 0.05 mm is almost nonexistent.

Table 9.5 Overview of maximum and residual crack width, and
the limitation to the residual crack width during
bending moment test

Measured Aw (mm)

During proof loading After proof loading 0.2 X Aw (mm)
LVDT14 0.0163 0.0147 0.00326
LVDTI5 0.0248 0.0117 0.00496

LVDT16 0.0183 0.0061 0.00366




Field assessment of a concrete bridge 223

Table 9.6 Overview of maximum and residual crack width,
and the limitation to the residual crack width during shear test

Measured Aw (mm)

During proof loading After proof loading 0.2 X Aw (mm)
LVDTI14 0.0163 0.0147 0.00326
LVDTI15 0.0248 0.0117 0.00496
LVDT16 0.0183 0.0061 0.00366

9.5.3 Repair recommendations

Both proof load tests on the viaduct Zijlweg were carried out successfully. It was
shown experimentally that the viaduct can carry the loads prescribed by the code,
using the load factors of the RBK Design load level with an additional 5%. This
means that the structure fulfills the same requirements as a designed and newly
built structure. The viaduct was monitored closely with a large number of sensors
during the experiments, and no signs of distress were found. The final conclusion
is that it is safe to keep the viaduct open to all traffic, and that load restrictions
and posting are not necessary. This conclusion is important, because the very low
uniaxial strength of the concrete with ASR-damage led to discussions about the
shear capacity of the viaduct. To prevent durability problems resulting from
further cracking caused by ASR, a waterproofing layer on top of the slab was
added in 2002. Since moisture is necessary for the ASR gel to expand and cause
cracking, providing waterproofing and preventing the ingress of moisture are a
good solution to prevent further cracking and future durability problems.
Moreover, regular inspections and continued monitoring of the effects of ASR
are necessary. Special attention should be paid to the space in the expansion
joints, which has become small as a result of the longitudinal expansion of the
slab caused by ASR.

9.6 Cost of decision-making based on field assessment

9.6.1 Replacement cost: economic, environmental, and social

In the field of bridge engineering, the current trend is to consider the lifecycle cost
of the structure (Frangopol et al., 2016). From the past concept of only considering
the cost of design and construction, bridge engineering is moving towards a concept
of determining the cost of design, construction, inspection, maintenance, strengthen-
ing, demolition, and the salvage value (Kim and Frangopol, 2011). These costs are
the so-called economic costs. For a full sustainability analysis of a bridge, the envi-
ronmental and social cost need to be determined as well (Gervasio et al., 2012,
Beck et al., 2012). For buildings, rating for sustainability is a common practice. For



224 Eco-efficient Repair and Rehabilitation of Concrete Infrastructures

bridges on the other hand, sustainability analyses are still the topic of research. In
the majority of the cases, when tendering a bridge project, it is the offer with the
lowest initial cost that is most successful (Beck et al., 2012). In some countries,
such as the United Kingdom where the Sustainability Index for Bridges is devel-
oped (Hendy and Petty, 2012), bridge authorities are trying to turn the tide. In gen-
eral, five stages are considered during the life of a structure (Beck et al., 2012):

. the product stage,

. the construction process,

. the usage stage,

. the end-of-life stage, and

. the stage identified as “supplementary information beyond the building life cycle”, which
contains benefit and loads beyond the system boundary.

VAW =

In bridges, the operation phase plays a much less important role than in build-
ings. As a result, the relative importance of the construction stage and end-of-life
stage increases. During the end-of-life stage, the total sustainability impact is deter-
mined by the demolition processes, transportation of materials, and finally waste
processing for reuse, recovery, and recycling.

To assess the sustainability impact of field testing, the economic, environmen-
tal, and social impact should be addressed. The Sustainability Index for Bridges
from the United Kingdom (Hendy and Petty, 2012) pays attention to the influence
on climate change and the use of resources as well. The analysis will be carried
out assuming that the superstructure of the viaduct Zijlweg should be replaced,
and will then be compared to the result of the field test, which shows that the
viaduct still fulfills all requirements. The difficulty in determining the impact on
sustainability, is that a number of parameters must be combined. Not all of these
parameters can be determined in quantitative terms. Moreover, combining
elements from the fields that study the effect on the environment and on society
require a basic insight in concepts that are generally not covered in engineering
education. An additional challenge is to determine how to weigh the different
elements that form part of the full assessment. These different problems should be
thought through and analyzed before a certain repair or replacement scheme is
selected.

9.6.2 Cost savings through field assessment

To determine the cost savings obtained from the field testing of the bridge, the sus-
tainability cost of replacing the ASR-affected superstructure of the viaduct Zijlweg
is studied and compared to the cost of field testing. It must be noted here that the
structure that is found to be sufficient in a field test can still require replacement
later during its service life. Moreover, since the topic of the application of proof
load testing to shear-critical structures is still under development, it is expected that
the cost of proof load testing will decrease significantly once standardization of the
procedures is obtained.
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First, the economic cost of replacing the superstructure is determined. This cost
can be calculated based on the assumption of a cost of 800—1000 €/m?, which is
the construction cost for slab bridges in the Netherlands. The viaduct Zijlweg has
four spans: two end spans of 10.32 m and two mid spans of 14.71 m. The width is
6.6 m, so that the total area equals 330.4 m%. The economic cost of replacing the
superstructure would thus lie in between 264300 and 330400 €, assuming that the
geometry is not altered. If a bridge that facilitates more than one lane of traffic
should be built, then the cost increases, and an additional complication becomes
that the existing substructure might not be sufficient to carry the additional loading.

To assess the environmental impact of replacing the superstructure, the Carbon
Calculator for Construction Activities is used (Environment Agency, 2016). First,
the total volume of concrete needs to be determined. Since the thickness of the slab
varies between 550 and 850 mm, the average value of 700 mm is used for these
exploratory calculations. Multiplying this value with the area of 330.4 m” gives a
volume of 232 m® of concrete, assuming that the design of the replacement bridge
will be very similar to the existing bridge. Then, the amount of reinforcement steel
needs to be determined. Using the assumption of 120 kg of steel per 1 m® of con-
crete leads to an approximate value of 28 ton. If the distance between reinforcement
steel producer and construction site is 75 km, the footprint of the reinforcement
steel becomes 41 ton CO,. Then, for 232 m> of concrete with an exposure class of
XC4, and assuming a distance of 20 km between the plant and the construction site,
the estimated carbon footprint becomes 67 ton CO,. The effect of transportation of
fewer than 8 people on site for 48 weeks gives a footprint of 15 ton CO, for the
transportation of personnel. The total footprint then becomes 109 ton CO,. A break-
down of the contributions is shown in Fig. 9.29. In this calculation, a few elements
are not considered. The lifecycle conversion factors for waste disposal are not con-
sidered. The emissions from plant and equipment, which is the fuel consumption on
site and the distance over which this fuel is transported, is not considered. The
choice of fuel depends on the contractor, and is difficult to estimate a priori. This
fuel consumption needs to be split between the plant and equipment used on site,
and the site accommodations. For example, a diesel generator can be used to power
a mobile plant as well as site offices. For the considered small project, only site
offices would be powered. The choice of fuel, and the amount of water used on
site, can then be used to calculate this additional contribution to the carbon
footprint.

The breakdown shown in Fig. 9.29 is based on Portland cement. Since the larg-
est contribution to the carbon footprint of the construction of the superstructure
comes from the concrete, it is interesting to explore the effect of using different
types of cement. The types of cement that are analyzed here are: Portland cement
(with 6% limestone), Portland fly ash cement (with 28% of fly ash), Portland slag
cement (with 35% of ggbs), blastfurnace slag (with 80% of ggbs), and Pozzolanic
cement (with fly ash and 45.5% of ggbs). The results of this analysis, and the
resulting reduction on the total CO, footprint are shown in Table 9.7. These calcu-
lations are based on the assumption that 14% of the weight of the total concrete is
the weight of cement. For 232 m® of concrete, assuming 2.4 ton/m>, a weight of
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Figure 9.29 Breakdown of contributions of construction materials and transportation on total

carbon footprint of replacement of superstructure.

556.8 ton of concrete is found, which equals 78 ton of cement. The effect of this
amount of cement is studied in Table 9.7. The effect of improved concrete mix-
tures with reduced amounts of cement is not considered here. In Table 9.7, it
becomes clear that significant reductions of the carbon footprint can be achieved
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Table 9.7 Effect of choice of type of cement on total carbon
footprint of replacement of superstructure

CO, emission Total CO, Total CO, Saving
Type of cement (tCO,e/ton) cement (ton) superstructure (ton) | (%)
Portland cement 0.88 68.60 110.2 —
Portland fly ash 0.67 52.23 93.83 14.9
cement
Portland slag 0.62 48.33 89.93 18.4
cement
Blastfurnace slag | 0.23 17.93 59.53 46.0
Pozzolanic 0.51 39.76 81.36 26.2
cement

when blastfurnace slag (with 80% ggbs) is used: 46% of the carbon emissions can
then be saved as compared to the case with Portland cement (with 6% limestone).
In the Netherlands, blastfurnace slag is the most common choice for cementitious
material, for reasons of availability. The environmental impact of this standard
choice is large, and positive.

Finally, the social dimension depends on a large number of aspects, such as
visual impact, time delays, job opportunities, and more (Zinke et al., 2012).
Currently, the social impact is most often calculated based on the driver delay costs.
These driver delay costs are caused by delays resulting from the obstruction of traf-
fic at the construction site, and the need for drivers to use another route, where
more congestion is created. These costs depend, by and large, on the location of the
structure. It is important to study these costs, as it has been shown that for bridges
in densely-populated areas, the delay costs can be about 9 times higher than the
direct economic costs (Zinke et al., 2012). The viaduct Zijlweg serves less than
250,000 vehicles per year. If a driver delay cost of 10 €/vehicle/hour is assumed,
and a reroute to the next bridge creates a 20-minute delay, the total driver delay
cost for a year of demolition and replacement can be estimated at 833,000 €, which
is 2.8 times larger than the direct economic cost. This first estimate already shows
that even for a bridge that is subjected to only local traffic, the social impact caused
by driver delays is significant.

For the proof load testing, similar calculations can be carried out. Again, it must
be stressed that further standardization and implementation of proof load testing
will reduce the costs. Moreover, the practice of proof load testing of shear-critical
structures is still in the stage of research, which makes the cost of the minimum
required instrumentation and other minimal requirements difficult to estimate.

The economic cost includes the cost of the load application, the cost of material
research, the cost of scaffolding and site provisions, and a budget for research on the
topic of proof load testing related to this pilot. As such, the economic cost of about
80,000 € is a cost that can be reduced once standardization of the procedures is in
place. It must be noted as well that this cost includes a budget for research to achieve
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standardization and optimization, whereas no research budget is required for the
option of replacement of the superstructure. The environmental impact is now only
caused by the transportation of people to the construction site, and is about 0.3 ton
CO,. For the social cost, the driver delays are calculated assuming a price of 10 €/
vehicle/hour and a detour of 20 minutes. The bridge was closed for 5 days, so an esti-
mated 3425 vehicles were affected, resulting in 11,415 € in driver delays. This value
is most likely even lower, as the testing was carried out during the summer holidays.

The presented calculation of the sustainability cost shows the important eco-
nomic, environmental, and social savings that result from an improved assessment
of reinforced concrete slab bridges through the use of proof load testing. A replace-
ment of the ASR-affected superstructure would cost on average 297,000 €, create
carbon emissions of at least 60 ton CO, if blasfurnace slag with 80% ggbs is used,
and would create significant additional costs caused by driver delays. The success-
ful proof load tests showed that the ASR-affected superstructure still fulfills the
requirements with regard to strength, and can carry the prescribed loads without
signs of distress. The replacement costs can thus be avoided. The remaining costs
of the service life of the existing structure are as determined in the maintenance
plan, and these have been budgeted for. A field test (including a research budget)
currently costs about 27% of a replacement, results in negligible CO, emissions,
and leads to only 1% of the driver delay costs of a replacement scheme.
Finalization of the research will lead to standardization and optimization, so that a
cost of 5%—10 % of the replacement cost (for the economic cost) is hoped to be
achieved in the future. It can thus be seen that the economic savings of field testing
are considerable, but that the positive impact on the environment and the social
costs is much larger than on the economic cost. When taking into account a full
sustainability analysis, the option of field testing thus becomes even more attractive
than when only economic costs are considered.

One final remark with regard to the previous calculations is that the major sav-
ings obtained by proof load testing are only valid when the proof load test is suc-
cessful, i.e., when it can be proven through a proof load test that the tested structure
can carry the prescribed live loads, and that replacement is not necessary. For this
reason, it is of the utmost importance to identify which bridge structures are good
candidates for proof load testing. Especially structures with large uncertainties are
interesting in this regard: bridges without plans, bridges that are expected to have
large redistribution capacity beyond the codified calculation methods, and bridges
where the effect of material degradation on the structural capacity is unknown.
Further research to develop clear guidelines on how to select good candidate struc-
tures for proof load testing is recommended.

9.7 Future trends

Future research on the topic of field assessment through load testing will focus on
the reliability aspects of the determined target proof load, and on determining stop
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criteria for shear. Currently, several countries (Germany, United States, the
Netherlands) are working towards the development or updating of the guidelines
for field testing of bridges. Load testing will become more and more important for
existing structures, as it is an excellent method to assess the structure in its real con-
ditions. As more of the existing bridges are ageing and the traffic loads and
volumes are increasing, more accurate methods for the assessment of existing
bridges are necessary.

In the Netherlands, the goal is to develop guidelines for proof load testing of exist-
ing bridges that can be followed by the industry. To achieve this goal, more research
on the stop criteria for shear is necessary, so that a safe execution of a proof load test
when using the guideline is guaranteed. Moreover, faster methods to determine the tar-
get proof load and the minimum required number of sensors need to be developed.
These actions are necessary to develop a cheap and fast method for proof load testing,
through which an existing bridge can quickly be assessed by the industry.

9.8 Summary and conclusions

As a result of the aging bridge stock, assessment of existing bridges becomes
increasingly important. Research is carried out to determine if proof load testing can
be a cost-effective method for a direct field assessment of an existing bridge. The
viaduct Zijlweg was selected as a pilot project, as large cracking caused by ASR-
damage raised concerns with regard to the shear capacity of the viaduct. This viaduct
is also monitored to study the effect of ASR, and to find out when the elongation has
become so large that the functioning of the expansion joint is endangered. A visual
inspection of the bridge was also carried out prior to the proof load test.

The first goal for proof load testing of the viaduct Zijlweg was to gain more
experience in the technique of proof load testing. An extensive sensor plan was
developed to monitor the structural response during the proof load tests, and to ver-
ify the usefulness of the existing stop criteria from the German guideline. These
stop criteria are only valid for flexure, and new stop criteria for shear need to be
developed. Moreover, the stop criteria from the German guideline do not take into
account the effect of existing cracking on the structure. A second goal of proof load
testing of the viaduct Zijlweg was to experimentally show that the viaduct can carry
the prescribed loads without signs of distress. This goal was successful, and the
cost savings from a sustainability perspective can be calculated and are significant
when compared to the cost of replacement of the superstructure.
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10.1 Introduction

In a context of aging civil infrastructures, it is of key importance to characterize
and validate the deterioration state of concrete structures during their overall life
cycle. The reliability and functionality of concrete structures may be assessed via
the numerical simulation of their behavior, based on finite element (FE) models
(Wenzel, 2009). Frequently, these numerical models do not accurately reflect the
actual state of concrete structures, so they need to be improved based on the results
obtained from field tests and continuous monitoring (Friswell and Mottershead,
1995). After the numerical model is adjusted, the behavior of the concrete structure
is better known, being possible to establish a more accurate basis for the subsequent
management operations (Doebling et al., 1996). The tuning of the numerical model
may be achieved via the modification of the value of several physical parameters of
the structure, in order to reduce the differences between the numerical and experi-
mental behavior of the structure. Results obtained from field tests and continuous
monitoring are normally used as reference for the adjusting process. This procedure
may even allow for the further establishment of a strategy for damage detection or
deterioration assessment: The comparison of physical parameters of the finite ele-
ment model adjusted during the life cycle of the structure permits detecting the
existence of damage or deterioration and its location on the structure (Peeters,
2000). The adoption of this type of strategy is crucial to extending the life cycle of
the concrete structures, thus improving their maintenance, reducing the environmen-
tal impact, and reducing their life cycle cost (Wenzel, 2009).

In general terms, after a concrete structure is built, four types of actions are per-
formed for its management: inspection, assessment, maintenance, and repair
(Wenzel, 2009). The inspection, which encompasses visual inspection, field testing,
and monitoring, is performed according to a periodic plan in order to check the evo-
lution of some physical parameters of the structure over time. The structural assess-
ment is performed for a definite requirement in order to validate the safety, the
functionality or the condition of a concrete structure. The structural assessment is
usually based on both a FE model and the results of preliminary inspections of the
structure. Finally, measures of maintenance and repair are undertaken based on the
results of a previous structural assessment (Fib, 2003).
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Among the main causes for conducting the structural assessment of a concrete
structure, one may cite the following: (1) the change of the requirements that the
structure must fulfill, due to a modification of the service conditions or standards;
(2) the repair or retrofit of the structure; (3) the damage induced on the structure by
an extreme event; and (4) the deterioration of the structure due to environmental
effects. The activities required for structural assessment depend on the results of the
previous inspections and they can be summarized as: (1) numerically simulate the
behavior of the structure in order to evaluate its safety, functionality or condition;
(2) increase the number and accuracy of the inspections to better characterize the
causes of damage and deterioration; (3) conduct field testing and monitoring to
characterize the actual behavior of the structure and (4) perform a more detailed
evaluation of the safety of the structure based on both the results of the previous
activities and the use of probabilistic methods (Wenzel, 2009).

Depending on the outcome of the structural assessment, the following scenarios
may be adopted: (1) maintain the structure in use; (2) increase the number of
inspections; (3) establish a continuous monitoring system; (4) reduce the service
loads on the structure; (5) retrofit the structure; (6) repair the structure; or (7)
replace the structure.

In order to guarantee the adequate management of a concrete structure during its
overall life cycle, a strategy to perform its structural assessment is necessary. As
part of this strategy, the use of numerical models is currently employed during the
design phase of the structure and during its management stage. Nevertheless, the
FEs models used for this second stage need to be improved in order to adequately
characterize the current state of the structure. The process of adjusting an initial FE
model of a structure to match the results of experimental tests is called model
updating (Friswell and Mottershead, 1995). The updating process is usually a funda-
mental part of the strategy for structural assessment, as the updated model may be
useful to make decisions about subsequent inspections, to assess the safety and
functionality of the structure, and to further adopt decisions of maintenance, repair
and retrofit.

In this chapter, a strategy to assess the deterioration state of concrete structures
based on the FE model updating approach is presented (Marwala, 2010). As the key
point of the strategy is the performance of the updating process, the content of the
chapter is focused on this topic. Nevertheless, additional information, such as
recommendations on how to create FE models for structural assessment, experimen-
tal tests, and data used as basis for the updating process have been included to facil-
itate the reading of the chapter. The updating process is formulated as a global
optimization problem (Brownjohn et al., 2001). In this way, some physical para-
meters of the FE model, considered as design variables, are modified in order to
minimize the relative difference between the numerical and experimental behavior
of the structure. The comparison between the updated physical parameters during
the life cycle of the structure allows characterizing its deterioration state (Peeters,
2000). In order to illustrate the potential of the method a case study is presented:
the deterioration assessment of an ancient reinforced concrete bridge, to select the
most appropriate retrofit method.
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The chapter is organized as follows: First, some general recommendations on
how to elaborate adequate FE models of concrete structures and facilitate their sub-
sequent model updating, are presented in Section 10.2. Second, a summary of the
main field tests that may be conducted on structures to record the experimental data
considered in the updating process is presented in Section 10.3. Later, a strategy for
deterioration assessment of concrete structures based on the FE model updating
method is presented in Section 10.4. An introduction to the FE model updating pro-
cess is presented in Section 10.5. Then, a case study—the deterioration assessment
of an ancient reinforced concrete bridge—is presented in Section 10.6. The study
shows the potential of this strategy for structural assessment. Finally, Sections 10.7
and 10.8 present the main conclusions obtained from the chapter and future
research lines to be explored, respectively.

10.2 Finite element models for concrete structures

Structural assessment of concrete structures may be conducted with the assistance
of numerical FE models that approximate the actual response of the structure
(Brownjohn et al., 2001). The level of detail of these models may vary depending
on the objectives of the study, the geometrical representation of the structure, and
the constitutive material laws considered for the simulation (Rombach, 2011).

The numerical models elaborated during the design phase of the structure are
usually not adequate to assess the state of the structure during its entire life cycle,
being necessary to develop more detailed numerical models for this latter purpose.

Three levels of detail may be considered for the geometrical representation of
the FE models in terms of their complexity: The first level—the most simplified—
corresponds to the use of 2D elements based on the beam or frame theory. The
main objective of these models is to obtain the response of the structure and subse-
quently to determine the cross-section forces and moments. The second level—
for more complicated geometries—corresponds to the use of 3D elements based on
beam, plate or shell theories. For instance, these elements become indispensable
when analyzing a geometrically curved structure, where the spatial configuration
significantly influences its behavior. The last level corresponds to continuum solid
element models that must be used when the above-mentioned beam/shell theories
are not valid. For example, this would be the case when analyzing the structural
response of a concrete gravity dam.

Regarding the constitutive material law implemented with the FE model, one of
the following four approaches is normally adopted (Wenzel, 2009): (1) linear elastic
analysis; (2) linear analysis with limited re-distribution; (3) plastic analysis; or (4)
nonlinear analysis. The more advanced the analysis is, the better it may reflect the
actual response of the structure. Nevertheless, the more advanced the analysis is, the
more demanding and computation time-consuming it is. In particular, nonlinear analy-
ses with advanced constitutive material laws are suitable to assist in taking decisions
about the assessment, the maintenance, and the retrofitting of the structure.
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The development of FE models for structural assessment is normally carried out
using either commercial FE packages, for instance ANSYS (ANSYS, 2017), or pro-
gramming directly the FE method in any computational language package (see,
e.g., Kwon and Bang, 2000). Alternatively, a combination of both approaches may
be implemented by exploiting the capabilities of commercial programs in conjunc-
tion with user-programmed subroutines.

Although it is possible to create detailed FE models to simulate accurately the
behavior of concrete structures—intended at even assessing their deterioration or
damage state, great differences may still be observed between the numerical simula-
tions provided by these initial FE models and the actual behavior of the structure.
Experimental tests (field tests and continuous monitoring) are normally used to vali-
date and calibrate these FE models (Fib, 2003). Therefore, if the difference between
the numerical and experimental responses is significant, the FE models may be
adjusted in order to match the results of the experimental tests. In this way, the tun-
ing of the numerical model provides a tool to better characterize the actual behavior
of concrete structures.

The updating process may be achieved via the modification of some physical
parameters of the structure within an optimization scheme aimed at minimizing the
discrepancies between the numerical model and the experimental observations. In
this way, this procedure allows identifying indirectly the values of these parameters
that better adjust to the measured data. As it is possible to perform the model updat-
ing of the concrete structure during its overall life cycle, the evolution of the value
of these physical parameters over time may be easily obtained. The comparison of
the values of these parameters at two different instants enables the establishment of
strategies for damage detection or deterioration assessment (Marwala, 2010).
Additionally, the updated model may be used as a starting point for the develop-
ment of further, more sophisticated analyses (Compan et al., 2017).

A final recommendation in this section: It is of key importance to design the ini-
tial FE model intended for structural assessment bearing in mind the needs of the
subsequent updating process. In particular, the physical parameters of the model
with greater influence in the actual behavior of the structure must be included and
should be easily identified in the model.

In next section, a brief description of the experimental tests usually conducted to
improve FE models of structures will be summarized.

10.3 Field tests and monitoring for
deterioration assessment

Field-testing and monitoring have been historically used to improve FE models of con-
crete structures in order to better reflect their actual behavior (Fib, 2003). Field-testing
refers to the measure of the response of the structure under a controlled load scenario
during a limited time interval. Monitoring is associated with the continuous measure of
the structural response under service conditions over a long period of time.
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Among field-testing, diagnostic tests are normally used to experimentally assess
the state of the structure. Additionally, the results of these tests may be further
employed to improve numerical models, by adjusting the numerical response to the
observed experimental behavior via an updating process. During these tests, the
structure is exposed to load scenarios which simulate the service conditions.
Diagnostic tests may be classified, depending on the velocity of the application of
the load, in static and dynamic tests. The physical magnitudes normally obtained in
diagnostic tests, which are useful for the development of the updating process,
include displacements, strains, accelerations, and forces (Fib, 2003).

In a static test, the displacements and strains at different points of the structure
under a predefined load scenario (location and magnitude of the load) are measured.
The results of these tests have been traditionally used to check the performance of real
structures and, more recently, to help improving FE models (Schlune et al., 2009).

In a dynamic test, the identification of the experimental modal parameters of the
structure (natural frequencies, vibration modes and modal damping ratios) is per-
formed, based on measuring the dynamic response of the structure. Conventional
modal analysis may be classified in experimental (EMA) and operational (OMA)
modal analysis, depending on whether the input force and the resulting response
can both be measured (EMA), or only the response can be recorded experimentally
(OMA) (Ewins, 2000; Rainieri and Fabbrocino, 2014). In this way, forced vibration
tests under controlled excitation are conducted in EMA, while ambient or free
vibration tests are used for this purpose using OMA algorithms (Caetano et al.,
2009). The resulting modal characteristics of the structure may be used to improve
the FE model of concrete structures (Gentile, 2006).

In order to experimentally identify the modal parameters of the structure based
on a forced vibration test, an EMA algorithm has to be used (Ewins, 2000; Maia
et al., 1997). For the estimation of the frequency response function, the most com-
monly used identification methods utilize a spectral description of the input and the
response of the structure. For its practical implementation, two alternatives may be
used: either implement an EMA algorithm in a programming package (e.g., Matlab,
2017) or employ an experimental identification commercial software (e.g.,
ME’scope, 2017; Pulse, 2017).

In a forced vibration test, the structure is commonly excited by three types of
actuators: hammers, hydraulic-, or electrodynamic vibrators. Consequently, the
method used to identify the modal parameters of the structure depends on the exci-
tation source. It is recommended to excite the structure in a wide-band of frequen-
cies; taking care that the energy associated with the low natural frequencies is great
enough to guarantee an adequate signal-to-noise ratio (Caetano et al., 2009).

In case an impulsive hammer is used to excite the structure, a wide range of nat-
ural frequencies, such as DC-200 Hz (according to the precision of the sensors)
may be identified experimentally. However, due to the limited energy introduced
by the hammer, the length of the signal under forced vibration is normally not long
enough to allow an adequate identification of the natural frequencies and vibrations
modes at very low frequencies (Caetano et al., 2009). In this case, the use of other
types of excitation sources, like hydraulic or electrodynamic shakers, exhibit better
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performance. Two forms of excitation can be generated with these latter devices: a
wide-band excitation or a sinusoidal excitation. The wide-band excitation can be
either transient or continuous. The modal identification based on the response mea-
sured under a transient excitation has the same treatment as that generated by ham-
mer excitation. The continuous excitation requires the filtering of both the input
and the response in order to reduce the leakage effects and the contribution of the
edge samples. The application of this excitation source provides a more accurate
definition of the frequency response functions, which allows the experimental iden-
tification of vibration modes with low natural frequencies. Nevertheless, if the
shaker has enough power, the sinusoidal excitation provides better results. For the
development of the sinusoidal test, a preliminary estimation of the natural frequen-
cies based on the measurement of the ambient response is performed. Subsequently,
the frequency response function is obtained partially around the previously
estimated values. Additionally, the sinusoidal test provides better estimations of
damping, when obtained from the signal processing of the free vibration response,
after the sudden interruption of the excitation applied at resonance frequency
(Caetano et al., 2009).

Alternatively, the high sensitivity and precision of the current sensors
(Fig. 10.1A) enables using ambient vibration as excitation source in an OMA test
context (Fig. 10.1B). In such cases, the response of the structure is measured under
operational conditions. In these tests, it is assumed that the input excitation—the
ambient vibration—may be idealized as a white-noise, thus ensuring that all the
vibration modes are excited at constant amplitude. As the magnitude of the applied
force during the test is unknown, it is not possible to scale the frequency response
functions, so the identification algorithms lead to operational deflection shapes
instead of vibrations modes. In order to obtain a good estimation of the vibration
modes from the deflection shapes, different approaches have been proposed, in both
frequency and time domains (see, for instance, Rainieri and Fabbrocino, 2014 for
details). There are currently several commercial software packages that implement
the different OMA algorithms (e.g., Artemis, 2017; LMS 2017; MACEC, 2017) to
facilitate its application to practical case studies. However, despite the use of the

Figure 10.1 (A) Force balance accelerometer and (B) Acquisition equipment for ambient
vibration test.
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more advanced, output-only algorithms, the modal parameters estimated by these
algorithms are still less accurate than the estimates obtained from EMA methods.
This is particularly remarkable in the case of modal damping, whose results should
be used carefully (Magalhaes and Cunha, 2011).

Furthermore, free vibration tests may be conducted in order to estimate the
experimental modal parameters of the structure. In these tests, the structure is
excited by the drop of a weight, or the release of a tensioned cable. The effect of
these actions is equivalent to the application of an impulse. The identification of
the modal parameters of the structure may be accomplished by either using EMA
algorithms or OMA techniques. In the first method, it is assumed that the input is
constant for the frequency range under study. For the second method, the same
assumptions previously mentioned are considered. The modal characteristics
obtained from a free vibration test are, in general terms, more accurate than the esti-
mates from an ambient vibration test.

Finally, the evolution of the modal parameters of the structure over time may be
determined if a long-term monitoring system is installed (Caetano et al., 2009).
Long-term continuous monitoring is a useful tool to determine experimentally the
behavior of the structure as it evolves along time, since its construction and during
its overall life cycle. Combining continuous monitoring of the structure and model
updating allows for the establishment of strategies to assess its damage or deteriora-
tion state: The continuous updating of the FE model based on the results obtained
from long-term monitoring facilitates finding the causes that originate the changes
of the modal parameters of the structure along its life cycle (Wenzel, 2009). The
main limitation that this approach presents lies in the quantification of the environ-
mental effects on the change of the modal parameters of the structure. To remove
these effects, the scientific community has conducted large efforts during the last
decade (Rainieri and Fabbrocino, 2014). Statistical correlations have been proposed
between the change of the natural frequencies and the environmental effects (Hu
et al., 2013). These results allow for establishing thresholds that determine when
the modifications of the modal parameters of the structure are caused by damage or
deterioration rather than by environmental causes. Nevertheless, further studies are
still required to better characterize such effects and overcome these limitations.

Field tests and long-term monitoring must be carefully designed so their results
can be easily employed to improve the numerical models, by reducing the uncer-
tainties associated with the most sensitive physical parameters of the model
(Rainieri and Fabbrocino, 2014). It is advisable to develop an initial FE model of
the structure, in order to perform preliminary numerical analyses which results may
be used to help in designing the experimental set-ups. In a static test, for example,
the selection of sensors, their location on the structure, and the definition of the
load scenario (position, configuration and magnitude) are the main design para-
meters to be determined before the performance of the test. In a dynamic test, the
first decision focuses on selecting the type of test (forced vibration, free vibration
or ambient vibration test). Subsequently, the design of the test has to concentrate on
establishing other design parameters such as, the selection of the excitation source,
the type of sensors, the sensitivity of the sensors, the optimal location of the sensors
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on the structure, the sample frequency, the duration of the measures, the improve-
ment of the signal-to-noise ratio, the amplification and filtering of the signal and
finally the selection of the most adequate modal analysis algorithm for the signal
processing (Ewins, 2000; Maia et al., 1997; Rainieri and Fabbrocino, 2014).

In conclusion, the results of dynamic tests and long-term monitoring can be used
to calibrate FE models in order to match the actual behavior of real concrete struc-
tures during their overall life cycle. Based on these ideas, a strategy for deteriora-
tion assessment is presented in next section.

10.4 Modal-based deterioration assessment methods

Vibration data may be used for damage detection or deterioration assessment of
concrete structures (Teughels et al.,, 2002; Teughels and De Roeck, 2004).
Regardless of the type of vibration data considered, any vibration-based deteriora-
tion assessment method can be organized into four steps: (1) obtain the vibration
data; (2) improve the vibration data via filtering and de-noising of the signal; (3)
build or improve a numerical model based on the previous collected vibration data;
and (4) assess the deterioration state of the structure.

In general terms, two types of algorithms are considered to assess the deterio-
ration state of structures, depending on whether a numerical model is directly
created from the measured vibration data (e.g., using neural networks, support
vector machines, fuzzy logic, or rough sets), or an initial FE model is calibrated
(model updating) based on the vibration data (Marwala, 2010). In any of these
two cases, the resulting numerical model, as well as the physical parameters that
characterize it, will adequately resemble the actual dynamic behaviour of the struc-
ture at the time the vibration data has been obtained. Therefore, if vibration data is
recorded at different time instants —and the associated numerical models are con-
structed-, the variation of the resulting physical parameters of the models at those
time instants will allow estimating the deterioration state of the structure along time.

Data may be handled in four alternative domains: time domain, frequency
domain, time-frequency domain and modal domain. A brief description of each
domain is next included for the sake of clarification, although the interested reader
is referred to the bibliography for a complete review on the topic (Jaishi and Ren,
2006; Marwala, 2010; Teughels and De Roeck, 2004; Wenzel, 2009). In time
domain methods, the deterioration of the structure is detected via the direct analysis
of the changes in the measured signal. These methods are especially effective if the
structure is time-dependent or it exhibits a nonlinear behavior. In frequency domain
methods, the measured data is transformed to the frequency domain using the
Fourier transform (Maia et al., 1997). Auto-regressive models and deterioration
ratios, based on the change of the frequency response functions, are considered to
assess the deterioration of the structure. In time-frequency domain methods, it is
equally necessary to transform the measured data into the frequency-time domain
using transformation techniques like wavelet transform, short-time Fourier trans-
form, Gabor distribution or Wigner-Ville distribution (Marwala, 2010). The main
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advantage of this transformation is that both time and frequency are analyzed at
once. The use of this domain is especially useful for structural responses whose
characteristics change with time. Finally, in modal domain methods, the assessment
of the deterioration state of the structure is based on the change of its modal para-
meters (natural frequencies, damping, and vibration modes). As modal parameters
are sensitive to the changes of the physical parameters of the structure, they can be
used for deterioration detection. The modal parameters of the structure can be iden-
tified experimentally from the results of field tests or continuous monitoring using
experimental or OMA, as described in the previous section.

In building and civil engineering, two domains have historically been used,
depending on whether frequency response functions or modal data were used for
the correlation between the numerical and experimental results (Peeters, 2000).
Recently, however, the modal domain is applied more often, since the frequency
response functions of large buildings and civil engineering structures are not avail-
able over a wide frequency range (Caetano et al., 2009). For this reason, currently
the most common way to establish a strategy for deterioration assessment is based
on a model updating process, adopting as reference the modal parameters of the
structure estimated from an ambient vibration tests via OMA algorithms.

The assessment of the deterioration state of a structure based on such model
updating approach may be organized as follows:

1. build an initial FE model of the structure;

2. determine the experimental modal data of the structure;

3. update the initial FE model to ensure it matches the experimental modal data of the struc-
ture, by tuning some physical parameters of the model;

4. determine the experimental modal data again after the deterioration happened, by repeat-
ing steps (2) and (3);

5. utilize the updated physical parameters as an indicator of the presence and location of the
deterioration.

As one of the key points of the detection procedure is the updating process, next
section is devoted to summarize some fundamentals of this technique.

10.5 Finite element model updating

In order to establish the correlation between the numerical and experimental modal
parameters, several ratios have been proposed (Ewins, 2000). Among the different
proposals, the relative difference between the numerical and experimental natural
frequencies, Af;(6), and the modal assurance criterion, MAC;(0), are widely used
(Friswell and Mottershead, 1995). The relative difference between frequencies,
Afi(9), is defined as:

Afi(0) = S, jO) = Jerpi 100[%)] (10.1)

exp, j
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where fi, j(0) and f,,, ; are the numerical and experimental j natural frequency of
the structure, and 6 is the physical parameter vector. The modal assurance criterion,
MAC;(0), is defined as:

(@Zum, j(e)@emj) ’
(Q,Tmm, {ODruim, j(a)) (szp, Dexp.j )

MAC/(6) = (10.2)

where @,,,j(0) and @, are the numerical and experimental j vibration mode, and
T denotes transpose.

A good correlation between a numerical and experimental vibration mode is
achieved when their relative difference is below 5.00 % and their MAC ratio is
above 0.90 (Zivanovic et al., 2007). In case the mentioned ratios do not achieve the
adequate correlation level, it is necessary to calibrate the FE model of the structure
via the application of an updating process.

10.5.1 Basics of finite element model updating

The FE model updating based on modal-domain data (natural frequencies and vibra-
tion modes) may follow either a direct or an indirect approach (Friswell and
Mottershead, 1995). In the early years of this technique, the adjustment of the FE
model was performed directly through the introduction of changes in the mass and
stiffness matrices of the structure, which has the advantage of allowing an adjust-
ment between the numerical model and the experimental data through a direct algo-
rithm. However, this method has as its main disadvantage the updating process is
performed without necessarily involving the physical knowledge of the problem.
This drawback caused the later appearance of another family of methods, indirect
methods (Brownjohn et al., 2001), where the model updating arises from the changes
applied on some well-defined structural physical parameters selected by the users. In
this case, the modified parameters are not linearly related to the modal parameters so
the adjustment process requires the use of iterative techniques (Mottershead et al.,
2011). The most widely used iterative techniques are based on optimization algo-
rithms for nonlinear problems (Levin and Lieven, 1998), machine-learning algo-
rithms (Marwala, 2010), or Bayesian approaches (Marwala et al., 2016).

Among the different possible approaches, a straightforward manner to perform
the FE model updating consists of minimizing an objective function, defined as a
least square problem between the numerical and experimental modal parameters
(Jin et al., 2014), and considering as design variables the physical parameters of the
structure with a greater influence on its dynamic behavior. The relative differences
between the numerical and experimental modal parameters are called residuals.
Several types of residuals may be considered in the updating process. In order to
evaluate the influence of the different residuals in the objective function, two differ-
ent approaches are usually employed: single-objective function and multiobjective
function.
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In the single-objective function approach, the residuals must be weighted in
order to account for the relative contribution of each modal parameter to the objec-
tive function and to account for the uncertainty associated with its experimental
estimation. There are several proposals for estimating the value of the weighting
variables, based on the statistical properties of the measures (Teughels et al., 2002).
Alternatively, these weights may be determined based on the experience and engi-
neering judgement of the user (Zivanovic et al., 2007).

Normally, because the natural frequencies provide global information of the
structure—they are very sensitive with respect to its stiffness and can be accurately
identified experimentally, they are indispensable magnitudes to be considered in the
model updating process, so that higher values of their weighting factors are
assigned (Zivanovic et al., 2007). On the other hand, because the vibration modes
provide spatial information of the structure, which is only necessary to identify
local parameters, they are less sensitive to the stiffness of the structure and are
more difficult to identify experimentally, it is necessary to analyze their weighting
factors in order to find the values that achieve the best adjustment between the
numerical and experimental modal parameters (Teughels et al., 2002). To establish
the most adequate value for the weighting factors of the different residuals, a search
range, (0,1), is considered (Zivanovic et al., 2007; Jin et al., 2014). In this way, the
value of the weighting factors associated with the different residuals is determined
by a trial and error procedure to guarantee the best correlation between the numeri-
cal and experimental modal parameters.

The general formulation of the single-objective function approach may be stated
as follows:

My
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where f(0) is the objective function for the single-objective function approach; myis
the size of the residuals vector related to the natural frequencies, s (0); m, is the
size of the residuals vector related to the vibration modes, "(6); m is the size of
the residuals vector, (6); w; is the weighting factor of the element j of the residuals
vector; rj(0) is the element j of the residuals vector; w; is the weighting factor of
the element j of the residuals vector related to the natural frequencies; rf (0) is the
element j of the residuals vector related to the natural frequencies; w}" is the weight-
ing factor of the element j of the residuals vector related to the v1brat10n modes;
ri"(0) is the element j of the residuals vector related to the vibration modes; 6 is the
lower constraint vector of the physical parameter vector; 6, is the upper constraint
vector of the physical parameter vector.

In the multiobjective function approach, all objective functions are explored
independently, without assigning weighting factors (Kim and Park, 2004). The
main objective of this approach is to find the best solution among a set of optimal
solutions, called the Pareto optimal front. Since the alternative solutions on the
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Pareto optimal front are nondominated, a reasonable criterion must be established
to determine the best solution. For bi-criteria problems (two subobjective func-
tions), the application of an additional condition is generally employed. This con-
dition is usually based on a decision-making strategy, where the trade-off
between the two objective functions is considered (Jin et al., 2014). A widely-
used criterion in model updating is to consider the so-called edge-knee point (Jin
et al., 2014) as the best solution of the Pareto optimal front. According to this cri-
terion, the best solution is defined by the point of the Pareto optimal front such
that a movement to any alternative solution in the Pareto optimal front gives rise
to a small reduction of one subobjective function and a large increase in the other
subobjective function.

The multiobjective function approach can be formulated as follows (for bi-criter-
ia problems):

. RS 1™
min(fi0) £(0)) =min| 3 > HOF 53 s (10.4
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where fi(f) is the first subobjective function for the multiobjective function
approach and f>(0) is the second subobjective function for the multiobjective func-
tion approach.

The election of one of these two alternative approaches depends on experience,
expertise, and engineering judgement. The single-objective function approach
requires multiple runs of optimization, in order to find the best updated model
among the candidates originated by the different values of the considered weighting
factors. However, this approach may be simplified by directly adopting the weight-
ing factors provided by the results of previous studies (Zivanovic et al., 2007). On
the other hand, the multiple-objective function approach directly searches the over-
all set of updated models. Subsequently, the best solution is selected on the Pareto
optimal front. In the case of inexperienced users, this second approach can reduce
the computational time for the selection of the best updated numerical model,
since the application of a trial and error scheme is not necessary to establish the
value of the weighting factors of the residuals.

In building and civil engineering, it is usual to formulate the objective function,
for both approaches, in terms of the differences between the numerical and experi-
mental modal data (see Subsection 10.5.2). The previously defined objective
function—considering any of the two alternative approaches—must be minimized
by the application of an optimization algorithm. Local and global optimization algo-
rithms have been considered in the past for this purpose (Nocedal and Wright,
1999). Currently, global algorithms are widely implemented due to their robustness
and controlled dependence on the initial value of the parameters selected to initiate
the search process. In particular, genetic algorithms will be used for the application
example described later in this chapter.
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10.5.2 Residual selection

In building and civil structures, modal parameters are usually considered to define
the residual vector that configures the objective function. In this way, the residual
vector is defined in terms of the differences between the numerical and experi-
mental modal data, such as natural frequencies, vibration modes, modal curva-
tures, etc. However, additional inaccuracies are introduced due to the
experimental and operational modal extraction operations. In order to pair the
numerical and experimental data correctly, some precautions should be taken to
avoid convergence problems during the iterative process: First, the experimental
vibration modes inaccurately defined must be rejected. Second, the numerical and
experimental vibration modes must be sorted. Subsequently, the numerical and
experimental vibration modes are paired based on their MAC;() ratio.

Two types of residuals are normally considered: rf (0), in relation to the natural
frequencies, and r7"(f), in relation to the vibration modes The first term, rf (0), is
defined as the relative differences between the numerical, f,.;(6), and experlmen-
tal, foypj, natural frequencies of the structure. As previously indicated, the natural
frequencies are indispensable magnitudes to be used in the updating process, since
they provide information of the overall structural behavior, they are very sensitive
to structural stiffness and, they are easily identified experimentally (Caetano et al.,
2009). Regarding r"(6), there are different proposals in the literature on how to
determine the vibration mode residuals (Moller and Friberg, 1998) that relate the
numerical, @ym;(), and experimental, @,y,;, vibration modes (Teughels et al.,
2002). The authors recommend the use of the average differences between the
numerical and experimental vibration modes. Although the vibration modes are not
as sensitive as the natural frequencies with respect to structural stiffness, and their
experimental determination is more affected by noise (so their accurate identifica-
tion is more difficult), they provide spatial information of the structure necessary to
identify local parameters (Teughels et al., 2002). For this reason, their residuals
should be included in the updating process.

In order to guarantee that the two types of residuals are well-balanced, the resi-
duals may be normalized as follows (Jin et al., 2014):

rf(e) f—""’“(e) Jew.i =1,2,...,my (10.5)
fexp]
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where by only the translational degrees of freedom are considered for the definition
of the numerical and experimental vibration modes. Furthermore, the grid of measur-
ing points in the experimental set-ups must be sufficiently dense to avoid spatial
aliasing problems associated with the determination of the MAC;(f) ratio
(Brownjohn et al., 2001). Additionally, the experimental vibration modes can be
smoothed to reduce the effect of the noise associated with the identification method.
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It is also recommended that the number of residuals, m =my +m,,, is greater
than the number of the considered physical parameters, 6, in order to avoid ill-
conditioned problems (Nocedal and Wright, 1999).

10.5.3 Sensitivity analysis and parameter selection

In order to pose a well-conditioned updating process, it is recommended to select
those updating parameters that will be most effective in reducing the differences
between the numerical and experimental modal data (Mottershead et al., 2011). The
number of parameters should be kept small enough, in order to avoid losing the physi-
cal knowledge of the problem while ensuring the sensitivity of the model to their
variation. Parameter selection may be accomplished based on a sensitivity analysis,
where the modal sensitivities are obtained following the method proposed by Fox and
Kapoor (Fox and Kapoor, 1968). If only stiffness parameters are to be modified, Fox
and Kapoor’s approach may be summarized in terms of the following equations:
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with Ay, i(0) = Cfoum, j(H))2 being the numerical eigenvalue j and K(6) the stiffness
matrix of the structure. The solution to Egs. (10.7) and (10.8) may be obtained using
commercial software like FEMtools (FEMtools, 2017) or ANSYS (ANSYS, 2017).

In this sense, although the stiffness matrices are not directly available in much
commercial FE software, these magnitudes may be obtained from the nodal forces
generated by the deflection of the structure associated with the considered vibration
modes (Teughels et al., 2002).

The result of the sensitivity analysis, together with the engineering judgement of
the user allows for determining the most adequate physical parameter that will be
adjusted during the updating process. A typical choice of physical parameters may
include: (1) geometrical parameters, such as the dimensions of the different ele-
ments of the structure and the imperfections; (2) material parameters, such as the
modulus of elasticity and the shear modulus; (3) boundary conditions; (4) effects of
interaction elements; (5) dynamic parameters, such as mass and damping; (6) dura-
bility parameters, such as corrosion rate and carbonation rate; or (7) force-
dependent elements, as cables (Mottershead et al., 2011).

10.5.4 Preliminary manual tuning and establishing a
search domain

Independent of the global optimization algorithm selected, it is always recom-
mended to perform an initial manual tuning of the FE model before initiating the
updating process, in order to determine a reasonable starting point for the selected
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parameters (Brownjohn et al., 2001). This step reduces the computational time and
favors solutions with physical significance.

It is also of key importance to establish reasonable lower and upper limits for
parameter variation. For this purpose, it is a common practice to resort to the results
of nondestructive tests, in particular when these parameters are related to the mate-
rial properties of the structure (Fib, 2003).

10.5.5 Model updating process

The FE model updating process is sketched in the flowchart of Fig. 10.2. The
unknown model parameters, 6, are adjusted, in an iterative process, in order to
reduce the differences between the numerical and experimental modal parameters.
The numerical modal parameters are obtained from a FE model of the structure.
The experimental modal parameters are estimated through the signal processing
of the measurements recorded during the development of a dynamic field tests. The
process allows improving the FE model, such that it better reflects the actual behav-
ior of the structure. On the other hand, an estimation of the parameters is obtained
as a result of the updating. In order to perform the updating process the common
practice is to either use commercial software that develops all the process (e.g.,
FEMtools, 2017) or to implement a code linking a global optimization package
(e.g., Matlab, 2017) to a commercial FE package (e.g., ANSYS, 2017). The first

Sensitivity study Global optimization Finite element
parameter selection 0 package package
Search domain Initialization . FE model
ol<o<ou Initial values O l/
Field test Evaluation objective Numerical
Experimental modal function modal analysis
parameters Numerical modal
fexp . ¢exp . \L parameters
S TR ——— Frum. i ©) Opum. 1 (0)
Minimization step -] b ]
Updated values 041

Convergence?

Yes

Result 6= Ojeq
Identified values

Figure 10.2 Flowchart of the iterative updating method based on global optimization.
Source: From Costa, C., Ribeiro, D., Jorge, P., Silva, R., Aréde, A., Calgada, R., 2016.
Calibration of the numerical model of a stone masonry railway bridge. Eng. Struct. 123
345—371; Jiménez-Alonso, J.F., Sdez, A., Caetano, E., Magalhdes, F., 2016. Vertical
crowd-structure interaction model to analyse the change of the modal properties of a
footbridge. J. Bridge Eng. ASCE 21 C4015004.
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option has as its main advantage the provision of a compact solution to the model
updating, allowing inexperienced users to perform the process. The second option,
reserved for users with a deeper theoretical knowledge on the subject, allows more
freedom in the selection of the different options related to the development of the
updating process (Jiménez-Alonso et al., 2016; Costa et al., 2016).

Summarizing, the updating process consists of the following seven steps: (1) cre-
ate an initial FE model of the structure; (2) perform a preliminary modal analysis to
obtain the numerical modal parameters; (3) design the field test based on the results
of this preliminary modal analysis; (4) perform the field test; (5) identify the modal
parameters via the signal processing of the measurement data; (6) modify the value
of some physical parameters of the FE model based on the differences between the
numerical and experimental modal parameters (model updating); and (7) use the
updated model for decision making, structural assessment and other management
activities.

The updated numerical model constitutes a good approximation to the real struc-
ture and it may be used for any structural evaluation under service conditions.
Additionally, the updated FE model may be used as the starting point to perform
further nonlinear FE analyses (Wenzel, 2009).

10.6 Application example: deterioration assessment of
the Molinos Bridge

Finally, in order to illustrate the potential of the proposed approach, a case study is
presented next. In this study, the deterioration assessment of an ancient reinforced
concrete bridge was performed by FE model updating, based on its experimental
modal parameters. These experimental modal parameters were obtained from an
ambient vibration test using OMA. The study focused on estimating the deteriora-
tion state of the structure via the comparison of the results for two load scenarios:
(1) a numerical load test performed on the updated FE model and (ii) the available
original experimental load test of the bridge. The conclusions of this study were
later used to select the most adequate retrofitting method for the reinforcement of
the bridge, before undertaking the planned widening of its deck. A more detailed
description of this case study may be found in Jiménez-Alonso and Séaez (2016).

The Molinos Bridge (Almeria, Spain), originally built in 1927, is an isostatic
truss structure with five spans (32.64, 32.72, 32.72, 32.68, and 32.78 m) and a total
length of 163.54 m (Fig. 10.3A). The structure of each span is configured by two
reinforced concrete truss girders separated transversally (2.70 m) and braced at the
top by a reinforced concrete slab of variable depth (between 0.18 and 0.54 m). The
depth of the structure is ~2.66 m and its width ~6.20 m.

The planning department of the city of Almeria decided, for economic reasons,
to rehabilitate this ancient bridge in order to improve the road access to the neigh-
borhoods located at the east of the town. A public contest was held, and six propo-
sals were presented. One of the provisions that the rehabilitation project should
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meet was the retrofitting of the main girders, in order to ensure an adequate bearing
capacity under the new loading conditions. Regarding this issue, the alternatives
proposed by the different engineering firms could be grouped into two retrofitting
methods: (1) use external prestressing or (2) use carbon fiber reinforced polymer
(CFRP) laminates. In order to decide which retrofitting method was better suited to
the structural needs, the deterioration state of the structure and its influence on the
structural stiffness had to be characterized. In this way, if the structure was seri-
ously damaged, the retrofitting method should focus on controlling both the stress
level and the deflection of the structure, so the alternatives based on the external
prestressing technique would become the most adequate. On the contrary, if the
deterioration state was limited, the CFRP reinforcement would be the appropriate
solution.

Therefore, a detailed study was performed to assess the deterioration state of the
bridge. Due to its monumental character, the evaluation should be performed by
nondestructive methods. First, the deterioration state of the structure was analyzed
through visual inspection. Detachment of the reinforced concrete along the truss
girders and cracking in the lower chord were observed during this preliminary
inspection (Fig. 10.3B).

In order to assess the influence of the detected cracks on the structural stiffness
of the bridge, the authors decided to compare the results of the original load test at
the time of construction with the same load test replicated on the current structure.
However, due to the impossibility of reproducing this original experimental load
test on the bridge at present, due both to its monumental character and to deteriora-
tion, we decided to numerically simulate its current response with the assistance of
a calibrated FE model of the bridge. To ensure that the numerical model adequately
reflected the current deterioration state of the structure, the FE model was updated
based on the results of two different field tests: an ambient vibration and a
rebound-hammer test.

(A) | S (B)

Figure 10.3 (A) Elevation of the Molinos Bridge and (B) Detail of the cracking of its lower
chord.

Source: From Jiménez-Alonso, J.F., Saez, A., 2016. Model updating for the selection of an
ancient bridge retrofitting method. Struct. Eng. Int. 26 (1), 17—26.
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The FE model updating of this structure followed the flowchart in Fig. 10.2:

First, an initial FE model of the fifth span (east abutment) of the structure was
made using the commercial software ANSYS (ANSYS, 2017). Only this span was
analyzed due to the isostatic configuration of the structure, its greater length, and
accessibility reasons. For the purpose of this study, reinforced concrete was consid-
ered homogenous and the resulting model consisted of 870,945 3D solid-brick ele-
ments. The pavement and barriers of the bridge were accounted for by adding an
additional mass of 275 kg/m* and 75 kg/m, respectively. The effect of the supports
in longitudinal direction was simulated by spring elements, with the other two dis-
placement degrees of freedom constrained.

Second, a preliminary FE static analysis of the structure under permanent loads
was performed. The results of this analysis, together with a subsequent sensitivity
study, were later used to select the physical parameters to be calibrated during the
updating process.

Third, a numerical modal analysis was completed in order to obtain the first
three vertical vibration modes of the structure, as Fig. 10.4 illustrates.

Fourth, the modal parameters of the considered span were identified experimentally
by the signal processing of the measurements recorded during an ambient vibration
test, via the application of an OMA algorithm in the frequency domain (Magalhdes
and Cunha, 2011), namely the Enhanced Frequency Domain Decomposition method,
as implemented in the commercial software Artemis (Artemis, 2017). The numerical
and experimental first three vertical natural frequencies and vibration modes are com-
pared in Table 10.1. To correlate the numerical and experimental modal parameters,
Table 10.1 includes the values of the relative differences between natural frequencies,

faum,1(0) = 4.259 Hz. First numerical vibration mode in vertical direction

foum,2(0) = 12.733 Hz. Second numerical vibration mode in vertical direction

foum,3(0) =22.623 Hz. Third numerical vibration mode in vertical direction

Figure 10.4 First three vertical numerical vibration modes of the initial finite element (FE)
model.

Source: From Jiménez-Alonso, J.F., Sdez, A., 2016. Model updating for the selection of an
ancient bridge retrofitting method. Struct. Eng. Int. 26 (1), 17—26.
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Table 10.1 Correlation between the first three vertical numerical,
Snum,j(0), and experimental, f,, ;, natural frequencies of the
Molinos Bridge

Mode | fum, j(0) [Hz]l | [y, ; [Hz] Afi(0)[ %] MAC;(6) Description

1 4.259 4.320 — 1412 0.992 First bending
12.733 10.100 26.069 0.985 Second bending

3 22.623 17.840 26.810 0.961 Third bending

Source: From Jiménez-Alonso, J.F., Sdez, A., 2016. Model Updating for the Selection of an Ancient Bridge
Retrofitting Method. Struct. Eng. Int., 26 (1), 17—26.

Af;(0), and the modal assurance criterion values, MAC;(6). Although the MAC;(0)
values for the three considered vertical vibration modes were adequate (with MAC;(0)
above 0.95), the relative differences in terms of frequencies were still large (with
Af;(0) greater than 25% for modes 2 and 3). Therefore, it was necessary to adjust the
FE model of the structure to better reflect the current structural behavior occasioned
by the deterioration state of the bridge.

Subsequently, the model updating was conducted by implementing an indirect
approach (Mottershead et al., 2011), as a single-objective optimization problem.
Genetic algorithms were adopted in this study as an optimization method. The
objective function was defined in terms of the weighted least square residuals
between the numerical and experimental modal parameters. As residuals, the first
three vertical natural frequencies and associated vibration modes were considered,
due to the good quality of the experimental data. The lower reliability of the experi-
mental vibration modes in comparison to the experimental natural frequencies is
reflected in the considered values of the weighting factors, > w]f =0.90 and
Zw}” =0.10 respectively, according to the recommendations of several authors
(Teughels et al., 2002; Zivanovic et al., 2007).

The definition of each term (6;) of the physical parameter vector (), which are
the design variables of the optimization problem, was made—based on the trade-
offs among the results of three independent analyses: (1) the preliminary visual
inspection of the structure; (2) the resultant stresses distribution of the previously
mentioned static analysis of the structure; and (3) a sensitivity analysis of the con-
sidered modal parameters to the stiffness of the different structural elements in the
numerical model. Ten parameters were considered, namely: (1) the Young’s modu-
lus of the concrete in different parts of the structure, 6, — g, and (2) the stiffness of
the longitudinal spring elements that simulates the deck—pier interaction, 6,9, as
Fig. 10.5 illustrates.

Finally, in order to increase the efficiency of the optimization method yet main-
tain the physical meaning of the updating process, a search domain for each term of
the considered physical parameter vector was established. The results obtained from
the rebound-hammer test were used to determine the range of variation of the para-
meters associated with the Young’s modulus of the concrete. The uncertainty asso-
ciated with the high friction of the steel bearings under low vibration levels is
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Figure 10.5 Parameter selection for the updating process (see Table 10.2).
Source: From Jiménez-Alonso, J.F., Sdez, A., 2016. Model updating for the selection of an
ancient bridge retrofitting method. Struct. Eng. Int. 26 (1), 17—26.

Table 10.2 Initial value, range of variation and updated value
of the considered physical parameter vector (see Fig. 10.5)

Initial Lower Upper Updated

0 Description (6) () (6.) (Br+1)

0, Young’s modulus lower chord 30.00 3.00 38.00 25.38
(GPa)

0, Young’s modulus lower chord 30.00 3.00 38.00 17.21
(GPa)

03 Young’s modulus lower chord 30.00 3.00 38.00 12.32
(GPa)

04 Young’s modulus lower chord 30.00 3.00 38.00 10.69
(GPa)

05 Young’s modulus strut (GPa) 30.00 3.00 38.00 28.71

Og Young’s modulus strut (GPa) 30.00 3.00 38.00 29.02

0, Young’s modulus strut (GPa) 30.00 3.00 38.00 29.32

O Young’s modulus strut (GPa) 30.00 3.00 38.00 29.63

Oy Young’s modulus remaining 30.00 3.00 38.00 30.15
structure (GPa)

010 | Longitudinal stiffness of spring 265.00 100.00 700.00 345.00
(MN/m)

Source: From Jiménez-Alonso, J.F., Saez, A., 2016. Model Updating for the Selection of an Ancient Bridge
Retrofitting Method. Struct. Eng. Int., 26 (1), 17—-26.

considered, establishing a search domain for this parameter whose lower and upper
terms reduce and increase respectively 2.5 times its initial value. The range of vari-
ation for each component of the physical parameter vector is given in Table 10.2.
The model updating process was conducted implementing the previously
described algorithm with the aid of: (1) a global optimization software, Matlab®™
(Matlab, 2017) and (2) a FE software, ANSYS (ANSYS, 2017). A population of
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1000 vectors was considered for the genetic algorithm optimization. Such genetic
algorithms are based on the analogy with the natural evolution, whereby the mem-
bers of a population compete to survive and reproduce, presenting the best indivi-
duals a genetic code that allows them to take advantage over the rest of the
population. The algorithm acts on a population of design variables (chromosomes)
whose fitness value is given by the objective function value. The algorithm gener-
ates a new population of design variables from the old population using three ran-
domized operators that mimic the natural evolution: reproduction (selection),
crossover, and mutation. According to these operators, each subsequent generation
tends to have an average fitness level higher than the previous generation (Nocedal
and Wright, 1999). In Table 10.2, the initial value, the range of variation, and the
updated value of the considered physical parameter vector are shown.

After the updating process, the differences between the numerical and experi-
mental modal data are really small. The correlation between the updated and experi-
mental modal data are shown in Table 10.3 and Fig. 10.6. The improvement of the
updated model with respect to the initial one is clear, with differences in the natural
frequencies values below 0.15 % and MAC; values above 0.990.

Furthermore, the updated values of the physical parameter vector (Table 10.2)
show that the visually-observed cracking of the lower chord affects the stiffness of
this element, exhibiting a good correlation between the inertia reduction predicted
by the model, and the localization and size of the observed cracks. Additionally, the
estimated medium value of the Young’s modulus of the reinforced concrete pre-
sents a reasonable value with reference to the value considered in the original proj-
ect of the structure.

In this way, the updated FE model adequately reflects the structural behavior of
the actual bridge, with an excellent agreement between the numerical and experi-
mental modal data.

Finally, the updated model was used to numerically simulate the original experi-
mental load test of the bridge on the current structure. According to the published
results of this experimental test, the maximum vertical deflection at the mid-span
was 8§ mm. The maximum deflection predicted by the updated model under the
same load conditions was around 7.2 mm. From these results, it was concluded that
the inertial reduction of the lower chord had not caused deflection problems in the

Table 10.3 Correlation between the first three vertical updated,
Supa, (0), and experimental, f, , ;, natural frequencies of the

. . xp, j
Molinos Bridge
Mode | fyq (0) Hz) | f,y, ; (Hz) Af(0) (%) MAC;(6) Description
1 4.323 4.320 0.069 0.999 First bending
10.114 10.100 0.138 0.997 Second bending
3 17.853 17.840 0.072 0.996 Third bending

Source: From Jiménez-Alonso, J.F., Sdez, A., 2016. Model Updating for the Selection of an Ancient Bridge
Retrofitting Method. Struct. Eng. Int., 26 (1), 17—-26.
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Figure 10.6 First three vertical updated, Qupd, j(0), versus experimental vibration modes,
@exp, J*

Source: From Jiménez-Alonso, J.F., Sdez, A., 2016. Model updating for the selection of an
ancient bridge retrofitting method. Struct. Eng. Int. 26 (1), 17—26.
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structure. Therefore, the retrofitting of this ancient bridge should be performed
using CFRP laminates.

After the completion of the rehabilitation works using CFRP, the Molinos
Bridge is currently in service showing adequate structural behavior.

10.7 Conclusions

FE models may be a useful tool to assess the deterioration state of concrete struc-
tures and make further decisions about the best strategy for their maintenance and
reinforcement. In this sense, it is necessary that the structural response predicted by
these numerical models adequately reflects the actual behavior of the structure. To
guarantee it, the FE models must be checked and updated based on the results of
field tests and/or continuous monitoring conducted on the structure. On the other
hand, adequate FE models are necessary in order to interpret both the results
provided from field tests and the structural changes detected by the continuous
monitoring of structures.

The FE model updating of concrete structures is usually based on the results of
two types of experimental diagnosis tests: (1) static and (2) dynamic tests. Static
tests are normally used to provide only secondary information for the updating pro-
cess. Dynamic tests are used mainly to identify the modal parameters of the struc-
ture. Among the identified modal parameters, natural frequencies and vibration
modes are commonly adopted as reference for the model updating process.

The updating process is usually formulated as an optimization problem whereby
some physical parameters of the structure are modified in order to minimize the rel-
ative differences between the numerical and experimental modal parameters. Such
an updating process usually follows the following scheme: (1) create an initial FE
model of the structure; (2) perform a preliminary modal analysis; (3) design the
field test based on the results of this preliminary modal analysis; (4) perform the
field test; (5) identify the modal parameters via the signal processing of the mea-
sured data; (6) adjust some previously selected physical parameters of the numerical
model based on the experimental modal data; and (7) use the updated model for
decision making or structural assessment.

In particular, this model updating approach may be used, due to its similarity to
damage detection, to establish a strategy for deterioration assessment of concrete
structures. The process may be organized in five steps: (1) create an initial FE
model of the structure; (2) identify the experimental modal parameters; (3) update
the initial FE model based on the experimental modal parameters; (4) repeat
steps (2) and (3) again after the deterioration has happened; and (5) use the updated
parameters as an indicator of the deterioration.

The potential of the model updating approach has been illustrated with a case
study, the deterioration assessment of the Molinos Bridge (Almeria, Spain). The
main objective of this study focused on assessing the deterioration state of this
ancient bridge in order to select the best retrofitting method for its reinforcement,
before a planned modification of its service conditions.
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10.8 Future trends

Although the FE model updating process is a mature technique, further studies are
being conducted in order to improve the numerical simulation of the actual behav-
ior of concrete structures through calibrated FE models. Among others, the follow-
ing research lines may be cited:

1. The model selection, the process of choosing the best updated FE model among all the
plausible updated models, has been performed here by solving an optimization problem.
Other alternatives, as for example those based on Bayesian approaches need to be further
explored.

2. The parameter selection is, principally, an arbitrary process based on the engineering
judgement of the user. The inclusion in the updating process of computational intelligence
techniques for the automatic parameter selection deserves additional research efforts.

3. The data used as reference for the model updating and deterioration assessment are com-
monly the modal parameters (natural frequencies and vibration modes). The effective use
of other types of data, like time-frequency domain data (wavelet data), modal strain or
modal strain energy is another active area of research.

4. The difficulty in modeling damping has meant that the current updating methods do not
include this parameter in the identification process. As there is a direct relationship
between damping and deterioration, the proposal and implementation of appropriate mod-
els considering this modal parameter should be further explored.
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11.1 Introduction

Repair works in the construction sector present a huge part of all the construction
work carried out; namely, with the aging of the existing infrastructure there is an
increased need for its repair, maintenance and protection (Raupach, 2006). It is esti-
mated that infrastructure rehabilitation costs go into trillions of dollars; for the
84,000 concrete bridges in the European Union alone, the annual cost for mainte-
nance and repair is £215 million (Pacheco-Torgal, 2012b), while in the United
States, the annual cost of repair, protection, and strengthening is estimated to be
between $15 and $22 billion (Emmons, 2012).

Repair mortars need to fulfill many specific requirements for the intended uses
that are described in more detail in the next subchapter (11.3), but—to mention
only a few, such as freezing resistance, high compressive strength, rapid setting,
and good adhesion to substrate—it is clear that they belong to the group of demand-
ing construction products, both from the technical point of view and from the per-
spective of cost.

The first repair mortars, which are still sometimes used, were based on cement
alone, but were not satisfactory mainly because they did not harden fast enough,
their tensile and adhesion strength was low, and they were not suitable for thin sec-
tion repair. Thus, the most commonly used repair mortars nowadays are based on
Portland or blended cements, to which different polymers are added, such as poly-
urethane, epoxy and acrylic resins, or thermosetting vinyl. These additives are used
in order to achieve the required properties, such as high early compressive strength,
good adhesion, and impermeability (Chatterjee, 2012). To achieve high tensile
strength, fibers are also often used in repair systems, such as High Performance
Fiber-Reinforced Cement Based Composites (HPFRCC) and Textile Reinforced
Concrete (TRC) (Bruhwiler, 2012, Mechterine, 2012).

Magnesia—phosphate cement has also been used as repair mortar, because, if
properly ground and mixed with additives, it can hardened within one hour, even at
—10°C. The addition of fly ash in such systems is also common. Such rapid repair
systems are especially welcome for airport runways, highways and other places
where longer interruptions that can cause service delays, are unwanted (Yang and
We 1999; Yang et al., 2000).

Even bacteria are being used for repair purposes; a specific group of spore-
forming bacteria from the Bacillus group and a nutrient for bacteria
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(e.g., calcium lactate) are added to the repair mortar. Through the bacterial meta-
bolisms, this nutrient is transformed into carbonates which fill the present cracks
(Jonkers, 2011).

Because of the market demand for an environmentally friendly, yet technically
suitable and cost-competitive repair mortar, the development of other alternative
mortars has been on the rise (Pacheco-Torgal et al., 2014). Recently, many attempts
have been made to make repair mortars out of waste, such as fly ash and slag, pre-
cursors for geopolymers or alkali-activated materials (AAM).

11.2 Alternative repair mortars for concrete repair

According to Imbabi et al. (2012), it is to be expected that, by 2030, the cost of
cement will double due to the increase in energy costs and green taxes. Even
though significant improvements in cement production have been made so far, its
production still accounts for 6% of all man-made CO, emissions. Therefore, an
alternative to cement binder is needed as an environmentally friendly replacement.
Here, different waste materials come to light. Some of them (fly ash, slag) have
already been successfully implemented in blended cements and/or as supplementary
cementitious materials (SCM) added to concrete. However, the focus has been
placed on ‘“cement-free” binders; alkali-activated binder is one such type. Alkali-
activated binders are produced by the reaction of aluminosilicate materials (also
containing calcium)—preferably from waste or industrial by-products, with an alka-
line activator, consisting of an aqueous solution of alkali hydroxide, silicate, car-
bonate, or sulfate. The term “geopolymer” is often used as a synonym, but
according to the Davidovits definition, in geopolymers in the binding phase there
are almost exclusively highly-coordinated aluminosilicates and the content of cal-
cium is usually low; during the alkali-activation process, a zeolite-like structure is
formed (Provis and van Deventer, 2013). Calcined clays and low-calcium fly ash
are typical precursors in geopolymer synthesis, while in alkali activation processes
—which is a broader term—slag, natural pozzolan, fly ash or bottom ash are also
included (Provis and van Deventer, 2013).

Metakaolin has been extensively studied as a precursor for AAM. It is
environmentally-beneficial if it can be obtained as waste (Dembovska et al., 2017),
but metakaolin is usually obtained through the calcination of kaolin between 600°C
and 900°C (Zuhua et al., 2009), which is still a significantly lower temperature than
that in cement production. Hundreds of papers have been published related to this
precursor for different applications, among them the use as repair mortars.
Vasconcelos et al. (2011) studied the use of metakaolin-based geopolymer as a
repair layer and as an adhesive between carbon-fiber reinforced polymer (CFRP)
sheets and concrete substrate. They used a different sand-to-binder mass ratio (30%,
60%, and 90%), and they also varied the sodium hydroxide concentration (12, 14,
and 16 M), and Ca(OH), content (5% or 10%). In most of the cases the adhesion
was too low (recommended minimum given by the Concrete Society is 0.8 MPa)
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and it is assumed that if the sand-to-binder ratio is low, then high shrinkage causes
microcracks on the contact surface, which decreases the bond strength. The bond
strength mechanism proposed by Zhang et al. (2010b) is chemical bonding, whereby
the dissolution of hydrated cement takes place and a new geopolymer gel containing
calcium is formed. Since zeolite-like compounds are formed in the metakaolin-
based geopolymer, which tend to crystallize (at hydrothermal curing conditions),
reorganization on a micro level takes place—which causes a reconstruction of the
gel and loss of compressive strength. Such phenomenon, however, has not been
noticed in fly ash-based geopolymer. Zhu et al. (2013) reported that they have pre-
pared metakaolin-based repair mortars that were cured at 20°C in air and 95 = 5%
relative humidity (AC), sealed in a plastic bag and cured at 80°C (SC), and cured in
a water bath at 80°C (WC). An identical cement-based mortar was also cured. For
the cement-based mortars, it was confirmed that, where high humidity was present
(AS, WC), compressive strength from 7 to 28 days’ value increased, while in the
sealed conditions it decreased (likely because of water evaporation from the sample
at the elevated temperature). For geopolymer samples, in both cases of elevated
temperature (SC, WC), the compressive strength dropped from 7 to 28 days, which
was ascribed to the formation of zeolite. A similar drop is also noticed in bond/
adhesion strength after 28 days in elevated temperature conditions. The X-ray
diffraction (XRD) analyses have confirmed the formation of zeolite for geopolymer
repair mortars exposed to elevated curing. This presents a question about the kinet-
ics of zeolite formation at lower temperatures, because this is related to the
durability aspects.

Slag is rarely used as a single material for repair mortar, but more often in com-
bination with other precursors, mostly metakaolin, which can contribute to
improved properties of the final product (Dufka et al., 2015; Zhang et al., 2010a;
Hu et al., 2008; Tamburini et al., 2017). Slag does not need thermal pretreatment;
often only grinding to obtain a fine, reactive powder. The study by Dufka has con-
firmed that such alkali-activated mortars (the slag-to-metakaolin mass ratio was
4.3:0.5) when exposed to sulfate and chloride solutions did not cause changes in the
mechanical properties, while selected polymer cement-based mortar exhibited a
strong decrease (50%) after exposure to sulfate solution. Zhang et al. (2010a) also
noted that the addition of 10% (and up to 30%) of granulated blast furnace slag-to-
metakaolin reduced the permeability of the prepared geopolymers. He has also pro-
posed a bonding mechanism, supposedly of a chemical nature, caused by the disso-
lution of Ca (in fact breaking of the Ca—O bond in C—S—H gel in strong alkali
conditions), which then reacts with the alkali activator and forms another C—S—H
gel. This interfacial-formed C—S—H gel makes the transition zone more homoge-
nous, providing a strong bonding. Also, portlandite from ordinary Portland cement
(OPC) can react with Al and Si-containing specimens and contribute to the stronger
bond (Pacheco-Torgal et al., 2008a). Hu et al. (2008) also reported a much higher
bond strength for the geopolymer based on metakaolin (calcined at 750°C for
6 hours) than for the cement-based one; the 28-day bond strength for the geopoly-
mer sample was 2.91 MPa, while for the cement repair material it was 1.95 MPa.
An additional slight increase in bond strength was observed when 20% of
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metakaolin was replaced with steel slag. Geopolymer mortar exhibited better abra-
sion resistance than cement mortar; when steel slag was added, this characteristic
also improved.

Contrary to (meta)kaolin, fly ash is waste that does not need any pretreatment
prior to alkali activation. Fly ash, if it fulfils the requirements of EN 197-1: 2011
and EN 450-1: 2012, can be used as an additive for cement to make blended
cement, or added directly to the concrete as a mineral additive. There is still a lot
of available fly ash, while biomass ash could also serve as a precursor for alkali-
activated mortars with high compressive strengths (Temuujin et al., 2010), which
makes it a candidate for use as repair mortar. Wanchai (2014) reported that he
applied lignin-arising fly ash for the repair material in reinforced-concrete struc-
tures. The basic properties of geopolymer mortar were similar to those of cement-
based mortars, e.g., the 28-day compressive strength of all three investigated mix-
tures amounted to ~40 MPa and the load carrying capacity of the optimal alkali-
activated sample was similar to the conventional cement-based repair mortar.
However, the corrosion of steel-reinforcements of fly ash geopolymer reinforced
concrete was higher than in the cement-based case; the weight loss of the rebar was
higher when a geopolymer was used. Consequently, the durability is lowered. In the
paper, there is no data about the microstructure properties, but looking at other stud-
ies of fly ash geopolymer mortars (Natali et al., 2014) it can be observed that geo-
polymer mortars, when compared to cement mortars, have a more open structure.
Using mercury-intrusion porosimetry (MIP), they have confirmed that a more-
compact microstructure is found in cement mortars. In this study, a better corrosion
performance was detected when measured after one week of exposure (in the sam-
ples where the nominal molar ratio Na,O/SiO, was equal to 0.12 and 0.14), but
after 3 months, the geopolymer and the OPC mortars exhibited similar corrosion
behavior. It should be noted, however, that OPC mortar was prepared with a w/c
factor of 0.52. If they had compared mortars with a lower w/c factor (with the addi-
tion of superplasticizers) it is very likely that the cement mortar would have exhib-
ited a lower corrosion rate, due to the more compact structure.

Tungsten mine waste, previously heat-treated at 950°C to increase the amor-
phous phase, was also tested as a geopolymeric binder. Alkali precursors in differ-
ent ratios and Ca(OH), were added to tungsten mine waste, resulting in the highest
compressive strength when 10% of Ca(OH), was added. A correlation between
H,O/Na,O and compressive strength was also found; the lower the H,O/Na,O
molar ratio, the higher compressive strength was obtained, where the maximum
compressive strength was around 70 MPa (Pacheco-Torgal et al., 2008b). The
authors also report very good adhesion strength of such binder, even at early ages,
and it was also shown that adhesion was not affected by the surface roughness of
the substrate, which was not the case with commercially available cement-based
repair mortars. By using scanning electron microscopy (SEM) analysis they con-
firmed that the geopolymer binder is chemically bound to the concrete substrate
(Pacheco-Torgal et al., 2008a).

The benefits of combining alkali activation and classic cement-based bonding
materials have been explored in the research on so-called hybrid systems, where part
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of the cement is replaced by fly ash or other precursors (up to 80%) and activated by
alkali activators. Researchers (Garcia-Lodeiro et al., 2016) reported that in such sys-
tems N-A-S-H and C-S-H gels coexist. With a highly alkaline activator (e.g., 12 M
NaOH) the dissolution of ash is faster than clinker dissolution, but with a moderate
alkaline activator (e.g., 5 M NaOH), then clinker hydration is favored and ash disso-
lution is retarded. with time, the thermodynamically most stable state is established,
which in such systems is the coexistence of C-A-S-H and (N,C)-A-S-H. With such a
combination, the benefits of both systems can be harvested in the reduced CO,
emissions.

Like in cement-based repair mortars, the addition of fibers in AAM can contrib-
ute to mechanical improvements. Lin et al. (2009) reported that the addition of
short carbon fibers to the metakaolin-based mortar—when added in the amount of
3.5 and 4.5 vol. %—significantly contribute to the strengthening and toughening
effect. Flexural strength, e.g., increased by a factor of nearly 5. With higher
amounts of additional fiber, the strengthening effect was reduced, attributed to the
fiber damage and formation of high shear stress at intersections between fibers and
matrix.

Alkali-activated mortars are emerging as prospective materials for concrete
repair which, in spite of some shortcomings and sometimes contradictory reports,
have so far been successfully used for rapid road repair (Hawa et al., 2013), for
marine concrete protection (Zhang et al., 2010a,b, 2012), and stone repair and
protection (Pinto, 2010), etc.

Due to the environmental constraints that promote the use of more
environmentally-friendly materials with a lower CO, footprint, and due to cost
restraints, it is very likely that alternative repair mortars—which AAM belong to—
will find their market share, provided they guarantee the compliance with the stan-
dards’ requirements. Although alkali-activated mortars nowadays may still be more
expensive than cement-based ones because alkaline activators are costly, when
taxes are applied to the cement due to CO, emissions (based on European Emission
Trading Scheme), then the AAM can also become a cost-competitive solution
(Pacheco-Torgal et al., 2008a,b).

11.3 Standard requirements for repair mortars

11.3.1 Introduction

In Europe, the provisions for the repair and protection of concrete structures are
given in a series of European standards (EN 1504 Products and systems for the pro-
tection and repair of concrete structures). The series consist of 10 parts. Part 1 (EN
1504-1:2005) gives the definitions used in the standards. Part 8§ (EN 1504-8:2016)
sets forth the provisions for the quality control and evaluation of conformity. Part 9
(EN 1504-9:2008) is on the general principles for the use of products and systems.
Part 10 (EN 1504-10:2003 and EN 1504-10:2003/AC:2005) gives guidelines for the
site application of the products and systems, and quality control of the work. Parts
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2—7are harmonized standards giving definitions and requirements for different types
of products and systems for the protection and repair of concrete structures as fol-
lows: Part 2 (EN 1504-2:2002) for surface protection systems, Part 3
(EN 1504-3:2005) for structural and nonstructural repair, Part 4 (EN 1504-4:2004)
for structural bonding, Part 5 (EN 1504-5:2013) for concrete injection, Part 6 (EN
1504-6:2006) for anchoring of reinforcing steel bars and Part 7 (EN 1504-7:20006)
for reinforcement corrosion protection. In this chapter, the emphasis is on Part 3
which provides the requirements for structural and nonstructural repair of concrete
structures using repair mortars and concretes. At the time of the preparation of this
chapter, EN 1504-3:2005 was still valid, but a new edition was to be issued. The pro-
visions summarized in the next chapters are taken from draft of EN 1504-3:2015.

11.3.2 Basic requirements

The standard EN 1504-3 specifies the requirements for the identification, perfor-
mance (including durability), and safety of products and systems to be used for the
structural and non-structural repair of concrete structures. The standard covers
repair mortars and concretes based on cementitious and polymer binders, containing
additions, admixtures or fibers, the addition of standardized binders such as calcium
aluminate cement, and the addition of hydraulic or latent hydraulic or pozzolanic
binders and aggregates.

Even though the standard is meant for the repair mortars based on cement and
polymer binders, the methodology can be of help in the assessment of alkali-
activated repair mortars; it can also serve as the basis for the eventual technical
assessment.

Possible fields of application (the principles and methods) of mortars and con-
cretes, as defined in the standard EN 1504-9, are listed in Table 11.1.

The European standard EN 1504-3 classifies mortars and concretes according to
their constituent materials (product classes) and essential characteristics related to
physical properties (performance classes). According to the standard, dependent on
the constituent materials the following product classes apply (Chapter 4 of draft of
EN 1504-3:2015):

* CM 1: Repair mortar product or system containing constituents according to EN 197-1:
2011, EN 12620: 2013, type I or II additions, admixtures or fibers;

* CM 2: Repair mortar product or system containing constituents according to CM 1 allow-
ing the addition of standardized binders (e.g., according to EN 14647: 2005);

* CM 3: Repair mortar product or system containing constituents according to CM 2 allow-
ing the addition of hydraulic or latent hydraulic or pozzolanic binder and aggregates;

* CM 4: Repair mortar product or system containing polymer binder.

Generally, constituent materials for repair mortar/concrete shall not contain
harmful ingredients in such quantities as may be detrimental to the durability of the
concrete or cause corrosion of the reinforcement and shall be suitable for the
intended use as repair mortars/concretes or repair mortar systems for concrete
structures.
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Table 11.1 Fields of application of mortars and concretes
(EN 1504-3)

Principle Method

Principle 3 (CR) 3.1 Hand applied mortar
Concrete restoration

3.2 Recasting with concrete or mortar

3.3 Spraying concrete or mortar

Principle 4 (StS) 4.4 Adding mortar or concrete
Structural strengthening
Principle 5 (PR) 5.3 Adding mortar or concrete
Increasing physical resistance
Principle 6 (RC) 6.3 Adding mortar or concrete
Resistance to chemicals
Principle 7 (PRP) 7.1 Increasing cover with additional mortar or
Preserving or restoring concrete
passivity

7.2 Replacing contaminated or carbonated concrete

Primarily repair mortars and concretes are classified as structural and nonstruc-
tural repair mortars and furthermore as high- and low-strength (or high and high
E-modulus) mortars (Chapter 5 of EN 1504-3:2015). The repair mortars of class R4
are high-class mortars intended to be used for structural repairs, i.e., those applica-
tions where load transfer must be considered in the design of the repair. Class R3
mortars are also intended to be used for structural repairs, but exceed lower
strengths. Class R2 and Class R1 are high- and low-strength mortars intended to be
used for non-structural and cosmetic repair. The required mechanical properties are
listed in Table 11.2.

In addition to minimum compressive strength, the standard defines the minimum
performance requirements related to durability (Chapter 6.2 of EN 1504-3:2015).
The repair mortars of class R4 are high-class mortars intended to be used for struc-
tural repairs in harsh environments. Class R3 mortars are also intended to be used
for structural repairs in severe environments, but exceed lower durability. Class R2
and Class R1 are intended to be used for nonstructural and cosmetic repair in mild
environments. Dependent on the intended repair principle, the following character-
istics related to physical properties are defined: compressive strength, adhesive
bond, elastic modulus, flexural strength, thermal compatibility after dry cycles,
thunder showers or freezing-thawing, shrinkage, and swelling or creep in compres-
sion. Dependent on the intended repair principle, the following characteristics
related to durability are defined as: chloride ion content, carbonation resistance,
coefficient of thermal expansion, capillary absorption, frost resistance, corrosion
behavior, and skid resistance. In test methods, the minimum requirement is given
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Table 11.2 Required mechanical properties of repair mortars

Characteristic Compressive Adhesive Elastic Flexural
strength bond modulus strength

Reference substrate None MC (0.40) None None

(EN 1766)

Test method EN 12190 EN 1542 EN 13412 EN 1015—11

Class R1 =10 MPa =(0.5 MPa | None Measured value®

Class R2 =15 MPa =0.8 MPa | =10 GPa Measured value®

Class R3 =25 MPa =1.5MPa | =15GPa Measured value®

Class R4 =45 MPa =2.0MPa | =20GPa =8 MPa

“No strength-loss at increasing age.

for individual class from R1 to R4 (Table 11.3). Compressive strength, chloride ion
content and adhesive bond are performance characteristics which are required for
all repair principles and methods listed in Table 11.1. Carbonation resistance is
required for all intended uses of principles 3, 4, 6, and 7, and for certain intended
uses of principle 5. Elastic modulus is required for all intended uses of principle 4,
and for certain intended uses of principles 3, 5, 6, and 7. All other performance
characteristics are only required for certain intended uses.

11.3.3 Special requirements

For special applications like high or low temperature, exposure to sea water, or
other sources of high chemical concentration, additional requirements may be nec-
essary—such as, chloride ingress, chloride migration, chemical resistance, sulfate
resistance, restrained shrinkage, bond strength after dynamic load, and durability in
water cycling or calcium hydroxide solution (Annex B of draft of EN 1504-
3:2015). For some of these characteristics, no harmonized European test methods
are available, national regulations shall be applied, and the producer has to give the
declared value.

In the case of products which contain = 1% of organic material by weight or
volume, depending on which fraction is the less advantageous, it is assumed that—
in accordance with the provisions of EC Decision 96/603/EC, including changes—
they fulfill the requirements of the performance classes Al or Alg respectively on
the characteristics in respect of fire behavior without the necessity of a test.

Other products shall be tested and classified in accordance with EN 13501-1:
2007. Where fire resistance is required, this is to be tested in accordance with EN
13501-2: 2016. Prior to the commencement of a fire resistance test, the manufacturer
should check that the intended test(s) is/are in accordance with the execution
requirements for the intended application in the country of destination.
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The electrical resistivity of cementitious repair materials to be used in combina-
tion with all types of electrochemical applications shall be as close to the properties
of the parent concrete as possible (see EN ISO 12696:2012, 05, 5.10.4, Note).

Surprisingly the standard does not provide any requirements for fresh mortars/
concretes such as stiffening time, thixotropy, workability, and pot life. They are to
be defined by the manufacturer and are to be used for identification purposes only.

Although no requirements for fresh mortars/concretes are given in the standard,
they are extremely important for the execution of repair and protection work.
Characteristics like pot life, thixotropy, workability, consistency, etc. must be
selected in accordance with the intended use and adjusted to the application method
selected.

11.3.4 Application of repair mortars and concretes

Site application of products and systems and quality control of the works is defined
in the standard EN 1504-10:2003. As a new edition is pending, the provisions sum-
marized in this chapter are taken from EN 1504-10:2015.

During preparation, protection, and repair work, consideration shall be given to
safety structural stability, chemical, electrochemical, and physical condition of the
substrate to any contaminants, to the ability of the structure to accept loading,
movement, and vibration during protection and repair, to ambient conditions, to the
characteristics of the materials contained in the structure, to the characteristics of
the protection and repair products and systems, and to the time required to gain the
strength of the repair product and system (curing time).

General requirements on substrate and reinforcement preparation given in EN
1504-10:2015 also apply to AAM based repair mortars.

The provisions for the application of repair mortars are given in Chapter 8 of EN
1504-10:2015. They also apply for the AAMs. Some of them are summed up as
follows:

The application of the products and systems shall be suitable for the substrate
and structure to which it is applied. Protection shall be provided so that the prepara-
tion, application, and subsequent curing shall be carried out in accordance with this
standard. Before and during the application of the products and systems, the sub-
strate temperature and moisture content, and the characteristics of the environment
—e.g., temperature, relative humidity, dew point, rate of change of moisture content
as influenced by precipitation and wind, shall be considered. If mortar or concrete
is hand-applied, it shall be decided whether the repair mortar or concrete is to be
built up in layers to prevent sagging or slumping. The layer thickness, time between
application of layers and other requirements shall be specified. Sprayed concrete
and sprayed mortar used as repair material shall comply with the standard for
sprayed concrete, i.e., EN 14487-1 and EN 14487-2. When mortar or concrete is
cast, work shall comply with EN 13670. The method and period of any curing shall
be specified, taking into account the nature of the products and systems, the thick-
ness of the repair and environmental conditions.
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11.4 Performance of alkali-activated repair mortars
based on different precursors

11.4.1 Slag-based repair mortars

Despite the recent increase in research on slag-based mortars (Fernandez-Jimenez
at al., 1999; Brought and Atkinson, 2002; Rovnanik et al., 2016), there is only lim-
ited research on the performance of ground-granulated blast furnace slag (GGBFES)
mortars as repair materials (Kramar et al., 2016).

The main chemical components of GGBFS are represented by the CaO-SiO,-
MgO-AlLO5 system, where the key glass network-forming cations are Si**and
AP’", and the divalent Ca®* and Mg“. They act as network modifiers, along with
other alkalis present (Li et al., 2010). The reactivity of different slags in AAM
mostly depends on their phase composition and glass structure (Mostafa et al.,
2001). The major phases of alkali-activated GGBFS are C-S-H, which are the main
hydration products, regardless of the activator used (Wang and Scrivener, 1995),
and three-dimensional zeolite-like polymers, sometimes also the hydrotalcite, cal-
cite, and AFm phases are present (Li et al., 2010). The products are controlled by
the composition of the slag, the type of activator, and pH environment.

The most commonly used types of activators are sodium hydroxide (NaOH),
sodium silicate of various moduli n (Na,SiO5-nH,0), or mixes of both alkalis.
When the cementitious material contains a large amount of calcium oxide (CaO), as
in the case of GGBFS, the alkali-silicates are, in general, more effective activators
than the alkali hydroxides (Ravikumar and Neithalath, 2012).

The chemical composition of the slag used as the precursor for alkali-activated
mortars in our study is given in Table 11.4.

Regarding the fresh properties of the mortars studied, problems were encoun-
tered when applying alkali-activated GGBFS mortars on vertical surfaces of con-
crete slabs (Table 11.5). In particular, it was difficult to apply the mortars in
thicknesses exceeding 0.5 cm, since the mortars did not apply smoothly, and the
mass was rolling under the trowel during application. In addition, the adhesion to
the surface was very poor, which consequently led to the delamination of the mortar
layer from the surface. The mortar with higher workability had crept down along
the vertical surface. Some mixtures showed a very short workability time, as after
10 minutes the mortar was already stiff. Our previous study showed that the flow
decreased by about 30% of the initial value (Kramar et al., 2016) after 30 minutes.
Furthermore, the setting times, which are of practical importance since they define
the times required for initial hardening and the time interval after which we could
deal with the formed product, are much shorter in comparison to traditional OPC
mortars. Among other precursors, the slag mixtures usually showed the shortest set-
ting times due to the introduction of calcium in the alkali-activated system (Diaz
et al., 2010). The results of studies show that the initial setting time of GGBFS can
be designed and controlled by controlling the characteristics of the activating solu-
tion (Jansson and Tang, 2015). For instance, the initial setting time of GGBFS,
alkali-activated by water glass of various moduli, is dependent on the particle size
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Table 11.4 Chemical composition of precursors for alkali-activated
repair mortars b.d.l. = below detection limit

Slag Fly ash Metakaolin

Si0, 36.28 51.74 68.82
AL O3 11.30 22.92 24.27
Fe,03 0.35 7.40 2.31
CaO 41.39 6.02 0.47
P,0s5 b.d.l. 0.68 b.d.l.
MgO 6.38 2.44 0.19
K,O 0.37 221 0.18
Na,O 0.26 0.79 b.d.l.
TiO, 0.45 0.91 1.14
Cr,05 b.d.l. 0.02 0.02
MnO 0.32 0.07 0.01
SO; 1.08 0.49 b.d.l
LOI b.d.l. 2.3 1.5

b.d.1., below detection limit.

of the GGBFS material and the specific modulus of the water glass, which are both
parameters that have an influence on the viscosity of the activated mixture.

The compressive strength of GGBFS mortars, which increased gradually over
time, usually exceeded 40 MPa after 28 days, as also seen from Table 11.8. The
alkali-activated slag mortars have high early strength, which exceeded 30 MPa after
7 days (Kramar et al., 2016). Thus, it fulfils the requirements of EN 1504-3 standards
for all classes, which prescribe the minimum compressive strength = 15 MPa. In
any case, for a repair material to be considered excellent, a good bond between the
repair material and the concrete substrate is essential (Gorst and Clark, 2003). This
represents the largest obstacle in the case of alkali-activated slag repair mortars,
since, in our experience, the adhesion-to-surface of the tested mortar mixture was
very poor. Among the studied precursors, the shrinkage was probably not the cause
for its delamination, but rather chemical incompatibility. On the other hand, the
modulus of elasticity was very high, even above the requirements for structural
repair products of the highest class (Class R4) given in the standard EN 1504-3.

Another significant phenomenon, which is potentially harmful to the repaired
structure, is the crystallization of soluble salts. The crystallization of soluble salts is
one of the most significant factors affecting the degradation of materials, damaging



Table 11.5 Compositions of alkali-activated mortars

Na-water NaOH Calcite
Mortar Si/Al Na/Al Slag (g) Fly ash (g) glass” (g) flakes (g) Water (g) powder (g) Aggregate (g)
MO 2.82 0.84 557.4 = 22.4 33.4 2323 = 1350
M1 2.83 0.93 501.6 — 22.4 334 2324 55.7 1350
M2 2.93 1.78 501.6 — 44.8 66.8 2324 - 1350
M3 2.66 0.79 501.6 55.7 22.4 33.4 3224 — 1350
M4 2.65 0.86 445.9 55.7 22.4 334 2324 55.7 1350
M5 2.66 0.79 501.6 55.7 224 33.4 256.7 135.0 1215
M6 2.70 0.63 501.6 55.7 33.4 22.4 247.7 135.0 1215
M7 2.70 0.63 501.6 55.7 33.4 22.4 2443 135.0 1215
M8 2.70 0.63 616.1 68.5 40.7 27.9 240.3 110.0 1100
M9 2.84 1.27 445.9 55.7 66.8 44.8 232.3 135.0 1215
M10° 2.70 0.63 501.6 55.7 33.4 22.4 232.3 135.0 1215
Ml1 2.36 0.56 334.4 222.9 33.4 22.4 232.3 135.0 1215
Mi12 2.20 0.53 2229 334.4 334 22.4 232.3 135.0 1215

“Composition of water glass: Na,O, 15.5%; SiO,,
®Addition of 2.5 g of polypropylene fibers.

30.6%.
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porous materials through a range of mechanisms, including the generation of physi-
cal stress derived from the crystallization of salts from the solution in pores, thermal
expansion differences, hydration pressure, and enhanced wet/dry cycling caused by
deliquescent salts (Charola, 2000). AAM contain higher soluble alkali metal concen-
trations, and so efflorescence could be a significant issue when the products are
exposed to humid air or in contact with water (§kvzira et al., 2009, Zhang et al.,
2014, Pacheco-Torgal et al., 2016). Efflorescence is the result of the leaching of
sodium from the alkali-activated matrix, which is only weakly bonded in the struc-
ture of the N—A—S—H gel (Skvira et al., 2012). Efflorescence was already observed
on the surface of the applied alkali-activated slag repair mortar 1 day after applica-
tion and was also extensive after the water absorption test (Fig. 11.1). In addition to
various sodium carbonates, sodium sulfates were also observed for slag mortar
(Kramar et al., 2016). The most extensive crystallization of soluble salts was
observed for the metakaolin mortar, for which besides the porosity the alkali content
introduction was also the highest. Depending on the different absorption rate of the
mortars, either the crust or fluffy efflorescence was formed. The porosity of mortars
was between 11.1% and 15.2%. There was a bimodal distribution of pores with the
first intrusion peak at 0.02 pm and the second at 10 um. Also, the values of capillary
absorption of GGBFS repair mortar were much higher with respect to cement-based
mortars and strongly exceeded the requirement of EN 1504-3.

Concerning durability, a rapid progress of carbonation of the slag mortar was
observed. Fig. 11.2 shows the progress of the natural carbonation of the alkali-
activated mortar after 7 and 28 days of curing in laboratory conditions. As seen
from the SEM/BSE microphotographs (Fig. 11.2B and C), the matrix of the carbon-
ated area of alkali-activated binder is densified with respect to the noncarbonated
area. FTIR spectra clearly indicated enhanced vibrational bands in the region asso-
ciated with the stretching vibration of O-C-O bonds in the carbonate group (CO5>")

Figure 11.1 Efflorescence of alkali-activated repair mortars based on different precursors
(up-metakaolin based mortar, in the middle-slag based mortar, bottom-fly ash based mortar)
after water absorption test.
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Figure 11.2 (A) Carbonation depths of GGBFS repair mortar, (B) SEM/BSE
photomicrograph of noncarbonated area, (C) SEM/BSE photomicrograph of carbonated area.

for the carbonated area (Fig. 11.3). The commonly reported carbonation products of
slag activated by sodium hydroxide or silicate are calcium (polymorphs of CaCOj3)
and sodium carbonates (Puertas et al., 2006; Bernal et al., 2010; Song et al., 2014).
The asymmetric stretching vibration representing the Si—O bond, characteristic of
silicon tetrahedral (SiO,4) in the chain structure of C-S-H, shifted from 995 to
1036 cm ™" after carbonation, indicating the decomposition of C-S-H by carbonation
and a higher degree of polymerization and lengthening of silicates within the
remaining gel. That is, the carbonation of C-S-H makes the structure of silica gel
amorphous such that this band shift signifies the existence of C-S-H before carbon-
ation (Puertas et al., 2006). However, among the alkali-activated precursors, the
slag showed a relatively slow carbonation. According to the literature, an increase
in the activator amount leads to a higher amount of C-S-H and a slower rate of car-
bonation in the microstructure (Song et al., 2014).

The sulfate resistance of mortar specimens (Table 11.6) was evaluated, based on
the length change of the specimens after exposure to sodium sulfate solution for
1 year according to the ASTM C 1012 standard for cement-based materials. The spe-
cimens were cured in lime water and then exposed to the sulfate solution when they
reached the compressive strength of 20 N/mm?, and length change was measured
regularly for 1 year. Immersion of alkali-activated slag mortars in sodium sulfate
solutions showed shrinkage in the first weeks of exposure, but after a few weeks it
promoted expansion as the length of the specimens gradually increased (Fig. 11.4).
The early age shrinkage of the S1 mortar was slightly higher compared to the S2
mortar. However, after 2 weeks the S1 mortar started to expand, thus compensating
for the shrinkage. On the other hand, the S2 mortar started to expand after 4 weeks
and after 1 year it had expanded by 0.02%, which is still well below the 0.10%
expansion limit after 1 year as given by ASTM C 1157. In specimen, after 356 days
of immersion in 5% sodium sulfate solution there was no loss of mass or cracking
observed. An SEM/BSE microphotograph of the mortar showed densification of its
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Figure 11.3 (A) FTIR spectrum of noncarbonated area of alkali-activated slag. (B) FTIR
spectrum of carbonated area of alkali-activated slag. (C) FTIR spectrum of noncarbonated
area of alkali-activated fly ash. (D) FTIR spectrum of carbonated area of alkali-activated fly
ash: (E) FTIR spectrum of carbonated area of alkali-activated metakaolin.

structure after exposure to the sulfate solution with angular particles corresponding
to the unreacted slag (Fig. 11.5). As seen from the Hg-porosimetry results, the poros-
ity of the mortar and average pore size diameter decreased after the sulfate resistance
test (Table 11.6). Therefore, exposure to Na,SO, seems to favor the structural evolu-
tion of the binding phases and densification of the system, which is consistent with
the known role of Na,SO, as an activator in some higher Ca alkali-activated and
hybrid binders (Donatello et al., 2013). Studies report that the key factor controlling
the degradation mechanisms of AAM is not the sulfate itself, as tends to be the case
in Portland cement systems, but rather it is the nature of the cation accompanying
the sulfate anions (Ismail et al., 2013).

11.4.2 Fly ash-based repair mortars

Fly ash can be, based on the CaO content, divided into siliceous or low-calcium,
and calcareous or high-calcium fly ash. The chemical composition consisted mainly



Table 11.6 Compositions of the alkali-activated mortars for the sulfate resistance experiment

Curing time Na-water NaOH NaOH solution
Mortar =20 N/mm? (days) Slag (g) glass (g)" flakes (g) (41.7 wt. %) (g) Water (g) Aggregate (g)
S1 mortar 6 570.9 17.1 17.1 - 358.6 1983
S2 mortar 3 557.4 22.4 33.4 — 232.3 1350
FA2 mortar 16 478.8 177.0 = 67.7 = 1350
FAS8 mortar 13 455.9 168.5 — 64.4 17.7 1350
MK?2 mortar 2 450.0 372.0 37.8 — 5.0 1350

“Composition of water glass for slag and fly ash mortar: Na,O, 15.5%; SiO,, 30.6%; composition of water glass for metakaolin mortar: Na,O, 8.3%; SiO,, 27.5%.
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Figure 11.4 Length change of AAM mortars over a 1-year period exposure to sulfate
solution according to the standard ASTM C1012/C1012C.

Figure 11.5 SEM/BSE microphotographs of the mixtures of (A) slag based, (B) fly ash
based, and (C) metakaolin-based mortars after the exposure to the sulfate solution.

of Si0,-Al,03-Fe,05-CaO-MgO with a higher introduction of Ca in the calcareous
fly ash. The primary reaction product of the alkali activation of fly ash is a three-
dimensional alkaline aluminosilicate gel (alkaline aluminosilicate hydrate,
N—A—-S—H gel). Crystalline zeolites such as herschelite and hydroxysodalite are
obtained as secondary products (Fernandez-Jimenez at al., 2005).

There is a limited number of studies related to the use of alkali-activated fly ash
as a repair mortar (Warid Wazien et al., 2016). The activators used are most fre-
quently sodium hydroxide, (NaOH), sodium silicate of various moduli n
(Na,Si0O3 - nH,0) or mixes of both alkalis.

In our study, siliceous fly ash was used as a precursor for repair mortars
(Table 11.4) and activated with sodium silicate (Kramar et al., 2016). When apply-
ing the alkali-activated siliceous fly ash mortar onto a vertical concrete surface, the
mortar sagged down the surface during application, and the application of the mor-
tar in a thicker layer was not possible. The workability remained unchanged for
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30 minutes. On the other hand, the initial and final setting times of the alkali-
activated fly ash mortar were very long, i.e., more than 40 hours, which in practice
would require accelerators to speed up the setting time of the mortar and to increase
the rate of the hydration process for early strength gain. The longer setting time of
the alkali-activated fly ash binder is due to the slow rate of the chemical reaction at
low ambient temperatures. In literature, however, a reduction in the setting time
was observed as the CaO content increased (Fernandez-Jimenez et al., 2006; Diaz
et al., 2010).

With the most commonly used precursors for AAM, the compressive strength gain is
the slowest for fly ash binder. Specifically, after 7 days the mortars exhibited ~20% of
the 90th day strength, which exceeded 70 MPa (Kramar et al., 2016). The bond strength
of the fly ash mortar is very good and was above the requirements for both structural
and nonstructural repair products of the EN 1504-3 standard. A 100% cohesion failure,
which was attributed to the weak tensile strength of the alkali-activated repair mortar,
was observed. The fly ash mortar shows large shrinkage (gradually increased up to
around —4 mm/m after 56 days) when exposed to air conditions, and expansion in
water was significant (up to 0.5 mm/m after 56 days), which could have contributed to
weak bonding. The modulus of elasticity was above the requirements for structural
repair products of the highest class (Class R4) given in the standard EN 1504-3.

Efflorescence appeared soon after the application of the mortar on the concrete
surface and was also extensive after the water absorption test (Fig. 11.1). It consisted
of crystals of various sodium carbonates (Kramar et al., 2016). Zhang et al. (2014)
reported that the efflorescence behavior of fly ash-based AAM is strongly dependent
on the alkali-activator solution type, curing temperature, and slag addition, as the
composition and microstructure change when these factors are varied. At the same
alkali content (in terms of Na,O-to-solid-precursor mass ratio), soluble silica present
in the activator restricts the early age efflorescence of AAM cured at room tempera-
ture. Sodium is bound weakly in the nanostructure of the N—A—S—H gel and is
almost entirely leachable, which causes AAM to be prone to efflorescence with
excessive remnants of alkalis in the system (ékvara et al., 2012). The same authors
reported that almost all Na can be leached out of the gel without compromising com-
pressive strength. The porosity of fly ash mortar was ~ 13% and a unimodal distribu-
tion of pores with peak at 0.2 pm was observed. The values of capillary absorption
of fly ash repair mortar were much higher (3—7 times) with respect to cement-based
mortars, and strongly exceed the requirement of EN 1504-3, which should not
exceed 0.5 kg/m?h®>. Other researchers, however, reported that capillary water
absorption was low for fly ash mortars activated with different M of NaOH, i.e., in
the range from 0.1 to 0.45 kg/m>h®> (Tahri et al., 2015).

Carbonation testing has shown that, in comparison to slag-based mortars, the
fourier transform infrared (FTIR) spectra of the alkali-activated fly ash mortars
showed only slightly enhanced intensities of vibrational bands in the region corre-
sponding to the carbonates, which were insignificant in the noncarbonated area
(Fig. 11.3). With respect to the slag base mortars, the formation of carbonates is not
so intense in this case. This is most probably related to the low-calcium content in
the system. Thus, sodium bicarbonates were reported as reaction products after the
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carbonation (Criado et al., 2005). The asymmetric stretching vibration representing
the Si—O bond characteristic of the silicon tetrahedral (SiO,) in the chain structure
of C-S-H shifted from 1015 to 1031 cm ™' after carbonation, indicating a higher
degree of polymerization and the lengthening of silicates within the remaining gel.
In alkali-activated concrete, the carbonation is hypothesized as the reaction of the
sodium hydroxide with CO,-forming sodium carbonate hydrates (Low et al., 2015;
Criado et al., 2005). The OPC produce Ca(OH), and C—S—H gel, while the geopo-
lymers produced [Mz(AlO,)x(SiO,)y_nMOH_mH,0] gel (Law et al., 2015).

When alkali-activated siliceous fly ash mortars (Table 11.6) were exposed to
sodium sulfate solution for 1 year, a slight shrinkage was observed after 4 weeks
(Fig. 11.4). After that period, the shrinkage remained constant; the change in length
was in general very small and less than 0.02% for both studied mixtures. This could
be related to the migration of alkalis from the specimens into the solution. In our
study, mechanical properties before and after sulfate exposure were not determined,
but according to Bakharev (2005), the loss of compressive strength of mortars was
noticed and was ascribed to the leaching. On the contrary, other authors (§kvara
et al., 2005; Fernandez-Jimenez et al., 2007) reported the increase of the compres-
sive strength in the later stages of exposure. The appearance of the pastes exposed
to Na,SO, showed no significant physical change after 1 year of exposure, how-
ever, a slight dusting of the surface can be observed. The porosity of the mortar
increased slightly after the end of the sulfate resistance test, but average pore size
decreased (Table 11.7).

11.4.3 Metakaolin-based repair mortars

The two major components of metakaolin precursor for the alkali-activated binder
are SiO, and Al,O3. Many authors (Granizo et al., 2002) have found that the prod-
uct of metakaolin activation with NaOH solutions is N—A—S—H gel with good
mechanical properties. In addition, the amorphous N—A—S—H gel has a similar

Table 11.7 Results of the MIP after sulfate resistance test

Average pore Median pore Bulk Apparent

Porosity diameter (um) | diameter by density density
Mixture (%) volume (pum) (g/mL) (g/mL)
S2 11.2 0.02 0.2 2.14 2.41
S2 sulfate 9.4 0.01 0.03 2.13 2.45
FA2 13.1 0.08 0.83 2.14 2.46
FA2 sulfate 15.0 0.02 0.03 2.14 2.36
MK2 17.3 0.05 0.06 2.02 2.44
MK?2 sulfate | 16.9 0.01 0.01 2.04 2.45
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chemical composition to natural zeolitic materials, but without the extensive crys-
talline zeolitic structure (Barbosa et al., 2000).

Among the precursors, the majority of studies use the metakaolin precursor as
repair mortars with sodium silicates or hydroxide as the activator (Alanazi et al.,
2016; Zanotti et al., 2016, Moura et al., Kramar et al., 2016).

The composition of the metakaolin used in our study is given in Table 11.4.
Regarding the fresh properties of the mortars, problems were encountered with the
application of the mortar mixture on the vertical surface of the concrete as the mor-
tar mass crept down the surface. The flow also remained equal after the 30 minutes
indicating the stability of the metakaolin mortar (Kramar et al., 2016). Workability
of mortar is usually reduced with the molar concentration of hydroxide, as high
sodium hydroxide concentrations reduce the flow (Pacheco-Torgal et al., 2011).
Some studies showed that the addition of up to 10% of CaOH, reduced the flow of
the mortar (Pacheco-Torgal et al., 2011). On the other hand, the initial and final set-
ting times were between 7 and 8 hours respectively, which is much longer in com-
parison to the OPC, but much shorter than for the studied fly ash mortar. The
setting time is also dependent on the SiO,/Al,O ratio and Na,O/SiO, ratio (Silva
and Sagoe Crenstil, 2008; Chindaprasirt et al., 2012).

The gain in the compressive strength of the alkali-activated binders using meta-
kaolin as a precursor is very fast, as after 7 days they have already reached their final
strength. It is usually reported to be more than 30 MPa (Vasconcelos et al., 2011) or
even 70 MPa after 7 days (Kramar et al., 2016). Studies showed that a higher NaOH
concentration leads to a compressive strength increase (Vasconcelos et al., 2011). In
our study, the reported bond strength (2.0 N/mm?) to the concrete substrate was also
above the requirement, with an observed cohesion failure in the concrete substrate, as
well as in the mortar layer and adhesion failure. The metakaolin mortar shows a small
air shrinkage (up to around -0.5 mm/m), and a high expansion in water (up to
0.5 mm/m after 56 days). The modulus of elasticity is above the requirement for
structural repair products of the highest class (Class R4) given in EN 1504-3.

The efflorescence appeared soon after the application of the metakaolin mortar
on the concrete surface (Fig. 11.1) and consisted of various sodium carbonate
hydrates (Kramar et al., 2016). The porosity of fly ash mortar was 16%, with
bimodal distribution of pores, with an intrusion peak at 0.03 pm and the second at
1 pm. The values of capillary absorption of metakaolin repair mortar were much
higher with respect to cement-based mortars and strongly exceeded the requirement
of EN 1504-3.

Carbonation of metakaolin mortars is relatively fast. However, it is interesting to
note that there was no significant vibrational band attributed to the carbonates observed
on the FTIR spectrum after the carbonation (Fig. 11.3). In metakaolin-based geopoly-
mer activated by sodium silicate, in which calcium is barely detectable, the presence of
CO, will lead to the formation of sodium carbonates (Pouhet and Cyr, 2014).

As seen in Fig. 11.4, the metakaolin mortar (Table 11.6) showed a rapid expan-
sion (up to 0.06%) immediately at the beginning of the exposure period, which did
not change with the exposure after 1 year. The expansion was found to be well
below the 0.10% expansion limit at 1 year, as indicated by ASTM C 1157, but still
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the highest among the tested precursors. This could be related to the previous cur-
ing in lime water and high porosity, as it was the highest for metakaolin mortar
among the investigated mortars (Kramar et al., 2016). Chareerat (2008) reported
that the particle size of raw materials was essential to the expansion of the sub-
merged geopolymer in sulfate solution. There was no significant change observed
in porosity after the sulfate resistance test (Table 11.7).

11.4.4 Repair mortars based on mixtures of different precursors

Due to the issues raised in our previous study (Kramar et al., 2016), we tested a
series of slag/fly ash-based mortars, as the substitution of fly ash by slag is reported
to reduce the efflorescence rate (Zhang et al., 2014).

The first series of mortar mixtures (M1-M6) was applied to verify the influence
of the alkali/precursor ratio, replacements of the precursor with calcite powder, slag
with fly ash, slag with fly ash and calcite, and aggregate with calcite, with respect
to the MO mortar, which was tested in our previous studies, showed poor adhesion,
high efflorescence, and was quite stiff to apply (Table 11.8).

The application of all those mortars to the vertical concrete surface was difficult
because of the mortar mass “roll,” since the grip on the surface was very poor con-
sequently leading to the delamination of the mortar layer or, with mixtures with a
higher alkalis/binder ratio, creeping down the surface. The water retention of some
mortars was low, and the mortar mixtures had already lost their workability (densi-
fied) after 10-15 minutes, which obstructed further handling of the mass. The addi-
tion of fly ash contributed to a better grip to the concrete surface, with the mortar
not immediately falling off. When replacing a part of the aggregate with calcite
powder, the application of those mixtures (M5, M6) was smoother and the texture
of the mortar was favorable due to the higher amount of fine fraction. In addition,
the grip to the surface was better. However, M5 stiffened quite quickly, thus we
increased the water glass/NaOH ratio for the M6 mortar.

None of the mortar mixtures developed a good adhesion to the concrete surface
after 28 days. However, the mixture M6 showed a very low efflorescence rate when
applied to the vertical surface of a concrete slab. After 28 days of curing, all the
mixtures were exposure to water and showed efflorescence. The optimal properties,
such as application behavior, mortar texture and the amount of the efflorescence,
have been found for the M6 mortar, which was then optimized.

For the next 6 mortar mixtures (M7-M12) the following parameters: binder/
aggregate ratio, activator/precursor ratio, influence of PP fibers, and slag/fly ash
ratio were varied. In the mixture with the higher binder/aggregate ratio problems
arose related to fast stiffening and it had a poor grip on the concrete surface. The
replacement of slag with fly ash contributed to the higher workability, as the flow
was increased at a constant w/b ratio (Table 11.8).

After the application of the mortar to the surface, a significant reduction of the
efflorescence was observed with respect to the first series. Also, after the water
absorption, the efflorescence did not appear on the surface of the mixtures that had
a Na/Al ratio of less than 0.7 (Table 11.1). The introduction of the fly ash reduced
the Na/Al ratio. The Si/Al ratio was reduced as well. When slag is used to partially
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Table 11.8 Properties of alkali-activated mortars

Flexural Compressive
Mortar Flow (mm) strength (N/mm?) strength (N/mm?) Porosity (%)
MO 160 4.7 48.1 11.1
Ml 157 6.7 454 13.3
M2 173 7.7 34.4 14.3
M3 191 7.1 54.2 15.2
M4 202 5.0 46.3 16.4
M5 184 4.1 472 17.5
M6 210 7.9 52.6 17.7
M7 195 6.4 52.1 19.9
M8 165 8.2 65.5 14.3
M9 200 7.0 53.8 30.6
MI10 172 8.6 57.3 17.4
Ml1 210 6.6 47.1 17.2
M12 236 52 37.2 20.5

substitute fly ash in alkali activation as a source of Ca, the pore sizes and porosities
are smaller than those in nonslag-containing samples with either room temperature
or hydrothermal curing, which leads to a much lower efflorescence rate (Zhang
et al., 2014). Other authors also reported that the effect of slag-blending on the
efflorescence of geopolymers is more related to reduction in permeability rather
than the chemical binding of alkalis (Najafi Kani et al., 2011).

With the exception of mixture M9 (bond strength was 0.95 N/mm?), which had a
higher activator/precursor ratio, there was, however, practically no adhesion
between the mortars and concrete surface for the investigated mortars.

In general, the replacement of slag with fly ash reduced the 28-day compressive
strengths, due to the slower reaction of the fly ash. A larger binder/aggregate and
activator/precursor ratio increased the compressive strength.

11.5 Future trends

So far, many researchers succeeded in obtaining AAM with good workability and
high compressive strength, which are the prerequisite for considering the potential
of such material to be used as repair mortars for concrete. But, as can be seen from
literature, as well as from our own experience, there is still room for progress in the
development of repair mortar.
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The most researched system is that with metakaolin as the precursor material.
For this system, there are also reports about its successful use as repair mortar in
real conditions (Zhang et al., 2010 a,b). Attempts have also been made with many
other (waste) materials and their combinations to be used as repair mortars, but
mostly at a laboratory level. For such precursors, there is still no definite answer as
to which activators are the most adequate and what their ratio to the precursors
should be in order to develop repair mortars that would meet all the criteria pre-
scribed in the standard for concrete repair mortars. It seems that, due to the com-
plexity of the systems, the most common approach is still that of trial and error,
which can be time consuming and usually does not give complete insight into the
mechanisms of bonding.

Furthermore, there are some other open issues. Among them, the urgent one is the
development of commercially available superplasticizers for such alkali-activated
systems. These systems certainly need effective superplasticizers that will make
structure denser. It is often reported (Natali et al., 2014; Zhang et al., 2010a,b)
through determination of water absorption, capillary uptake, and/or mercury intru-
sion porosimetry (MIP), that such systems are rather open on a microstructural level,
in comparison to cement-based mortars, and consequently prone to the ingress of dif-
ferent chemicals. Chloride, sulfate, and water can easily penetrate the structure,
which can cause different types of deterioration.

Having a denser structure might also hinder the problem with efflorescence,
which is also one of the major issues when using alkali-activated repair mortars.
Some successful attempts have been made to decrease efflorescence by application
of potassium activators instead of sodium ones, or by adding calcium aluminate
admixture, which reduces the mobility of alkalis, or even by application of hydro-
thermal curing (Pacheco-Torgal et al., 2012a). As apparently from recent research,
some of the shortcomings might be overcome by the application of hybrid systems
(Garcia-Lodeiro et al., 2016).

The last, but not the least important, factor that needs further investigation is the
adherence of alkali-activated mortars to different substrates. In some publications
(Vasconcelos et al., 2011) it is reported that the adherence of alkali-activated mor-
tars to the cement-based substrate is poor. The influential parameters are chemical
bonding between AAM layer and substrate, shrinkage/expansion matching, and also
mechanical interlocking (usually improved if the surface is rough).

For market penetration and technical acceptance, some more successful demon-
strated cases (not only laboratory ones) which will give certainty about compatibility,
durability, and long service life, will be of the utmost importance.
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12.1 Introduction

Worldwide infrastructure rehabilitation costs are staggering. The patch repair
method is widely used to restore the original conditions of the concrete structures
(Emmons and Vaysburd, 1994, 1996). Most patch repair mortars fall into two cate-
gories: mortars based on organic binders (epoxy resin or polyester) or those based
on inorganic binders, like Portland cement (PC). The former are associated with
toxic side effects (Pacheco-Torgal et al., 2012b) while the latter are known for their
high embodied carbon (Pacheco-Torgal et al., 2013). Geopolymers are novel inor-
ganic binders with a high potential to replace PC-based ones (van Deventer et al.,
2012). The geopolymerization of alumino-silicate materials is a complex chemical
process involving the dissolution of raw materials, transportation or orientation, and
polycondensation of the reaction products (Li et al., 2010; Van Deventer et al.,
2010; Provis, 2014; Pacheco-Torgal et al., 2016). Investigations in the field of geo-
polymers reveal a third category of mortars with potential to be used in the field of
concrete patch repair (Pacheco-Torgal et al., 2012a). Some authors (Pacheco-Torgal
et al., 2008a) have shown that concrete specimens repaired with geopolymeric mor-
tar and one day curing have higher bond strength than specimens repaired with cur-
rent commercial repair products after 28 days curing. This is a promising
performance because adhesion to the concrete substrate is a crucial property of the
repair mortars (Khan et al., 2012). This chapter presents results of an investigation
concerning the development of geopolymeric repair mortars based on a low reac-
tive, calcined clay. The influence of replacing small amounts of calcined clay with
fly ash (FA) and metakaolin (MK) was also studied.

12.2 Experimental work

12.2.1 Materials

The clay materials used originate from Medenine Region of Tunisia. Previous
studies performed on many clay materials showed that kaolinite is the major
mineral and quartz the major impurity. The dried clay fractions were crushed in

Eco-efficient Repair and Rehabilitation of Concrete Infrastructures. DOI: http://dx.doi.org/10.1016/B978-0-08-102181-1.00012-5
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a mortar and then sieved to 100 pm. The clay fractions were calcined in a pro-
grammable electric furnace (Nabertherm, Mod.LH 60/14) for 6 hours at a heating
rate of 11.33°C/min at a temperature of 700°C (Essaidi et al., 2014). Results of
the chemical composition of the clay fractions are given in Table 12.1. Fig. 12.1
presents the X-ray diffractograms (XRD) of the natural clay (NC). The basic
clay mineral in the clay fractions is kaolinite, associated to quartz and illite.
Minor amounts of gypsum and hematite can be considered as impurities.
Quantitatively, the diffractogram confirms that this clay has lower kaolinite con-
tent. The characteristic peaks of illite (8.8, 18.8, and 19.9°C) can be observed.
The overall result shows that the thermal treatment of the clay fractions at 700°C
is enough to transform kaolinite into metakaolinite. This is in agreement with the
thermal analyses—differential scanning calorimetry (DSC) and thermo-
gravimetric (TG)—results, which show that the dehydroxylation of kaolinite starts
from around 480°C. In the X-ray diffraction patterns of the calcined clay, the
disappearance of the kaolin peaks and their change to metakaolinite was
observed. After calcination, the kaolinite disappeared but some traces of illite
remained almost intact. However, after calcination gypsum was transformed into
anhydrite. Fig. 12.2, presents DSC and TG curves of the clay fractions of NC.
The thermal behavior, typical of kaolinite clays is displayed (Mackenzie, 1957;
Bouaziz and Rollet, 1972). The interval (20—120°C) showed the period of drying
the raw material, which consisted of the disappearance of the water molecules.
From 400 to 500°C, the kaolinite changed into the new metakaolinite phase.
Between 600 and 800°C, calcite also decomposed, generating CO,. The SEM
analysis (Fig. 12.3) shows the morphology of the raw material, which consisted
of major mineral clay kaolinite layers. This transformation of kaolinite into meta-
kaolinite produces a more reactive material. This result was confirmed by the
infrared spectra of the raw material NC (Fig. 12.4), in which some absorption
bands characteristic of kaolinite are present (3693—3619cm ") (Kakali et al.,
2001).

Table 12.1 Chemical composition of the natural
clay (NC) fractions

Raw material (clay, NC)

Oxides Weight (%)
SiO, 60.80
Al,O4 16.20
CaO 2.15
F,0;5 5.87
SO; 0.08
K>0; 2.71
MgO 2.38
Na203 0.003
PF 9.16
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Figure 12.1 X-ray diffractograms of the raw material natural clay (NC) and calcined clay at

700°C (CC).
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Figure 12.2 Thermo-gravimetric analysis/differential scanning calorimetry (TGA/DSC) of

natural clay (NC).

12.2.2 Mix proportioning and synthesis

The alkaline solution used was a mixture of an aqueous solution of sodium
hydroxide 12M and sodium silicate, with a bulk density of 1350 kg/m’® and
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Figure 12.3 Morphology of the natural clay (NC): (A) Before calcination; (B) After
calcination.
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Figure 12.4 Fourier transform infrared (FTIR) spectra of raw material: (A) to natural clay
(NC) and (B) calcined clay (CC).

ratio: Na,SiO3/NaOH = 2.5. The sodium hydroxide solution was obtained by dissol-
ving dried pellets of 99% purity in distilled water. The sodium silicate solution had
a composition by weight of Na, (SiO,),. y (H,0) in which 3.19 =x=3.53 and
50% =y = 60%. The geopolymer mortar consisted of a mixture of the alkaline solu-
tion, powdered calcined clay, calcium hydroxide and sand. The sand has a maxi-
mum dimension of 4 mm and a density of 2660 kg/m>. The calcium hydroxide had
more than 70% of CaO and a density of 460 kg/m>. Several authors have shown
that the use of minor amounts of calcium hydroxide is crucial for the strength and
durability of geopolymers (Lee and Van Deventer, 2002; Yip et al., 2005; Pacheco-
Torgal et al., 2008b; van Deventer et al., 2012). The assembly was mixed in a
Hobart mixer (M & O, model N50-G) for 3 minutes. The sample of geopolymer
mortar was vibrated in the vibrating table to remove entrapped air bubbles. During
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the hardening of the geopolymer samples, the molds were covered with a thin plas-
tic film to avoid water evaporation and then kept for 24hours at the ambient atmo-
sphere of the laboratory (24—26°C). After measurement of the compressive
strength, certain fragments of geopolymer mortar samples were kept for XRD,
FTIR, TGA, DSC, and SEM analyses. Table 12.2 shows the composition of the
geopolymeric mortars. In a second phase, a new set of six mixtures was prepared,
based on GIR3, containing 80% of the initial activator/binder ratio and with a par-
tial replacement of Tunisian clay by FA and MK (Table 12.3). The compositions of
MK and FA are presented in Table 12.4.

12.2.3 Workability

The workability assessment has been conducted with a truncated conical mold and
a jolting table, according to the standard EN 1015-3.

12.2.4 Unrestrained shrinkage

Unrestrained shrinkage was determined according to LNEC E398-1993 standard.
The specimens were removed from the molds 24 hours after being mixed and
placed, then were wrapped with Perspex paper. Other authors used aluminum paper,
having reported the formation of hydrogen gas bubbles due to a reaction between
the aluminum and the alkalis from the mortar (Pacheco-Torgal et al., 2008c). The
measurement of shrinkage was carried out on hardened geopolymer mortar samples
aged at 1, 7, 14, and 18 days respectively.

12.2.5 Compressive strength testing

Compressive strength data was obtained according to EN 1015-11 standard. The
fresh mortar was cast and allowed to set at room temperature for 24 hours before
being removed from the molds and kept at room temperature (20°C) until being
tested. Compressive strength for each mortar mixture was obtained from an average
of three specimens. The compressive strength was determined on the hardened geo-
polymer mortar samples, aged of 28 days using an electrohydraulic press (M & O,
type 11.50, N°21) at an average rate of 3 mm/min.

Table 12.2 Mixture quantities—first phase

Materials

Activator (g)

Calcined Lime Sand (Lime + Calcined
Mixtures | clay (g) (g) (2 Na,SiO; | NaOH clay)/sand
GIR2 674 74.8 1496 535 213 1:2
GIR3 674 74.8 2250 535 213 1:3
GIR4 674 74.8 2992 535 213 1:4




Table 12.3 Mixture quantities—second phase

Activator (g) Mass Mass
ratiog, = ratiop o =
Calcined Lime Sand FA FA Mk Mk (Lime + Clay)/ [ Na,SiO3z/
Mixtures clay (g) (€9) (€9) Na,SiO; [ NaOH | (g) (%) () (%) sand NaOH
G1R.3_80% 1264.79 140.53 | 4215.97 | 801.97 32229 |0 — 0 — 1: 3 2,5
_REF
GIR3_80% 1138.31 140.53 | 4215.97 | 801.97 32229 12648 |10 0 —
_10%FA
G1R3_80% 1075.07 140.53 | 4215.97 | 801.97 322.29 189.72 | 15 0 —
_15%FA
G1R3_80% 1138,31 140.53 | 421597 | 801.97 32229 |0 — 126.48 | 10
_10%Mk
GIR3_80% 1075.07 140.53 | 4215.97 | 801.97 32229 |0 — 189.72 | 15
_15%Mk
G1R3_80% 885.35 140.53 | 4215.97 | 801.97 32229 |0 — 379.44 | 30
_30%Mk

MK, metakaolin; FA, fly ash.
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Table 12.4 Chemical composition of metakaolin (MK) and fly ash
(FA)

Constituents (%) MK FA
SiO, 61.26 49.12
Al,O4 27.0 27.3
Fe,05 3.08 8.19
CaO 0.159 2.36
MgO 0.161 1.42
Na,O 0.096 0.99
K,0 6.622 3.34
SO3 0.048 —
TiO, 0.994 2.32
P,05 0.325 —
Zn 0.005 —
71O, 0.056 —
Other oxides 0.255

12.2.6 Modulus of elasticity

The modulus of elasticity was determined using cylindrical samples with a diameter
of 50 mm and a length of 100 mm. These specimens were tested after the estab-
lished curing time of 28 days. The values of the modulus of elasticity were obtained
from the average of the three specimens.

12.2.7 Adhesion strength and flexural strength of Portland
cement concrete rehabilitated beams

Bond strength is one of the most important properties of concrete repair materials.
Bond strength depends on the repair material characteristics and on the roughness
of the concrete substrate surface. In this investigation, the Pull-off test was used
to assess this property. This test was done according to the standard BS EN 1542
(1999). A 20 MPa compressive strength was used as substrate (Table 12.5) and a
geopolymeric mortar layer was cast over the concrete substrate. A circular hole
(50 mm diameter and 60 mm in depth) was then cut through the mortar layer.
Afterwards, several metallic discs were glued with epoxy resin to the geopoly-
meric mortar. The Pull-off machine (Proceq Dyna Z15 device) was attached to
the metallic discs, allowing for the assessment of the adhesion strength until
rupture. Additionally, several concrete beams, with the same composition of the
Pull-Off substrates (Table 12.5) and with dimensions of 100 X 100 X 1000 mm?,
were water-cured during 28 days until they were tested for flexural strength.
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Table 12.5 Composition of the Portland cement (PC)
concrete substrate used in the Pull-off test (kg/m>)

Components Mix
Cement II 32.5 400 kg
Fine river sand 578 kg
Coarse aggregate 1066 kg
W/C ratio 0.53 kg
Fc 28 days (MPa) 20.3

Figure 12.5 Portland cement (PC) concrete rehabilitated beams preparation: (A) placement
of a geopolymeric primer; (B) placement of the metallic grid; (C) covering the metallic grid
with geopolymeric mortar; (D) concluded beam.

The concrete beams were rehabilitated with a metallic grid and geopolymeric

mortars (Fig. 12.5).

12.2.8 Fourier transform infrared

The FTIR spectra were acquired in the attenuated total reflectance (ATR) mode,
between 4000 and 550 cm ™', using a Perkin Elmer FTIR Spectrum BX with an
ATR PIKE MIRacle. The specimens for FTIR study were prepared by mixing 1 mg
of sample in 100 mg of KBr. Spectral analysis was performed over the range

4000—400 cm ™! at a resolution of 4 cm™

1
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12.2.9 Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out using a Phillip XL 30 on pel-
lets from hardened geopolymer samples aged at 28 days.

12.3 Results and discussion

12.3.1 Workability

The investigations showed that the flow diameter for the three mixtures decreases
when the sand mass increases. The mixture with a binder/sand ratio of 1:2 has an
excessive flow (23 cm), while the mixture with a binder/sand ratio of 1:3 has a flow
currently found in most mortars (180 mm). The mixture with a binder/sand ratio of
1:4 seems to has a low flow diameter. However, it is acceptable when using the
hand placement technique in which higher flows are not desirable, in order to avoid
detachment risks.

12.3.2 Unrestrained shrinkage

The results of this test are shown in Fig. 12.6. In the first 2 days, the shrinkage
increases very rapidly. Since the tests have been carried out with the isolation of
specimens under a perspex film to avoid the evaporation of water, the measured
shrinkage is the due to the hydration reaction (autogenous shrinkage).
Consequently, the rapid increase in the first two days is relative to the capillary ten-
sions within the gel framework during geopolymerization (Brinker and Scherrer
1990). Other authors (Teixeira-Pinto, 2004) that used alkali-activated MK-based
binders in similar experimental conditions reported shrinkage results between 500
and 840 microstrain. Since mortars used in PC patch repair require very low shrink-
age (Cusson, 2009) this means that those geopolymeric mortar mixtures show an
unacceptable performance. Fig. 12.7 shows the unrestrained shrinkage of the second
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Figure 12.6 Shrinkage of the mixture with a binder/sand ratio of 1:3 as function of curing
time (days).



302 Eco-efficient Repair and Rehabilitation of Concrete Infrastructures

6,E+03
5,E+03
4,E+03

3,E+03

2,E+03

1e+03 41 1 —&—15% FA
g —10%MK ——15% MK —8-30% MK
0,E+00 # ; ‘
0 5 10 15 20

Time (d)

Shrinkage (Microstrain)

Figure 12.7 Unrestrained shrinkage of the modified G1R3 geopolymer mixture as function
of curing time (days).

set of mixtures. The maximum unrestrained shrinkage is of ~500—600 microstrain
and is due to the reduction of the alkaline activator. The partial replacement of
Tunisian clay by FA also leads to a lower unrestrained shrinkage performance
than the reference mixture. Partial replacement by MK outperforms FA-based
mixtures. The comparison of the unrestrained shrinkage in 15% FA mortar and in
15% MK shows a very relevant difference. When 30% MK is used, the observed
unrestrained shrinkage is very low. This means that the new geopolymeric mortar
mixtures based on the partial replacement of Tunisian clay by MK have an
acceptable performance concerning this parameter.

12.3.3 Compressive strength

Fig. 12.8 shows the compressive strength results at 28 days curing. Although it
seems that the compressive strength is influenced by the sand/binder mass ratio, the
differences are very slight and fall within the standard deviation interval. The com-
pressive strength at 28 days curing is below typical compressive strength of old PC
reinforced concrete structures, in which 20—30 MPa can be expected, thus meaning
that repair mortars should have a strength of at least 30 MPa. Other authors
(Pacheco-Torgal et al., 2011) analyzed mortars with the same activator/binder ratio
and the same 12 M sodium hydroxide concentration obtaining a 40 MPa compres-
sive strength just after 7 days curing. However, they used MK as a binder, which is
much more reactive than the calcined Tunisian clay used in this investigation.
Mixtures with a small replacement of calcined Tunisian clay by MK should also be
analyzed for compressive strength. Fig. 12.9 shows the compressive strength of the
second set of mixtures. The results show that the partial replacement of Tunisian
clay by 10% or even 15% of FA is not advantageous for 28 days compressive
strength. The same occurs for flexural strength, although the 15% FA mixture
shows a minor increase when compared to the reference mixture. This behavior is
related to the low reactivity of FA. In the geopolymeric mixtures in which the
Tunisian clay was partially replaced by MK, an increase in compressive strength is
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Figure 12.8 Compressive strength for geopolymeric mortar mixtures with sodium hydroxide
concentrations (12 M) and sand/binder mass ratios (R=2; R=3, R=4).

40.0
35.0 GIR3-80% I
30.0 "
25.0 I
20.0
15.0
10.0
5.0
0.0

Compressive strength (MPa)
=
=
—

REF  10% FA 15% FA 10% MK 15% MK 30% MK
Different (%) of FA and MK added to GIR3-80%

Figure 12.9 Compressive strength of the modified G1R3 geopolymer mixture.

visible only for 15% and 30%. The replacement of Tunisian clays by 15% and 30%
MK allows for compressive strengths around 30 MPa, which are typical of old PC
reinforced concrete structures and constitute an important compressive strength
requirement for repair mortars.

12.3.4 Modulus of elasticity

The modulus of elasticity of the mixtures with a binder/sand ratios of 1:3 and 1:4
are 1 and 0.82 GPa, respectively. Although these values are very different from typ-
ical PC-based binders, they bear some resemblance with the ones reported by other
authors for the same compressive strength (Duxson et al., 2005, 2006). The modu-
lus of elasticity at 28 days curing is below the typical modulus of elasticity of
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Ordinary Portland Cement (OPC) reinforced concrete structures. For a concrete sub-
strate with 25 MPa compressive strength at 28 days and using the EN 1992-1-1
(2004) European code expression E., = 22[(fom)/ 10]0'3t0 predict modulus elasticity,
one obtains a value of 29 GPa. Therefore, in order to meet structural compatibility
requirements (Table 12.6) new mixtures with a modulus of elasticity around 29
GPa are needed. Fig. 12.10 shows the modulus of elasticity of the second set of
mixtures. The results show that the modulus of elasticity increases slightly with the
replacement of Tunisian clay by FA. This behavior is not influenced when the FA
percentage increase from 10% to 15%. A higher modulus of elasticity is associated
with the replacement of Tunisian clay by MK. This behavior is partially related to
the increase in the compressive strength.

12.3.5 Adhesion strength and flexural strength of rehabilitated
beams

The results of the adhesion strength in the Pull-off test show that the geopolymeric
mortar which contain 15% FA replacement led to an increase of the adhesion
strength by ~40%. The replacement of 30% calcined clay by MK leads to an adhe-
sion strength increase of almost 80%. Furthermore, experimental tests have shown
that it takes a 40% replacement of the Tunisian clay by MK to reach the 0.8 MPa
threshold of adhesion strength for patch repair of reinforced concrete (Concrete
Society, 1991). The flexural strength of the PC concrete beams rehabilitated with
geopolymeric mortars is shown in Fig. 12.11. The concrete beams repaired with the

Table 12.6 Structural compatibility—general requisites for repair
mortars

Relation between the repair mortar (Rp) and the

Properties concrete substrate (Cs)
Strength in compression, Rp=Cs

tension, and flexure
Modulus in compression, Rp~Cs

tension, and flexure
Poisson’s ratio Dependent on modulus and type of repair
Coefficient of thermal Rp~Cs

expansion
Adhesion in tension and in Rp=Cs

shear
Curing and long-term shrinkage Rp=Cs
Strain capacity Rp=Cs
Creep Dependent on whether creep causes desirable or

undesirable effects

Fatigue performance Rp=Cs

Source: From Morgan, D., 1996. Compatibility of concrete repair materials and systems. Constr. Build. Mater. 10
57—67.
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Figure 12.10 Modulus of elasticity of the modified G1R3 geopolymer mixtures.
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Figure 12.11 Flexural strength of the Portland cement (PC) concrete rehabilitated beams.

calcined clay and 30% MK mortars show a flexural strength around 230% higher
than plain concrete beams.

12.3.6 Hydration products of mortars
12.3.6.1 Thermal analysis (TGA/DSC)

Simultaneous thermo-gravimetric analysis (TGA) and DSC analyses were per-
formed on three geopolymeric mortars (Fig. 12.12). In a temperature interval
between 0 and 120°C, the three TGA curves showed three similar weight losses. In
this case, the phenomenon presented was the evaporation of the molecular water.
These results were confirmed by the DSC curves, as the three endothermic peaks
indicated the release of H,O in the mixture.

12.3.6.2 X-ray diffractograms

The XRD of the hardened geopolymer mortar are presented in Fig. 12.13. The
XRDs show the presence of characteristic peaks of quartz and calcite CaCO5, which
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Figure 12.12 Thermo-gravimetric analysis/differential scanning calorimetry (TGA/DSC)
data of geopolymer mortars: (A) DSC; (B) TGA.

means that these minerals are not dissolved during geopolymerization. In addition,
a weak zeolite (analcime) appeared at 31°C in the spectrogram of the three geopo-
lymeric mortars. This occurs in the same position of two theta with a small modifi-
cation of intensity. These phases usually appear in geopolymer systems with a high
water content. Too little or too much water content can hinder zeolite formation
(Wang et al., 2005). Fig. 12.14 shows the XRD of geopolymers of G1R3 modified
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Figure 12.13 X-ray diffractograms of geopolymers I-Illite, Q-Quartz, C-Calcite, Z-Zeolite
(GIR2, G1R3, GIR4).

mixtures. The mullite in the FA samples appears to have reacted entirely under the
alkaline conditions.

12.3.6.3 Fourier transform infrared spectra

The Fourier transform infrared (FTIR) spectra of the hardened geopolymer mortar
are presented in Fig. 12.15. Strong vibrations, typical of alluminosilicates can be
observed. The peak centered around 975 cm_l, shifts to a lower value and this shift
is characteristic of a geopolymerization reaction corresponding to the Si—O—Al
and Si—O—Si vibration bands. The band at ~870 cm ™' is assigned to Si—OH
bending vibration. Al—O-—Si vibrations correspond to the absorption bands
600—800 cm~'. The absorption peak of 782 cm ™' was an indication of the presence
of quartz (Lin et al., 2003). The absorption band around 1413 and 1433 cm ™' is
attributed to stretching vibrations of CO5>” ions, confirming the existence of car-
bonate species (Fernandez-Jimenez and Palomo, 2005). The decreasing in the OH
bond may be also be due to the zeolites structure (crystalline phase) needing more
water molecules than the minerals polymers (amorphous phase). Fig. 12.16 shows
the FTIR spectra of geopolymers belonging to the GIR3 modified mixtures. All
FTIR spectra developed in a single band located at 1000 and 1004 cm ™', corre-
sponding to a region assigned for Si—O—Si (Lazarer, 1972; Nakamoto, 1997; Phair
and van Deventer, 2002). The presence of the bands located at 776 and at
692 cm™ ' are due to the quartz (Criado et al., 2007). The smalls bands appearing
at ~ 1420, 1422, and at 1489 cm ™! are related to the asymmetric stretching of the
0—C—0 bonds of CO5*> due to atmospheric carbonation for all geopolymers
mortars.
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Figure 12.14 X-ray diffractograms of G1R3 modified geopolymeric mixtures:

(Above) Metakaolin (MK) based; (Below) Fly ash (FA) based.

12.3.6.4 Scanning Electron Microscopy

SEM micrographs of the first-phase geopolymeric mortars are shown in Fig. 12.17.
A homogeneous microstructure appears in all samples. Some visible cracks can be
associated to the high autogenous shrinkage. Fig. 12.18 shows the microstructure of
GI1R3-modified mixtures. Several microcracks can be noticed, with the exception
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Figure 12.15 Fourier transform infrared (FTIR) spectra of the geopolymeric mortars
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Figure 12.16 Fourier transform infrared (FTIR) spectra of GIR3 modified geopolymeric
mixtures: (Above) metakaolin (MK) based; (Below) Fly ash (FA) based.



Figure 12.17 SEM micrographs of geopolymeric mortars: GI1R2 (A),(B); G1R3 (C),(D);
GIR4(E),(F),(G),(H).

Figure 12.18 SEM images of geopolymeric mortar GIR3-80% with different (%)
Metakaolin (MK) and fly ash (FA): (A) (G1R3-80%_ REF); (B) G1R3-80%—10%FA;
(C) GIR3-80%—10%MK; (D) GIR3-80%—15% FA; (E) G1R3-80%—15% MK;

(F) G1R3-80%—30% MK.



Geopolymeric repair mortars based on a low reactive clay 311

of the mixture with 30% MK content (f), which has the lowest shrinkage perfor-
mance. The SEM analysis also revealed the existence of unreacted elements as
aggregates, and some micropores and macropores with different shapes (b) inside
the geopolymeric sample. The alkaline solution contacts with the smaller particles
housed inside the larger spheres and forms a dense geopolymer matrix: (Photo (d)).
Thus, the microstructures in all geopolymer mortar samples confirmed that the crys-
talline phases are generally nonreactive, and that these are present in the form of
inactive fillers as the particle of sand (aggregate). Additionally, the dissolution of
FA under the conditions prevailing during geopolymerization is much slower than
the dissolution of MK. From these results, it appears that increasing the amount of
MK increases the amount of reactive phase.

12.4 Conclusions and future trends

This chapter presents some experimental results of an investigation concerning the
development of geopolymeric repair mortars based on low reactive Tunisian clay.
The following conclusions can made upon it. The mineralogical analysis shows that
the Tunisian clay is composed of kaolinite associated to quartz and illite, with minor
amounts of gypsum and hematite. The use of a geopolymeric mortar with a binder/
sand ratio of 1:4 meets minimum workability conditions for patch repair using the
hand placement technique. The geopolymeric mortar shows a high unrestrained
shrinkage behavior. However, the reduction of the alkaline activator/binder mass
ratio to 80% of the former mixtures led to a relevant reduction in the shrinkage per-
formance. The partial replacement of Tunisian clay by FA also leads to a lower
shrinkage performance when compared to that of the reference mixture. Partial
replacement by MK outperforms FA-based mixtures. The compressive strength at 28
days curing is below typical compressive strength of reinforced concrete structures,
although the replacement of the Tunisian clay by 15% and 30% MK allows for com-
pressive strengths of around 30 MPa, typical of old PC reinforced concrete structures
and constitute an important compressive strength requirement for repair mortars. The
modulus of elasticity increases slightly with the replacement of Tunisian clay by FA
and in a higher extension when MK is used. The concrete beams repaired with the
calcined clay and 30% MK mortars show a flexural strength around 230% higher
than the plain concrete beams. The hydration products show typical geopolymeric
phases. Further investigations regarding compatibility issues are still needed.
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13.1 Introduction

In recent decades, reinforced concrete has been one of the most used materials in
the construction sector, especially in the construction of bridges, buildings, skyscra-
pers, and tunnels (Shi et al., 2012). Reinforced concrete is a composite material that
is characterized by the combination of the high compressive strength of Portland
cement concrete, and the ductility and high tensile strength properties of steel,
which make it an ideal construction material (Bertolini et al., 2004). The variety of
environments that reinforced concrete structures are exposed to make it necessary
to consider the durability of the concrete as an additional property to the mechani-
cal strength because the useful life of the structure depends on its durability
(Neville, 2001).

The main problem with reinforced concrete’s durability is the corrosion of the
reinforcing steel, which diminishes the mechanical and structural properties
(Bertolini et al., 2004). The corrosion of the reinforcing steel is mainly caused by
exposure to aggressive environments, mostly the presence of chloride ions and/or
carbonation (Ahmad, 2003). Noncarbonated concrete is an alkaline material with a
pH between 12.6 and 13.6 (Alonso and Andrade, 1987). Under these pH conditions,
the steel spontaneously forms a protective passive layer; the layer, however, can be
destroyed by aggressive agents (chloride ions and/or carbon dioxide), which results
in depassivation (Bertolini et al., 2004; Fajardo et al., 2009). Chloride attack is one
of the most aggressive causes that leads to corrosion of the steel reinforcement. In
this case, the chloride ions are spread through the concrete until they reach the
steel, where they accumulate and reach a critical concentration. This accumulation
destroys the passive layer of steel and begins the corrosive process (Angst et al.,
2009). Carbonation is a process in which CO, from the environment enters con-
crete. CO, decreases the concrete alkalinity by reducing the pH to approximately 9.
Therefore, the passive layer is destabilized, which causes corrosion in the reinfor-
cing steel (Baccay et al., 2006; Han et al., 2013).

There are several ways to prevent this deterioration, beginning with the design
stage and considering structural calculations, material selection, concrete mix design,
proper compaction and correct curing (El-Reedy, 2008). Despite these considera-
tions, complementary methods are required, such as the use of pozzolanic additions,
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the application of coatings, and electrochemical techniques among others (Bertolini
et al., 2004; El-Reedy, 2008). A good protection extends the time before the chloride
or carbonation front reaches the reinforcing steel (El-Reedy, 2008).

The incorporation of mineral additions (pozzolanic and steel-based) to concrete
modifies the porosity and reduces the permeability, which can extend the useful life
of structures (Cyr, 2013). The most used additions are silica fume (SF), metakaolin
(MK), blast-furnace steel slag, and fly ash (FA).

Conversely, coatings have been widely used as an economically
profitable option; they can be applied on the steel or on the surface of the concrete,
depending on the case. There are three types of coatings: metallic, organic, and
inorganic. Organic coatings are the most used and are mainly used on the surface of
concrete because of their easy application, flexibility, and adherent properties
(Brenna et al., 2013; Criado et al., 2015; Criado et al., 2014; KeBler et al., 2015;
Pour-Ali et al., 2015; Saravanan et al., 2007; Selvaraj et al., 2009). The different
types of coatings that fall within this category are paints, acrylic dispersions, poly-
urethanes, epoxy resins, waterproof coatings and penetrating sealers, among others
(Al-Zahrani et al., 2002; Almusallam et al., 2003; Batis and Pantazopoulou, 2000;
Christodoulou et al., 2013; Dang et al., 2014; de Vries and Polder, 1997; Medeiros
and Helene, 2009; Pacheco-Torgal and Jalali, 2009; Sadati et al., 2015; Swamy
and Tanikawa, 1993; Tittarelli and Moriconi, 2010; Vaidya and Allouche, 2010;
Zhu et al., 2013). Recent studies have proposed the application of geopolymers as
a viable coating alternative for concrete, because they have a low permeability and
excellent adhesion and anticorrosive properties (Zhang et al., 2012, 2010a,b).

Electrochemical techniques, such as cathodic protection, cathodic prevention,
electrochemical chloride extraction (ECE), electrochemical realkalisation (RE),
and electrical injection of corrosion inhibitors or nanoparticles are used to prevent,
avoid, or rehabilitate reinforced concrete structures (Bertolini et al., 2004; Cardenas
et al., 2010; Karthick et al., 2016; Kupwade-Patil et al., 2012; Pan et al., 2008).
Among these techniques, cathodic protection is the oldest. It has been widely used
in steel structures submerged in water, and its application in concrete began around
1955 for submerged and buried structures. Since the mid-1970s, this technique has
been used in structures such as bridges, buildings, tunnels, etc. Therefore, cathodic
protection is the standardized electrochemical technique in different countries. ECE
and realkalisation are recent techniques (from the last 20 years) still in the research
and development stage (Martinez et al., 2009). The three techniques are similar.
They are based on using the metal to be protected as the cathode and inducing
several electrochemical phenomena on its surface (Bertolini et al., 1996, 2004;
Martinez et al., 2009). These methods increase the durability of deteriorated con-
crete structures; ECE and realkalisation are temporary protection techniques, while
cathodic protection is permanent.

This chapter includes a review of published literature and laboratory investiga-
tions related to the chloride and carbonation-induced corrosion of reinforced con-
crete, some of which have been reported by the authors (Aguirre and Gutiérrez,
2013; Aguirre-Guerrero et al., 2016, 2017). The laboratory investigations include
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the addition of pozzolans, the application of electrochemical methods (ECE and
RE), and the use of a type of geopolymer coating for concrete surface. To produce
the concrete specimens, the raw materials available in the Colombian market were
selected, including general use ordinary Portland cement (OPC), reinforcing Steel,
and natural aggregates (sand and gravel). A water/cement (w/c) ratio of 0.55 and
10% replacement of cement with commercial MK Metamax and commercial SF
from Sika each. The concrete thickness was 35.2 mm.

13.2 Chloride-induced corrosion

The presence of chlorides inside concrete comes from two main sources. First, chlo-
ride ions are in the concrete mixture (contaminated aggregates, sea water, or con-
taminated water, additives with high chloride content). Second, chloride ions come
from the environment (coastal or deicing environments).

The penetration of the chloride ion (Cl ) produces a profile in the concrete, and
the profile is characterized by a high chloride content near the external surface and
a reduction in the content towards the interior. The diffusion process is governed by
Fick’s 2nd Law (Bertolini et al., 2004). When concrete is subjected to wetting and
drying cycles, chloride ions enter via capillary absorption and are transported
through the concrete via convection in the liquid phase. The chloride ions can then
migrate via diffusion into the saturated zones. This penetration mode allows for the
rapid entry of chloride ions, which explains why concrete subjected to wetting and
drying cycles often degrades more quickly than fully submerged concrete (Cyr,
2013). Another chloride ingress mechanism into concrete is the water flow due to
pressure gradient.

Once the chloride ions penetrate the concrete, they are distributed as bound chlo-
ride ions and free chloride ions. The former correspond to chloride ions that react
with the tricalcium aluminate (C3A) which exists in cement, to form calcium chlor-
aluminates. This compound is known as “Friedel’s salt,” and it is not considered
expansive (Torres et al., 2007). For this reason, it is advisable to use cements with
a high C;A content for concrete that is exposed to chloride ions. In addition, other
cement hydrates (e.g, C—S—H gel) can bind chloride ions by physical action
(Florea and Brouwers, 2012; Yuan et al., 2009). On the other hand, free chloride
ions reach the steel, which causes a localized dissolution of the passive layer and
generates localized attacks that can drastically reduce the structural properties of
concrete (Angst et al., 2009; El-Reedy, 2008).

There are many factors that affect the mobility of chloride ions within concrete.
A less permeable concrete will have better resistance against attack, and for this
reason, concrete design parameters are important. The most influential factor is the
w/c ratio. A smaller ratio means a lower porosity and higher resistance to attack.
Other mixture factors to consider are the type of cement (with a high C3A content)
and the proportion of cement by mass of concrete (El-Reedy, 2008; Giineyisi et al.,
2007; Song et al., 2008). In addition, the use of pozzolans into concrete contributes
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to refinement of the pore size distribution and decrease the open porosity; the main
consequence is a decrease in the diffusivity of chloride ions (Andrade and Bujak,
2013; Cyr, 2013).

13.2.1 Supplementary cementitious materials

The durability of cementitious materials depends on transport properties because of
the difficulty that aggressive agents have in penetrating the porous concrete net-
work. The mineral additions used in concrete reduce the porosity and refine the
pores, especially for concretes with low w/c ratios and suitable curing processes
(Cyr, 2013; Hossain and Lachemi, 2004; Ozbay et al., 2016; Ramezanianpour and
Malhotra, 1995; Song and Saraswathy, 2006). Mineral additions perform an impor-
tant role in concrete durability and its mechanical properties and reduce cement
consumption, which helps mitigate the environmental impact of Portland cement
production (Damineli et al., 2013).

There are different types of minerals used as supplementary cement materials,
including pozzolanic additions and ground-granulated blast-furnace slag (GGBFES).
The slag content with respect to the cement mass plays a very important role. If the
slag content is greater than or equal to 50%, an adequate curing process is required
because adverse effects on the permeability may occur, which would lead to a
reduction in the corrosion resistance (Shi et al., 2012; Zhang and Ba, 2012).
Different authors agree that GGBFS offers a significant resistance to chloride ion
access and a high resistance to corrosion (Aghaeipour and Madhkhan, 2017; Chen
et al., 2012; Polder, 2012; Topgu and Boga, 2010; Wang et al., 2014; Yeau and
Kim, 2005). With high slag replacement levels (45%—65%) and a w/c ratio of 0.40,
the penetration resistance to the chloride ion has been confirmed for blocks exposed
to tidal zones for 25 years (Thomas et al., 2008). This effect on chloride ion pene-
tration is attributed to the capacity of GGBFS to bind chloride ions (Friedel’s salt
formation), thus reducing their diffusion coefficient (Chen et al., 2012; Luo et al.,
2003; Yigiter et al., 2007). Moreover, it has been found that the addition of GGBFS
decreases the pH of the pore solution, but it does not have any adverse effects on
steel corrosion (Cheng et al., 2005; Song and Saraswathy, 2006).

FA, an aluminosilicate-type pozzolan, is a by-product of coal combustion that is
generated by boilers, plants, or power stations. Good quality FA generally has a
high amorphous material content and a spherical shape with particle sizes ranging
from 10 to 100 pm (Shi et al., 2012). The addition of FA as cement replacement is
beneficial for the rheology and mechanical properties of concrete. In addition, FA
decreases the permeability of concrete, which reduces the diffusion coefficient of
the chloride ions and enhances the resistance of the concrete to chloride ion attack
(Ampadu et al., 1999; Boga and Topgu, 2012; Dhir and Jones, 1999; Choi et al.,
2006; Chousidis et al., 2016; Montemor et al., 2000, 2002; Simci¢ et al., 2015).
Moreover, as in the case of slag, the effect is attributed to the capacity of FA to
bind chloride ions because of its high alumina content (Dhir and Jones, 1999).
Chloride permeability can be reduced with 15% FA (Aponte et al., 2012; Boga and
Topcu, 2012; Nath and Sarker, 2011). Concretes with high FA content may have
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higher absorption and permeable voids, but they have a high resistance to chloride
ion penetration because of the binding capacity (Giineyisi et al., 2013a). However,
the use of FA as replacement of cement may or may not improve the chloride
binding capacity of concrete, depending on the specific type of FA used and the
replacement dosage as reported by Shi et al. (2011b). It should be noted that, even
using low-quality FA with an unburned content of 19% results in a high corrosion
resistance in reinforced steel, in the presence of chloride ions (Burgos et al., 2012).

SF is a siliceous-type pozzolan with an amorphous silica content of at least 85%.
It is available as a powder, densified powder, or liquid mixture. SF is a highly
effective pozzolan because of its high reactivity, small particle size (0.1—0.5 pm),
and large specific surface area (Shi et al., 2012). Its small particles plug the existing
pores to produce a less permeable concrete (Song et al., 2010). In turn, it acceler-
ates the hydration process of cement because the pozzolanic action is active in the
first few hours of hydration (Khan and Siddique, 2011). SF percentages above 10%
affect the rheology of the mixture and increase the costs because of the requirement
of special additives. Between 6% and 8% of the cement mass is the suggested usage
(Kepler et al., 2000). The partial replacement of cement content in concrete by SF
reduces the diffusion coefficient of chloride ions (Shekarchi et al., 2009; Farahani
et al., 2015). Nevertheless, unlike other aluminum pozzolans, SF reduces the ability
to bind chloride ions (Thomas et al., 2012). Increases of up to 88% in the linear
polarization resistance have been reported in reinforced concrete, and this further
increases for specimens with 5% SF relative to concrete without additions (Chao
and Lin, 2013). Dotto et al. (2004) studied the influence of SF on corrosion behav-
ior. Different w/c ratios and percentages of SF addition were evaluated, and it was
determined that the corrosion time for concrete with the addition was much higher.
Kayali and Zhu (2005) observed that concrete with a 10% SF addition had excellent
corrosion resistance.

MK is also an aluminosilicate-type pozzolan and a material obtained from the
calcination of kaolinite clay at temperatures between 500°C and 800°C
(Badogiannis et al., 2005). Its particle size is finer than cement but not as fine as
SF (Shi et al., 2012; Siddique and Igbal Khan, 2011). Its main characteristics are: a
high reactivity with the calcium hydroxide in cement, and its ability to accelerate
cement hydration (Badogiannis et al., 2015). Because it is a highly reactive pozzo-
lan, its addition contributes to increased compressive and flexural strength, reduced
permeability, and increased resistance to chemical attack (Badogiannis et al., 2015;
Dinakar et al., 2013; Glineyisi et al., 2008; Kelestemur and Demirel, 2015;
Ramezanianpour and Bahrami Jovein, 2012). The corrosion resistance of the rein-
forcing steel increases with MK additions in the range of 10%—15% (Batis et al.,
2005; Parande et al., 2008). The presence of MK in concrete greatly reduces the
diffusion of chloride ions in the cementitious matrix by restricting access via
Friedel’s salt formation, thus extending the useful life of the structures (Abo-El-
Enein et al., 2010; Courard et al., 2003; Poon et al., 2006; Siddique and Klaus,
2009). Giineyisi et al. (2013b) reported that the corrosion rate was reduced by 50%
for MK-concrete exposed to chloride ions. Kelestemur and Demirel (2015) con-
cluded that a 15% MK replacement of the cement content increased the
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compressive and tensile strength, and improved the corrosion resistance of the rein-
forcing steel.

As mentioned above, the formation of “Friedel’s salt” contributes to better per-
formance in concrete exposed to chloride ions. Fig. 13.1 shows the X-ray diffrac-
tion results for the formation of Friedel’s salt (C4Al,0,Cl, 10H,O) in cement
pastes with 10% MK and 10% SF (based on cement weight) and the reference,
OPC without any additions, exposed to an aqueous solution of 3.5% NaCl for 365
days. This compound shows the highest peak at d =7.9 A (20=112). The highest
peak intensity was observed for the sample with the MK addition. This result indi-
cated that the addition of MK promotes the formation of Friedel’s salt.

Fig. 13.2 shows the curves for the current intensity versus time, measured using
the impressed-voltage (IV) technique, to determine the corrosion performance of
reinforcing steel in blended concrete with MK and SF at 10% replacement of
cement weight. The increase in the current is related to the progression of corrosion
in the concrete. The corrosion products contribute to concrete deterioration by
increasing the volume of the reinforcing steel, generating tensile stresses in the con-
crete matrix (El-Reedy, 2008), and producing cracking—which is related to a sig-
nificant increase in the current (Giineyisi et al., 2005). As shown in Fig. 13.2, the
sudden increase in current coincides with cracking and/or visualization of the corro-
sion products. The maximum current for the OPC concretes was 25.26 mA, 6.9 mA
for MK, and 11.12 mA for SF.

The OPC specimen exhibited a much higher current, which indicated that it is
more susceptible to chloride ion penetration. The appearance of the first crack for
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Figure 13.1 X-ray diffractogram of ordinary Portland cement (OPC), metakaolin (MK)
(10%), and silica fume (SF) (10%) exposed to NaCl 3.5% for 365 days.
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Figure 13.2 Current intensity versus time for ordinary Portland cement (OPC), metakaolin
(MK) (10%), and silica fume (SF) (10%) concretes.

OPC was at approximately 156 hours. For the MK concrete, it was at 401 hours and
at 300 hours for the SF concrete. The appearance time for the first crack signifi-
cantly increased for the MK-concrete, 61% longer with respect to OPC. The SF
concrete time increased by 48% with respect to OPC.

In other investigations, Giineyisi et al. (2013b) observed that concrete with 15%
MK had a cracking time of 132 hours, which was much higher than the 5 hours
reported for the concrete without additions. Parande et al. (2008) performed a study
on MK incorporation as a cement replacement at 5%, 10%, 15%, and 20%. The
study showed that the crack initiation time was the longest for specimens with 15%
MK, and the time was much longer with respect to the concrete without any addi-
tions. Khedr and Idriss (1995) studied the effectiveness of adding SF as a cement
replacement using IV.

Fig. 13.3 shows the evolution of the open circuit potential (OCP) of blended con-
cretes with MK and SF and OPC without additions. The IV technique was per-
formed in combination with wetting/drying cycles (w/d). In the initial condition, the
three specimens were in a passive state. After applying the accelerated IV tech-
nique, the three specimens were in the range where the corrosion probability was
greater than 90%, which indicated that corrosion was active. The blended concrete
had a better performance. Nevertheless, from cycle 1 to cycle 6, no significant
changes were observed among the specimens. However, after cycle 7, the effect of
the modified concrete against chloride ions was evident.

Fig. 13.4 shows the evolution of the corrosion current, i .., calculated using the
linear polarization resistance technique, Rp, for specimens with MK and SF and
OPC without additions. After the application of IV, the corrosion current drastically
increased. The OPC and SF specimens were in the high corrosion range, and MK
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Figure 13.3 Corrosion potential (E.,,,) for ordinary Portland cement (OPC), metakaolin
(MK) (10%) and silica fume (SF) (10%) concretes exposed to chlorides.
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Figure 13.4 Corrosion current density (i) for ordinary Portland cement (OPC),

metakaolin (MK) (10%) and silica fume (SF) (10%) concretes exposed to chlorides using
Rp technique.

was in the moderate corrosion range. During the w/d cycles, a slight increase in the
corrosion rate was observed for all specimens, but MK had a better performance
throughout the exposure time. After cycle 7, the beneficial effect of the pozzolanic
additions was observed. At the end of the exposure in cycle 12, the MK-concrete
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had an 82% reduction in the corrosion rate with respect to OPC. At the end of the
exposure, the SF concrete had an i ., reduction of 39.6% with respect to OPC. MK
concrete exposed to chloride ions had a superior performance, which was attributed
to the formation of Friedel’s salt.

There are other types of pozzolanic additions, but their studies are limited. These
types of pozzolanic additions include rice husk ash (RHA), sugar cane bagasse, palm
oil fuel ash (POFA), and fluid catalytic cracking (FCC). In general, a good perfor-
mance in the presence of chloride ions has been reported in different studies
(Bahurudeen et al., 2015; Chao-Lung et al., 2011; Gastaldini et al., 2010; Madandoust
et al., 2011; Megat Johari et al., 2012; Morozov et al., 2013; Saraswathy and Song,
2007; Torres-Castellanos et al., 2014; Zeyad et al., 2017).

13.2.2 Geopolymer coatings

Geopolymers, also known as inorganic polymers, are aluminum-silica, three-
dimensional products of the chemical interactions between a strongly alkaline disso-
lution and an aluminosilicate source (Komnitsas and Zaharaki, 2007; Shi et al.
2011a). The results have demonstrated that the geopolymers possess excellent
mechanical properties, high resistance to chemical attack, and high resistance to
fire (Abdulkareem et al., 2014; Davidovits, 2002; Duan et al., 2016; Kong and
Sanjayan, 2010; Pacheco-Torgal et al., 2008a; Zhuang et al., 2016). MK and FA are
commonly used as aluminosilicate sources (Shi et al. 2011a).

In recent studies, these types of materials have been proposed as protective coat-
ings for steel exposed to high temperatures (Irfan Khan et al., 2015; Kaloari et al.,
2016; Mohd Basri et al., 2016; Temuujin et al., 2009, 2011), reflective coatings,
thermal insulation (Zhang et al., 2015), fire protection coatings on concrete tunnels
(Sakkas et al., 2015), and chemical attack protection coatings for cement pipes
(Chindaprasirt and Rattanasak, 2016), among others. Applying a geopolymer coat-
ing on the surface of embedded steel (Kriven et al., 2009; Rostami et al., 2015)
and/or on the concrete surface has been proposed as a method of protecting rein-
forced concrete, which can be an alternative for concrete exposed to marine envir-
onments (Zhang et al., 2012, 2010a,b). To ensure the geopolymer coating performs
well on reinforced concrete exposed to chloride ions, it is important to consider dif-
ferent factors: low permeability of the GP material, low contraction, coating adhe-
sion strength to concrete, adequate setting time, chloride ion penetration resistance,
and corrosion resistance of the reinforcing steel (Aguirre-Guerrero et al., 2017;
Zhang and Wang, 2015).

Zhang et al. (2010a) developed a coating based on a binary type geopolymer
(90% MK—10% GBFS), reinforced with short polypropylene fibers to protect
marine structures. It was incorporated during the setting time to mitigate cracking
from contraction. The results demonstrated the low permeability, high adhesion,
and excellent anticorrosion properties provided by the coating, which supports its
use as a protective barrier for marine structures. In a later study, Zhang et al.
(2010b) attributed the protective performance of the geopolymer coating to its high
mesoporosity: 22.3% total porosity and 94% of pores =20 nm. When Zhang et al.



324 Eco-efficient Repair and Rehabilitation of Concrete Infrastructures

(2010b) compared the results to a Portland cement paste (OPC) (29.5% total poros-
ity and 73.7% pores =50 nm), the cause of its low permeability was reflected.
They also observed that the geopolymerization products were stable when
immersed in sea water or exposed to air. These results reaffirmed that geopolymers
based on 90% MK—10% GBFS can be used as a coating for marine structures.

Regarding adhesion strength, two hybrid-type geopolymer mortars—based on the
alkaline activation of FA and MK with a 10% addition of Portland cement—were
applied as a coating on the surface of concrete. A very similar adhesion strength—in
the range of 1.5—2.5 MPa after 7 days of curing, was determined using Elcometer
106 equipment off the Dolly attached to the surface of the two coatings (Fig. 13.5)
(Aguirre-Guerrero et al., 2017). Other researchers observed very similar adhesion
strengths for geopolymer-type coatings applied to concrete (Hu et al., 2008; Zhang
et al., 2010a, 2016). The hybrid-type geopolymer coatings form C—A—S—H gels,
which are similar to the C—S—H gels formed by cementitious paste but include Al
in their structure. These gels favor the homogeneity of the interface between the
substrate (OPC concrete) and the GP mortar, which results in a strong interface
zone between the two materials. In addition, the calcium hydroxide in the OPC sub-
strate can react with the Al and Si in the geopolymeric paste because of the Ca®"
balance effect (Pacheco-Torgal et al., 2008b). The increase in these reaction pro-
ducts improves the interface zone between the GP coating and the concrete sub-
strate. Therefore, the geopolymer coating has a strong adhesion to the OPC
substrates.

FA/100PC

Figure 13.5 Adhesion test for coated ordinary Portland cement (OPC) concrete.
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GP materials show a reduction in the permeability of the chloride ions, compared
to OPC concrete (Bernal et al., 2012; Ismail et al., 2013; Zhu et al., 2014), because
of a smaller pore size and increase in tortuosity. The latter is due to the dense struc-
ture of the (C, N)—A—S—H gel (Ismail et al., 2013). However, these studies were
performed for bulk materials. Fig. 13.6 presents the permeability of chloride ions
for uncoated OPC concrete and concrete coated with two types of hybrid coatings:
GP mortar based on MK (MK/100PC), and GP mortar based on FA (FA/100PC).
The uncoated concrete had the highest values for the passing charge, compared to
the coated concrete. In contrast, the FA/100PC coating showed the lowest passing
charge of the two evaluated coatings (less than 1000 coulomb), which indicated a
“very low” permeability to chloride ions. The MK/100PC coated concretes also
demonstrated a good performance against chloride ions and fell within the “low”
permeability range.

Regarding the corrosion performance of the reinforcing steel, the current versus
time curve, obtained from the accelerated IV test, is shown in Fig. 13.7. Here, the
coated concrete shows a much lower initial current compared to the uncoated con-
crete. The current remained constant until approximately 3.5 hours of accelerated
chloride exposure, at which point a significant increase in the current was observed.
The appearance time for the first crack was similar for all specimens: FA/100PC
161.7h, MK/100PC 157.4h, and without a coating 156.2h. This suggests that the
coatings protect the material against chloride corrosion when the chloride ions are
slowly passing through the coating, and this was observed in the initial stage of the
test. In the first three hours of the accelerated test, very low currents were observed
for the coated concrete.
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Figure 13.6 Chloride permeability based on ASTM C 1202. Passing charge of concretes
uncoated and coated specimens.
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Figure 13.7 Current intensity versus time for uncoated and coated specimens.

Once the chloride ions move through the coating barrier, they continue their dif-
fusion process through the cementitious matrix. This is why similar values for the
appearance time of the first crack were seen for all specimens. It is important to
mention that this method is an accelerated test for chloride ions entering the system,
and it far exceeds any real exposure conditions because the reinforcing steel
behaves as an anode in the test assembly. The MK/100OPC coated concrete had the
lowest current value, which suggested it had a higher electrical resistance (Reddy
et al., 2011) than the other specimens. The concrete with the geopolymer coating
based on MK had the best corrosion behavior for the reinforcing steel.

Fig. 13.8 shows the evolution of an OCP for coated and uncoated specimens.
For the initial time (0 cycles), the concrete with and without a coating had a 10%
corrosion probability, which corresponded to the passive state of the steel rebar.
After cycle 2, the potentials were much more negative for the specimens, a result of
the exposure to chloride ions. However, for the specimen with the MK/100PC coat-
ing, the potential was more positive than that of FA/100PC and the uncoated con-
crete. This behavior was displayed from cycle 2 to cycle 4, which is the zone of
uncertain corrosion probability. From cycle 5 until the end of the exposure, all spe-
cimens had similar behaviors with more negative potentials and a 90% corrosion
probability. This technique indicates the corrosive state of rebar, but it is not a
quantification of the corrosion.

Fig. 13.9 shows the current densities for the coated and uncoated specimens
exposed to w/d cycles. The i, for the MK/100OPC coated specimens from cycles 1
to 4 was lower compared to the uncoated specimen with steel in its passive state.
For the specimen with the FA/100PC coating, the i.., was smaller compared to the
uncoated specimen from cycle 1 to cycle 2; nevertheless, after cycle 3, the i, was
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Figure 13.8 Corrosion potential (E.,,;) versus wetting/drying (w/d) cycles for uncoated and
coated specimens.
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Figure 13.9 Corrosion current density (ico;) versus wetting/drying (w/d) cycles for uncoated
and coated specimens.

similar to the uncoated specimen. The application of the geopolymer coating signif-
icantly improved the corrosion performance of the reinforcing steel in the first
cycles. The results presented suggest that the chloride ions manage to diffuse
through the coating after the initial cycles (MK/100PC up to cycle 4, FA/100PC
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up to cycle 2) and reach the OPC cementitious matrix, where the diffusion is very
similar. The application of geopolymeric coatings to concrete can reduce the pene-
tration of chloride ions, improving the durability properties of concrete (Wiyono
et al., 2015) until the chloride ions cross the coating.

13.2.3 Electrochemical chloride extraction on blended concretes

To extend the useful life of structures affected by chloride-induced corrosion, the
ECE technique can be used to extract chloride ions present in the concrete structure
by applying a direct current to the reinforcing steel. This acts as a cathode and an
external anode located on the surface of the concrete, in contact with an electrolyte
(saturated solution of sodium hydroxide or potable water). Applying the current
generates the necessary electric field for the chloride ions to migrate to the external
anode, and the negatively charged ions (OH ) to enter the cathode. The applied
current density fluctuates between 1 and 5 A/m?, and its application is for a short
time—approximately 6—10 weeks (Bertolini et al., 1996, 2004; Canon et al., 2013;
Elsener and Angst, 2007; Liu and Shi, 2012; Sanchez and Alonso, 2011; Yeih
et al., 2016). Higher current densities have undesirable consequences for structural
properties of reinforced concrete, a significant reduction in bond strength, hydrogen
embrittlement, alkali-aggregate reaction, among others (Bertolini et al., 2004; Guo
and Gong, 2011; Orellan et al., 2004).

The possibility of extracting chloride ions using this technique emerged in the
1970s, and the process was patented in Europe by NORCURE in 1986 (Bertolini
et al., 2004). There are numerous investigations that have been reported on this tech-
nique (Abdelaziz et al., 2009; Arya et al., 1996; Carmona et al., 2015; Castellote
et al., 2000; Chang et al., 2014; Elsener and Angst, 2007; Fajardo et al., 2006;
Garcés et al., 2006; Liu et al., 2014; Miranda et al., 2007; Orellan Herrera et al.,
2006; Orellan et al., 2004; Pérez et al., 2010; Rodriguez Reyna et al., 2010; Sanchez
and Alonso, 2011; Swamy and McHugh, 2006; Toumi et al., 2007; Tritthart, 1995;
Ueda et al., 2012; Yeih et al., 2006; Zhang and Gong, 2014); however, the use of the
technique for blended concrete has not been extensively evaluated.

13.2.3.1 Electrochemical chloride extraction application

To evaluate the efficiency of the technique, the total chloride content is usually
determined before and after applying ECE. The extraction was applied over a
period of 6 weeks using calcium hydroxide as the electrolyte and a current density
of 1 A/m”. Fig. 13.10 shows the percentage of chloride ions removed after applying
ECE to blended concretes, with MK and SF at 10% replacement of cement weight
and OPC concrete without additions. The evaluation was performed at depths of 11
and 17 mm from the concrete surface. The OPC concrete showed the highest
extraction percentage for the two depths, 52% at 11 mm and 37% at 17 mm. The
figure shows that, at greater depths, the extraction percentages decrease. Tritthart
(1995) stated that the ECE is more efficient in the areas where the chloride
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Figure 13.10 Percentage of chlorides removal in ordinary Portland cement (OPC),
metakaolin (MK), and silica fume (SF) concretes at distances 11 and 17 mm from the
concrete surface.

contamination is higher, such as the area closest to the concrete surface, and as the
depth increases, the extraction process becomes less efficient. Blended concrete had
lower rates of chloride extraction, and the SF-concrete had the lowest effectiveness.
As mentioned above, the addition of MK into concrete in the presence of chloride
ions promotes the formation of Friedel’s salt, and in the ECE process, the bound
chloride ions are more difficult to remove than the free chloride ions in the matrix
(Elsener and Angst, 2007; Orellan Herrera et al., 2006; Toumi et al., 2007). Elsener
and Angst (2007) observed that it is possible to remove bound chloride ions by per-
forming a system disconnection and reconnecting the system, which promotes a
greater ECE efficiency. The disconnection period allows the system to re-establish
equilibrium between the bound and free chloride ions. The re-stabilization time can
be 24—48 hours.

Ismail and Muhammad (2011) studied the application of ECE (AE) in blended
cements with ground-granulated blast slag (GGBS) and pulverized fuel ash by
applying a current density of 5 A/m* for 12 weeks, and they observed that the con-
centrations of the total chloride ions and free chloride ions were higher for the ref-
erence material based on OPC. Moreover, they stated that the pozzolanic additions
limited the diffusion of chloride ions. Therefore, incorporating SF in concrete, even
though it does not bind chloride ions, densifies the matrix, generates pore refine-
ment, and obstructs chloride ion diffusion; the efficiency of the ECE process
decreases.
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Fig. 13.11 shows the evolution of E., for concrete types prior to the AE, imme-
diately after disconnection of the ECE (ID) system, and for measurements at 30,
60, 90, 335, 425, and 575 days after ECE (OPC, MK (10%), SF (10%)). Before the
treatment, the OPC and MK specimens were below —500mV, indicating that they
had a high corrosion probability; however, SF-concrete was in the uncertain corro-
sion probability zone. At the end of the ECE period, the potential values were below
—700 mV and reached values around —900 mV. At this point (ID), it was not pos-
sible to determine the corrosive state of the reinforcement steel because it was nec-
essary to allow a depolarization time for the potentials to stabilize. The steel
polarization can be attributed to the energy loads supplied during the treatment
(Abdelaziz et al., 2009; Rodriguez Reyna et al., 2010). At 335 days, the potentials
of the specimens with treatment were in the corrosion probability range of less than
10%. These values suggested that the reinforcement steel was in a passive state.
Nevertheless, the potential measurements correspond to a qualitative technique, and
it is necessary to complement the results with Rp to demonstrate if the passive state
is reached after treatment (Miranda et al., 2007).

Fig. 13.12 shows the evolution of i.,,. The current density immediately after the
system disconnection (ID) was higher than the current density before the applica-
tion of the treatment (AE). This behavior has also been observed by other research-
ers (Abdelaziz et al., 2009; Green et al., 1993; Wang et al., 2007). After 30 days of
system disconnection, the i, corrosion rate began to decrease over time; however,
the steel passivity values were not reached until 575 days after the ECE disconnec-
tion (<0.1 pA/cm?). When ECE is applied to reinforcing steel with a high precorro-
sion level, it is not possible to achieve re-passivation (Martinez et al., 2015;
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Figure 13.11 Evolution of corrosion potential (E,,,) before and after electrochemical
chloride extraction (ECE) for ordinary Portland cement (OPC), metakaolin (MK), and
silica fume (SF) specimens.
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Figure 13.12 Evolution of i, before and after electrochemical chloride extraction (ECE)
for ordinary Portland cement (OPC), metakaolin (MK), and silica fume (SF) specimens.

Miranda et al., 2007; Orellan Herrera et al., 2006; Rodriguez Reyna et al., 2010);
nevertheless, ECE decreases the corrosion rate and extends the useful life of a
structure. The FHWA (2011) studied the long-term effects of the AE and they
observed that the corrosion rates were higher after ECE, however the visual obser-
vation of the steel, corrosion potential, and chloride ions concentration shows no
evidence of corrosion initiation after ECE. Therefore, the corrosion rate measure-
ments did not accurately reflect the true values. In ECE-treated concrete, the
hydroxyl concentration at the steel—concrete interface was much higher, and the
generally accepted threshold value of chloride ion concentration for corrosion initia-
tion was not applicable. The re-passivated stated is achieved by a combination of
lowering the chloride level and increasing the alkali level at the reinforcement
(Streicher et al., 2009). ECE can be used for rehabilitation, even though it cannot
truly stop the active corrosion of rebar.

For concrete without additions, a higher ECE efficiency can be obtained. The
use of mineral additions in concrete, such as MK and SF, reduces the corrosion rate
compared to OPC, but the AE reduces the corrosion in OPC concrete. This suggests
that ECE is more effective in terms of reducing the corrosion rate compared to the
use of mineral additions in reinforced concrete.

13.2.3.2 Geopolymer coating application after electrochemical
chloride extraction

There is a consensus that once the ECE technique is applied, a protective coating
should be added as a complementary method to limit the re-diffusion of ions into
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Figure 13.13 Evolution of i, of ordinary Portland cement (OPC), metakaolin (MK), and
silica fume (SF) concretes after treatment electrochemical chloride extraction (ECE) with and
without coating FA/100PC.

the concrete as the structure will remain in the same chloride-contaminated environ-
ment. Fig. 13.13 shows the i, evolution for ECE posttreatment specimens with
and without a geopolymer coating, based on FA FA/100PC exposed to w/d cycles.
The coating was applied to OPC concrete without additions and blended concretes
with 10% MK and SF. Cycle 0 corresponds to the specimens’ corrosion conditions
after ECE treatment. The i ., increased for all the specimens from cycle 1, but the
coating contributed to a slight reduction in i.,, for the first two cycles. However,
the values were very similar after cycle 3 for the OPC and SF concrete with and
without a coating. The increase in i.,, after re-exposure to chloride ions can be
attributed to the possible changes in porosity that the cementitious matrix may
experience after ECE treatment (Castellote et al., 1999; Miranda et al., 2007;
Siegwart et al., 2003).

13.3 Carbonation-induced corrosion

The carbonation process is due to the entry of CO, into the concrete from the atmo-
sphere. Urban and industrial environments, and environmental pollution are sources
of this phenomenon. The high pH of concrete (approximately 13) provides a natural
protection against reinforcing steel corrosion; nevertheless, the carbonation process
decreases the pH value of concrete to approximately 9, which destabilizes the pas-
sive layer and causes the corrosion of the reinforcing steel (Baccay et al., 2006;
Bertolini et al., 2004; El-Reedy, 2008; Han et al., 2013).
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For carbonation to take place, the carbon dioxide must encounter water and
chemical components of concrete, such as cement hydration products (portlandite
C—H and C—S—H gel) (Bertolini et al., 2004; Castellote et al., 2009; Morandeau
et al., 2014; §avi_ia and Lukovi¢, 2016). The transporting mechanism and advance-
ment of carbonation within concrete are both explained by the diffusion theory,
which is described by Fick’s first law (El-Reedy, 2008). When the carbonation
reaches the reinforcing steel, uniform corrosion is produced that accelerates crack
formation (Taffese and Sistonen, 2017).

The penetration rate of CO, depends on environmental factors, including relative
humidity, and factors related to the concrete; therefore, CO, penetration can occur
in urban and industrial environments. CO, diffusion does not occur in totally dry
concrete or totally saturated concrete; a favorable relative humidity for diffusion is
between 50% and 70% (Alexander et al., 2007; El-Reedy, 2008). In addition, an
increase in temperature can also accelerate the phenomenon. Another critical
parameter is the CO, concentration, which can be 0.003% in rural environments
and approximately 0.1% in urban environments (Bertolini et al., 2004). Other con-
crete factors that contribute to CO, propagation are: an inadequate curing process,
poor compaction, and high w/c ratios—which generate more permeable concrete
(Cyr, 2013). There are several ways to prevent this deteriorating phenomenon,
including the design of the material and control of the construction process. The
incorporation of pozzolanic-type minerals that modify the porosity and reduce the
permeability can inhibit CO, diffusion; however, controversial results have been
reported in the literature (Lothenbach et al., 2011; Massazza, 1993; Ozbay et al.,
2016). Other alternative methods include electrochemical rehabilitation techniques,
such as RE and cathodic protection, which can be applied to concrete in service.

13.3.1 Supplementary cementitious materials

Mineral additions can lead to a decrease in the diffusion of the surrounding aggres-
sive agents within the cementitious matrix, but the results from evaluating the CO,
diffusion resistance have been controversial. In general, blended concrete has
proven to be more susceptible to carbonation than concrete without mineral addi-
tions, and a more demanding curing process is required for the pozzolanic reactions
to properly develop (Cyr, 2013). When pozzolanic materials are used in concrete
production, they have a lower amount of calcium hydroxide C—H (Lothenbach
et al., 2011). Therefore, less calcium hydroxide is available for carbonation, which
changes the kinetics and nature of the process (Savija and Lukovi¢, 2016), produc-
ing a low resistance to carbonation in some cases.

In concrete with GGBFS, high replacement percentages have shown a low resis-
tance to carbonation. In such cases, a 50% limit (Song and Saraswathy, 2007) and a
curing time between 1 month and 3 months (Gruyaert et al., 2013) are recom-
mended to improve carbonation resistance. Concretes with FA have a similar
behavior, and high addition percentages reduce the carbonation resistance
(Khunthongkeaw et al., 2006; Zhao et al., 2015). However, some researchers have
observed that if the w/c ratio is low, the carbonation resistance can be improved
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even with high percentages of FA (Pacheco-Torgal et al., 2013). The curing condi-
tions influence the carbonation performance of concrete with FA (Roziere et al.,
2009). After 28—90 days of curing, the carbonation resistance markedly improves
(Pacheco-Torgal et al., 2013; Siddique, 2011). Low addition percentages, approxi-
mately 10%, are recommended to obtain low carbonation coefficients
(Khunthongkeaw et al., 2006), but Siddique (2011) observed a decrease in the car-
bonation coefficient at addition percentages of 25%—35%. A similar behavior was
observed for SF, and slight increases in the carbonation depths with respect to con-
crete without additions were observed (Pacheco-Torgal et al., 2013). Kulakowski
et al. (2009) stated that in concrete with SF, and w/c ratios of 0.45—0.50, the car-
bonation resistance increases. However, higher w/c ratios can have a detrimental
effect, which confirmed that the ideal concentration range is 5%—10%. Other
researchers have reported different results regarding carbonation (Khan and
Siddique, 2011). The performance of MK-concrete in the presence of CO, similarly
presents controversy (Bai et al., 2002; Kim et al., 2007). Mejia de Gutiérrez et al.
(2009) determined the carbonation depth for specimens with MK after curing for 28
days was slightly lower than that of concrete without additions. They confirmed
that the carbonation rate is reduced when the curing age is increased; Vejmelkova
et al. (2010) also verified that concretes with MK have a better performance with
respect to carbonation.

Fig. 13.14 shows the carbonation depth and the carbonation coefficient for
blended concretes with 10% SF, 10% MK, and without additions (OPC) at a 0.55
w/c ratio with 28 days of curing. The exposure was performed under accelerated
conditions in a carbonation chamber (1% CO,, 65% RH, 25°C) for periods of 1080,

40 - gégggg #- Carbonation coefficient Kc _ 40
4680 h
5760 h 35.6 35.7 &
35 4 L — 135 5
31.3 . @©
— (]
g4 ° {30 £
E E
< 25 - 425 =
57 ° 3
© L2
c 20 4 ! 420 £
kel Q
= o
-§ 15 - = <15 §
T ©
O 104 i 110 &
2
©
5 . 15 O
0 = 0

MK 10% SF 10%
Concrete type

Figure 13.14 Carbonation depth and carbonation coefficient of the ordinary Portland cement
(OPC), metakaolin (MK), and silica fume (SF) concrete at different exposure times.
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2520, 3960, 4680, and 5760 hours. The behavior of the OPC reference specimen
over time, compared to the blended concrete specimens should be noted. The
results confirmed that the MK and SF concretes were slightly more susceptible to
carbonation than OPC; the carbonation coefficients were similar for all the speci-
mens. The results indicated that the performance of the blended concrete can be
improved if the exposure is performed with longer curing periods (approx. 90 days)
and using lower w/c ratios (Kulakowski et al., 2009; Mejia de Gutiérrez et al.,
2009).

Fig. 13.15 shows the evolution of the OCP for blended concrete with MK and
SF, and for OPC without additions. The specimens exposed to carbonation are in
the region where the corrosion probability is less than 10%, up to an approximate
exposure age of 250 days, after which the corrosion potentials are in the uncertain
zone. The carbonation process produces calcium carbonate and water. Calcium car-
bonate has a low solubility and precipitates within the concrete pores, which
reduces the porosity. The precipitation increases the concrete resistance. However,
the CO, continues to diffuse through the cementitious matrix, and the pH continues
to decrease. When the CO, reaches the steel, the passive layer is destabilized,
which initiates the propagation stage according to the Tutti model (Tutti, 1982).
The carbonation coefficients associated with each specimen are shown in
Fig. 13.14. Based on these data and the dimensions of the specimens, the time
when the carbonation reaches the reinforcement steel surface was obtained for
OPC, MK, and SF was 441, 342, and 340 days, respectively. These results match
those in Fig. 13.15, where the corrosive process begins at approximately 350 days.
Fig. 13.16 shows the evolution of the corrosion current i, calculated using the
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Figure 13.15 Evolution of E.,, for ordinary Portland cement (OPC), metakaolin (MK), and
silica fume (SF) specimens exposed to CO,.
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Figure 13.16 Evolution of i, for ordinary Portland cement (OPC), metakaolin (MK), and
silica fume (SF) specimens exposed to CO,.

linear polarization resistance (Rp) technique. After 365 days of exposure, the corro-
sion rate is high, which coincides with the time obtained using the carbonation sus-
ceptibility test. Concrete with additions have behaviors very similar to OPC.

13.3.2 Electrochemical realkalisation on blended concretes

To extend the useful life of structures affected by carbonation-induced corrosion, the
RE technique can be used. This is similar to ECE and was patented by John Miller in
the late 1980s. Its commercialization is attributed to NORCURE in Norway (Banfill,
1997; Bertolini et al., 1996). In RE, a direct current of 1—2 A/m? is applied with
respect to the steel surface (cathode), and an electrochemical cell is formed with an
auxiliary anode. Sodium carbonate is usually used as an alkaline electrolyte, and the
treatment lasts from 3—21 days (Bertolini et al., 2004; Mietz, 1995). During the
treatment, electrochemical reactions originate at the cathode surface and generate
hydroxyl ions, which increase the pH value near the reinforcing steel. At the same
time, the alkaline electrolyte enters the concrete, increases the pH from the surface
to the interior and acts as a sink for carbon dioxide in the cementitious matrix
(Mietz, 1995; Yeih and Chang, 2005). This technique only has a few application
reports compared to the ECE technique (Barrios Durstewitz et al., 2012; Bertolini
et al., 1996, 2008; Castellote et al., 2006; Gonzalez et al., 2011; Marie-Victoire
et al., 2014; Mietz, 1995; Miranda et al., 2006; Redaelli and Bertolini, 2011, 2014,
2016; Tong et al., 2012; Yeih and Chang, 2005; Zhang et al., 2013), and only a few
of these studies have been performed in blended concrete (Ribeiro et al., 2013).
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Figure 13.17 Visual monitoring of the evolution of the RE front at 15 days of treatment to
specimens with and without addition (A), (B), and (C) ordinary Portland cement (OPC),
metakaolin (MK), and silica fume (SF) concrete before electrochemical realkalisation (RE),
respectively; (D), (E), and (F) OPC, metakaolin (MK), and silica fume (SF) concrete after
electrochemical realkalisation (RE), respectively.

13.3.2.1 Electrochemical realkalisation Application

To analyze the effectiveness of the treatment, a visual inspection was performed by
applying 1% phenolphthalein to the concrete before and after RE, to detect an
increase in the pH of the carbonated zones. Fig. 13.17 shows the blended concrete
with 10% MK, 10% SF, and the concrete reference OPC without additions, before
and after applying RE. The application was carried out for a period of 15 days with
a single current density of 1 A/m® In general, a recovery of the alkalinity was
observed for the concrete, and the OPC concrete had a slightly higher increase in
the alkalinity over the other specimens.

The RE occurs in two directions: from the steel to the surface (internal)—due to
the alkalinity induced by applying a cathodic current (Castellote et al., 2006;
Redaelli and Bertolini, 2011); and from the concrete surface to the steel (external)—
due to penetration of the alkaline solution in contact with the anodic system
(Castellote et al., 2006). Fig. 13.18 shows the measurements of the RE advance, both
internal and external. The OPC concrete had a greater RE advance than the blended
concrete, and this was expected because the permeability of the MK and SF concrete
is lower. RE obeys electroosmosis (Castellote et al., 2006), in which the aqueous
alkaline solution moves through the matrix along an electric field. In this case, the
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Figure 13.18 Realkalised distance for ordinary Portland cement (OPC), metakaolin (MK),
and silica fume (SF) concrete at 15 days of treatment electrochemical realkalisation (RE).

concrete permeability depends on the electrolyte movement inside the matrix and the
diffusion of the OH ™ generated by the application of the cathodic current to the rein-
forcing steel (Bertolini et al., 1996). The OPC concrete has a greater advance of
internal RE, approximately 2.5 times more than the blended concrete, which indi-
cates greater diffusion of OH . This explains why the external diffusion was smaller
in comparison to MK and SF. Redaelli and Bertolini (2011) observed the same
behavior for concrete with added blast-furnace slag. Ribeiro et al. (2013) stated that
an additional electric charge is needed to restore the same level of alkalinity for poz-
zolanic cement, compared to concrete without additions under the same treatment
conditions.

Fig. 13.19 shows the evolution of E,,, for blended concrete with MK and SF
and OPC before applying RE (AE), immediately after the disconnection of the
RE (ID) system, and measurements at 73, 103, 133, 373, 433, and 462 days after
RE. Prior to the treatment, all the specimens were in the corrosion probability range
<10%. At this point, the carbonation had not reached the reinforcing steel. At the
end of the RE period of 15 days, the potential values were below —600 mV, reach-
ing —800 mV. At this point (ID), it was not possible to determine the corrosive
state of the reinforcement steel, and it was necessary to allow a depolarization
period so the potentials could stabilize. At 133 days, the potentials of the specimens
with treatment were in the corrosion probability range of <10%, and these values
suggest that the reinforcement steel was in a passive state.

Fig. 13.20 shows the i.., evolution before and after RE. Here, the current den-
sity just after the disconnection of the system (ID) was greater than the current den-
sity before the application of the treatment (AE). This behavior is similar to the one
observed in ECE. After 73 days of system disconnection, the i.,, corrosion rate
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Figure 13.19 Evolution of E.,, before and after RE for ordinary Portland cement (OPC),
metakaolin (MK), and silica fume (SF) concrete.

100 3
] —m— OPC
] —e— MK (10%)
| —a— SF (10%)
10
3 A High corrosion (>1)
— I\
NE r"ll \\
L .-"A b
< 1 {4 '\.-\-\- -------------------- rrer————
= ] f \\_‘\ Moderate corrosion (0.5-1)
= ; :-\\\ R o
S \\
~ \ —A——aA___ Low corrosion (0.1-0.5)
\ —— G ‘--"'“-H
- . i S
0.1 - I -____.____t:-__:=
After RE Negligible corrosion (<0.1)
0.01 T T o 1 - d1 F ¥ F a4 3 T =
AE ID 73 103 133 373 433 465

Time (days)

Figure 13.20 Evolution of i, before and after electrochemical realkalisation (RE) for
ordinary Portland cement (OPC), metakaolin (MK), and silica fume (SF) concrete.

began to decrease for all specimens. At 103 days, the OPC reached steel passivity
values (<0.1 uA/cmz); however, the MK and SF concretes reached the passivation
threshold at 465 days. There is a tendency for the current density to decrease over
time, but the values before treatment (AE) were slightly lower than those after the
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RE treatment at 465 days. After RE application to the blended concrete, the icorr
reductions were observed after one year of application, and, in some cases, the
values reached steel passivation (Redaelli and Bertolini, 2011; Ribeiro et al., 2013).

The interpretation of electrochemical measurements in treatments such as RE is
complex because of the drastic changes in the composition of the pore solution.
The conductivity increases due to the increased pH and transport of sodium ions
and bicarbonates in the solution, which generates more negative potentials (Elsener,
2001; Martinez et al., 2009). Therefore, in the RE, the steel stabilization process is
much slower. Some researchers claim that the linear polarization resistance tech-
nique is not an appropriate technique to evaluate corrosion after applying RE
(Martinez et al., 2009; Pollet and Dieryck, 2000).

13.3.2.2 Geopolymer coating application after electrochemical
realkalisation

Once the RE technique is applied, a complementary method is needed to limit the
re-diffusion of CO, in the structure. Fig. 13.21 shows the evolution of the current
density, i.or, for blended concrete with MK and SF and OPC without additions,
with and without GP coatings based on FA FA/100PC, after RE exposure to accel-
erated carbonation conditions (1% CO,, 65% RH, 25°C). The time O (initial) refers
to concrete 30 days after disconnection of the RE system without exposure to car-
bonation. After approximately 70 days of re-exposure, the uncoated specimens
showed an increase in i.,, compared to that of the coated specimens, which sug-
gests that the coating goes through a carbonation protection process. Nevertheless,
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Figure 13.21 Evolution of i, of the ordinary Portland cement (OPC), metakaolin (MK),
and silica fume (SF) concrete after treatment electrochemical realkalisation (RE) with and
without coating FA/100PC.
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after 150 days of exposure, all the specimens were in the high corrosion range and
exhibited an increase in the i, of the coated specimens compared to the uncoated
specimens. This suggests that the FA/100PC coating can be a carbonation protec-
tive coating, but it has a limited life. At 150 days of accelerated exposure to carbon-
ation, the coating does not have a protective effect.

The performance of geopolymeric or alkaline-activated materials against carbon-
ation is controversial. Bernal et al. (2013) observed a decalcification of the
C—A—-S—H gel as a carbonation product in GP materials based on FA, with
N—A—S—H and C—A—S—H gels, when they were exposed to accelerated carbon-
ation, but no significant changes were observed in the N—A—S—H gel. This sug-
gests that hybrid cementitious materials are equally susceptible to carbonation.
Conversely, studies on MK-based geopolymers have shown that these materials
show a greater susceptibility to carbonation under accelerated conditions. Still, this
is not representative of their performance under natural conditions because the pH
of the concrete is reduced and does not reach the levels required to induce depassi-
vation of the reinforcing steel (Pouhet and Cyr, 2016).

13.4 Conclusions and future trends

Reinforced concrete is susceptible to corrosion of the embedded steel, which affects
its durability. The main causes for corrosion are exposure to chloride ions and/or
carbonation. There are methods to prevent this phenomenon. The first prevention
method requires good quality concrete and design as per standards and regulations
during the construction process. In addition, there are prevention and control meth-
ods to extend the useful life of structures. The incorporation of additions, such as
pozzolan or steel slag, contributes to a permeability reduction and lower chloride
ion diffusion, which is an excellent alternative in marine environments. However,
in environments with CO,, mineral additions have yielded controversial results, and
positive effects have only been observed under suitable curing conditions.
Geopolymer inorganic coatings for concrete surface could be a viable protection
alternative for chloride-induced corrosion, because these materials present excellent
characteristics, such as mechanical resistance, reduced permeability to chloride
ions, and adhesion strength to the concrete surface. Therefore, the coatings have a
limited useful lifetime that must be known prior to their application. In studies per-
formed under accelerated conditions, a loss of the protection from the geopolymer
coating based on MK was observed after 4 w/d cycles. Because the test conditions
were very severe, additional investigations should be performed under natural ser-
vice conditions to determine the coating performance in different environments.
Electrochemical reparation techniques, such as ECE and RE, are applied when
the structure is in service, but in the case of concrete with mineral additions, their
efficiency is lower. For example, in the presence of MK, the bound chloride ions
are more difficult to remove than the free chloride ions in the matrix. Additionally,
the lower permeability of the MK and SF concrete affects the diffusion of OH  into
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concrete and RE advance is reduced. These techniques are effective rehabilitation
methods. If the initial precorrosion is high, re-passivation of the reinforcing steel is
not possible, but it is possible to reduce the corrosion rate and extend the useful life
of the structure. The RE technique causes the steel stabilization process to be slower
and results in high i.., values after application because of high ion migration in the
pore solution. Long-term studies should be conducted because a significant decrease
is not observed at 465 days. It is better to prevent than to repair, and demolishing an
entire structure because of its deterioration increases costs and generates a greater
environmental impact.
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14.1 Introduction

Sulfoaluminate cement (SAC) has been accepted as an environmentally friendly
cementitious material because it can be produced at low temperature and low lime
saturation factor that consequently lowers the energy consumption and greenhouse
gas emission when compared with ordinary Portland cement (OPC) production.
Nowadays, the global cement production emits approximately 2 billion tons/year of
CO, for 2 billion tons of cement. By estimation, in 2025, cement production will
emit 3.5 billion tons yearly (Shi et al., 2011). It is a big challenge for cement che-
mists and civil engineers if SAC can be alternative to replace OPC in the future.
Greenhouse gas emissions can be significantly reduced with a use of such alterna-
tive. The lower reacting temperature to produce SAC comes from the lower energy
requirement to form sulfoaluminate phase. The difference in heat consumption of
calcium sulfoalumiante cement and OPC is approximately 805—949 Ml/ton
(Gartner and Hirao, 2015). Starting materials such as calcium carbonate and alumi-
num- and sulfate-bearing materials requires approximately 1250—1350°C to form
calcium sulfoalumiante in clinkerization process which is about 100—200°C lower
than what is required for the OPC production (Winnefeld and Lothenbach, 2010;
Trauchessec et al., 2015). When compared to the alite phase —a main phase of
OPC—calcium sulfolaluminate cement emits only one third CO, of OPC, which
amounts to 1.80 g CO,/mL and 0.56 g CO,/mL of the cementing phase for OPC
and calcium sulfoaluminate, respectively. Alternative synthesis of SAC, such as the
hydrothermal—calcination method, has also been studied for energy saving
(Rungchet et al., 2016, 2017). The hydrothermal—calcination method is carried out
via an initial dissolution—precipitation step to form intermediate phases then trans-
formation of intermediate phases to required cementitious materials using calcina-
tion. The lower transformation temperature is caused by the formation of
intermediate submicron- or nano-particles. The lower reaction temperature and the
utilization of inorganic waste in the raw mix is feasible (Costa et al., 2016; El-Alfi
and Gado, 2016; Rungchet et al., 2016). Concerning the environmental and eco-
nomic aspects, SAC has recently received much attention. The synthesis of sulfoa-
lumiante cement is explained in Section 14.3.

With regard to its applications, SAC has very promising engineering properties
and is considered to be competitive with OPC. For example, setting and hardening
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of SAC occurs very rapidly, which is good for repair. Due to the development of
swelling phases—such as a tricalcium sulfoaluminate hydrates in the form of ettrin-
gite (AFt) after hydration, it is good for special applications such as shrinkage-
resistance, self-stress, and self-leveling (Pera and Ambroise, 2004). Its potential to
entirely replace OPC is feasible only in terms of workability and strength considera-
tions but will be difficult when applied to reinforced concrete. With SAC, strengths
can be obtained which are as high as for standard OPC cured for 28 days (Pera and
Ambroise, 2004). The reason for the obstacle in use with steel reinforced concrete
is the low pH of sulfoalumiante cement after hydration that can facilitate steel cor-
rosion. There is an attempt to address this issue by producing highly alkaline phases
such as tricalcium silicate (C3S) and dicalcium silicate (C,S) together with the sul-
foaluminate phase. A combination of C5S is relatively, rare because calcium sulfoa-
luminate phase disappears at the temperature at which C3S is emerged (Ludwig and
Zhang, 2015). Therefore, blending between SAC and OPC might be a solution.
Many researchers studied the hydration of a blended system of OPC and calcium
SAC (Le Saout et al., 2013) but have not yet investigated the steel corrosion behav-
ior of rebars inside concrete prepared from SAC in the presence of either OPC or
such highly alkaline phases. In addition, the expansion mechanism of SACs to
obtain positive volume expansion and shrinkage reduction is not well understood
(Nocuri-Wezelik et al., 2010). These issues can hamper the practical use of SAC
for OPC replacement. Due to its fast setting and hardening, in some applications,
the retardation of sulfoaluminate hydration is highly essential to allow better work-
ability. The mechanism of sulfoaluminate hydration in the presence of different
retarders is still questionable (Zajac et al., 2016). Therefore, the knowledge with
regard to SAC needs to be further developed in order to improve the reliability of
its usages for the construction industry.

14.2 Definition, type, and usages: sulfoaluminate cement

SAC is any kind of cement containing sulfate and aluminate species in its chemical
formula. An example of SAC which is popular are calcium sulfoaluminate phases
such as tetracalcium trialuminosulfate or ye’elimite or C A ;S in which C, A and
S stand for CaO, Al,Os, and SOs, respectively. This cement compound has as min-
eral name “ye’elimite” or Klein’s salt which was introduced in the 1960s by
Alexander Klein (Winnefeld and Lothenbach, 2010; Martin-Sedeno et al., 2010).
Calcium sulfoaluminate cement is normally found together with other cement
phases such as dicalcium silicate, belite or C,S in which C and S stand for CaO and
Si0,, respectively. Tetracalcium aluminoferrite or C4AF in which C, A, and F stand
for CaO, Al,Os, and Fe,0s, respectively, is also commonly found when starting
materials contain some iron compounds. Ye’elimite has been reported in various
forms: orthorhombic, body-centered cubic, or tetragonal crystal structures.
Ye’elimite is an end member of sodalite (Nag(AlgSigO24)Cl), in which Nat and
Si** are replaced by Ca®>" and AI’*, respectively (Hargis, 2013). The framework
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structure of ye’elimite which is more open than that of C3S and C,S, resulting in
the density of ye’elimite (2.61 g/cm®) being lower than OPC (3.13 g/cm®).

Calcium sulfoaluminate-belite (CSAB) cement has been found to be a good
combination, as the reaction of C,A3S and dihydrate calcium sulfate (gypsum) is
responsible for rapid setting and hardening due to ettringite (AFt) formation, while
C,S consumes the by-product of the C4A5S hydration to form useful binding phases
for later stages as stated in Eqgs. (14.1) and (14.2), respectively. The hydration of
C4A5S takes place very rapidly. The strength which can be obtained with CSA con-
crete amounts to 65—70 MPa within 1 day which is almost twice the strength which
can be obtained with OPC concrete (Ioannou et al., 2015). Use of different forms of
calcium sulfate, such an anhydrite, also provides AFt as stated in Eq. (14.3), similar
to the use of dihydrate calcium sulfate or gypsum. Without the calcium sulfate com-
pound, the C4A5S hydration product is monosulfate (AFm) as stated in Eq. (14.4)
which does not provide sufficient strength for the requirements at early age
(Juenger et al., 2011). The combination between C4A3§ and C,S in the absence of
calcium hydroxide (CH) was recommended by many researchers to obtain highly
durable material, due to the formation of stratlingite (CASH) phase incorporating
AFt (Winnefeld and Lothenbach, 2010; Juenger et al., 2011). Winnefeld and
Lothenbach proposed modeling phase diagrams of hydrated CSA cements as shown
in Fig. 14.1, which are in alignment with the above mentioned equations. Two CSA
cements were used in comparison. The CSA-1 consisted of 50 wt% of ye’elimite,
15 wt% of gehlenite, 8% of calcium aluminate, and 22 wt% of gypsum. CSA-2 con-
sisted of 54 wt% of ye’elimite, 19 wt% of belite and 21 wt% of anhydrite. The
experiment proved that, without C,S, there was no stratlingite formation.

SAC is named after the existing phases inside SAC. Table 14.1 shows the types
of SACs. The coexistence of C4A3§ and C;S is quite difficult as the reaction tem-
perature of C3S is high while C4A5S is unstable at high temperature. Therefore, the
main phase of alite-rich CSA is C4A3§ instead of CsS.

C4A3S + 2CSH + 34H < C4AS3Ha, (Ettringite) + 2AH3 (14.1)
C,S + AH; + 5H < C, ASHg(Stratlingite) (14.2)
C4A3S +2CS + 36H <> C4AS;Hs, (Ettringite) + 2AH; (14.3)
C4A;S + 18H <> C3ASH,>(Monosulfate) (14.4)
C4A3S + 8CSH + 6CH + 74H <> 3C¢AS;Hj, (Ettringite) (14.5)

Each phase inside CSA has its own responsibility to enhance the durability of
the hardened materials. For example, as stated earlier, C,S assists to consume AHj;
left over from C4A3§ hydration to form calcium aluminosilicate hydrate in the form
of stratlingite. In addition, it helps to take charge of the pH enhancement for C4A5S
due to the generation of Ca(OH), for the system. C3S works in a similar way to
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Figure 14.1 Modeled changes of phase volume during hydration of (A) CSA-1 and

(B) CSA-2 (Winnefeld and Lothenbach, 2010).

Table 14.1 Type of sulfoaluminate cements (SACs) and

their components

Name (Acronym) Main phase Minor phases
Calcium sulfoaluminate cement (CSA) C4A3§ C,S, CLAF, C§,
~ CiAy ~

Calcium sulfoaluminate-belite cement (CSAB) C4A5S C,S, C4AF, CS,
Belite-rich calcium sulfoaluminate cement (BCSA) C,S C4A5S, C,AF
Belite-sulfoaluminoferrite cement (BCSAF) a-G,S, C4A3§ CirA5

and C,AF

(1—-x
Alite-rich calcium sulfoaluminate cement (ACSA) C4A3§ CsS, C,S
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C,S, and even faster to increase the pH of the system. Not only the increase in pH,
but the presence of Ca(OH), after C3S hydration helps to accelerate the hydration
of C4A3§. Ettringite obtained from the system with Ca(OH), is more substantial
than that without Ca(OH), as stated in Eq. (14.5). The formation of larger amounts
of AFt can cause high expansion. C4AF and C,A are both aluminate phases which
can provide additional AFt for the system. Therefore, the amount of calcium sulfate
phases to react with those aluminate cement phases (C4A3§, C4AF, and Cj5A;) is a
very important factor in order to obtain sufficient AFt phase leading to rapid setting
and high early strength. For example, a molar ratio of C4A5S:CaS0, - 2H,0 or
C4A3§:CaSO4 of 1:2 is desirable in order to obtain Aft, according to Eqs. (14.1)
and (14.3).

For 30 years, CSAs have been intensively used in China in its concrete for con-
structions such as bridges, pipes, leakage, and seepage prevention materials, precast
concrete, repair materials, etc. (Moffatt and Thomas, 2017). Its usage is similar to
OPC, more advantageous in term of its early strength development and expansive
behavior. Therefore, CSA cement is considered for special applications, such as
shrinkage-resistant and self-stressing cements. Self-leveling screed with limited
curling and self-leveling repair mortar are also possible due to its expansive prop-
erty. In addition, CSA cement behaves better than OPC as a matrix for glass fiber
reinforcement to secure glass fiber deterioration due to its lower alkalinity (Pera
and Ambroise, 2004). Modified CSA with dispersed polymer powders such as vinyl
acetate ethylene were also studied in order to improve the adhesion capability of
CSA for construction (Brien, 2014). CSA is used as oilwell cement for offshore
processing areas instead of OPC because its expansive and low elastic modulus
properties decreases the permeability of the set concrete —major requirements for
the well construction. Whereas, OPC is more brittle and prone to being more per-
meable (Liu et al., 2016). Waste encapsulation is also one of the major applications
for CSA cement including solidifications of nuclear waste and toxic metal oxides
(Luz et al., 2006; Sun et al., 2011).

14.3 Production of sulfoaluminate cement

Production of SAC is more environmental friendly due to its lower firing temperature
(Iess than 1250°C for clinkerization process) and lower CO, emission when compared
to the OPC production (which requires up to 1450°C) (Winnefeld and Lothenbach,
2010; Trauchessec et al., 2015). Currently, much attention is paid to the synthesis
through hydrothermal—calcination process due to many benefits such as lower reac-
tion temperature (less than 1100°C) and higher reactivity of the cement due to the
finer particle size, and better morphology when compared to that from the traditional
process such as clinkering. In addition, the utilization of inorganic wastes for CSA
production is also feasible in both the clinkerization and the hydrothermal—calcina-
tion processes. The estimation of mineralogical phases of cement clinkers is based on
the modified Bogue equations for the CaO—SiO,—Al,03—Fe,03—S0O5; system
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(Tacobescu et al., 2013). The calculation of cement phases (C4AF, C,S, C4A3§, CS,
and C) is performed using Eqs. 14.6—14.10.

%C4AF = 3.043(%Fe,03) (14.6)
%C4A38 = 1.995(%AL,03) — 1.273(%Fe,03) (14.7)
%C,S = 2.867(%Si0,) (14.8)
%CS = 1.700(%S03) — 0.445(%AL,03) + 0.284(%Fe,05) (14.9)

%C = 1.000(%Ca0) — 1.867(%Si0,) — 1.054(%Fe,05)

(14.10)
— 0.550(%AL03) — 0.700(%S05)

14.3.1 Production of calcium sulfoaluminate-belite cement using
the clinkerization process

The clinkerization process has been used since many decades and involves solid
state reaction between oxides of starting materials. Due to the solid state reaction,
high energy is required to allow the diffusion of atoms and molecules of crystals.
Raw materials used to produce CSA (ye’elimite or 4CaO -3Al,0O5 SOz or C4A3§)
can be any matter that can supply CaO, Al,O5;, and SOs5. Pure reagents such as
calcite (CaCO;), alumina (Al,O3), and calcium sulfate compounds (CaSOy,
CaSO, - 1/2H,0, CaS0O,-2H,0) are a good choice to produce pure CSA or ye’-
elimite phases. The required stoichiometry is 4:3:1 for CaO:Al,03:SO; to obtain
4Ca0 - 3A1,05 - SO3. The ye’elimite phase and the belite phases are unavoidably
formed when starting materials contain SiO,. This cement is therefore called
“CSAB.” There were several reports of using various inorganic wastes to produce
CSA cement. El-Alfi and Gado (2016) used marble sludge waste from a marble
processing factory to prepare CSAB cement via clinkerization. This waste mainly
contained only calcite (CaCO3;), as identified by X-ray diffraction. To synthesize
CSAB, hemihydrates calcium sulfate and kaolin were the sources of sulfate and
Al,O3, respectively, to form ye’elimite. This research showed a preference to form
ye’elimite when the kaolin (Al,O; source) content was increased. The recom-
mended conditions were 25:20:55 of kaolin:hemihydrate:marble waste and only
1200°C of firing temperature. The calculated cement phase using the modified
Bogue equations consisted of 22.30% of ye’elimite, 43.6% of C,S, 1.58% of C4AF,
18.62% of calcium sulfate and 3.76% of CaO. The strength development after
cement hydration was about 36MPa (28 days curing) without additional calcium
sulfate compound. Costa et al. (2016) studied the production of CSAB cement using
aluminum anodizing sludge as Al,O; source. Aluminum waste contained mainly
Al,O5 and SOj approximately 73.6 wt% and 20.5 wt%, respectively. The raw mix
contained 18.5:7.3:72.9 of aluminum anodizing sludge:calcium sulfate:lime stone.
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The raw mix was fired at 1250°C for 30 minutes. The resulting CSAB composed of
28.8 wt% of orthorhombic ye’elimite, 6.7 wt% of cubic ye’elimite, 39.1 wt% of
belite, 7.4 wt% of brownmillerite (C4AF), 4 wt% of anhydrite, 8.2 wt% of alite and
5.9 wt% of periclase. The measured belite (C,S) and alite (C3S) formations were
questionable because starting materials had no SiO, content. The compressive
strength of hydrated paste at 28 days curing was 41.7 MPa. Viani and Gualtieri
(2013) used thermal transformed cement—asbestos to prepare calcium sulfoalu-
miante cement. The cement—asbestos mineral, which was a CaO and SiO, source,
composed of 33.1 wt% of SiO,, 49.2 wt% of CaO, 5 wt% of Al,0O3, 7.67 wt% of
MgO, and 2.12 wt% of Fe,03. 3-C,S, amorphous, C4AF, mayenite and periclase of
this waste were approximately 62 wt%, 13 wt%, 5.5 wt%, 7.3 wt%, and 5.0 wt%,
respectively. This waste was used to prepare CSA wusing 29:25:15:31 of
cement—asbestos: gibbsite: gypsum: calcite. The given cement consisted of
41.6 wt% of ye’elimite, 26.3 wt% of 3-C,S, 1.4 wt% of C4AF, 9.2 wt% of CaO,
8.3 wt% of CaSQ,, and 11 wt% of amorphous phase. There was no report on
strength development in this work. Tacobescu et al. (2013) synthesized calcium fer-
roaluminate belite cements using electric arc furnace steel slag (EAFS) as one of
the raw materials. EAFS composed of 32.50 wt% of CaO, 26.30 wt% of FeO,
18.10 wt% of SiO,, 13.30 wt% of Al,O3, 3.94 wt% of MnO, 2.53 wt% of MgO, and
1.38 wt% of Cr,O3. Mineralogical compositions of EAFS were 41 wt% of C,S,
14.7 wt% of gehlenite, 12.0 wt% of wustite, 10.0 wt% of magnetite, 9.4 wt% of
C4AF, 7.2 wt% of CjA7, 3.7 wt% of merwinite, and 2.0 wt% of spinel. The used
raw mix was 62:20:8:10 of lime stone:bauxite:gypsum:EAFS. The obtained cement
contained 44.6 wt% of C,S, 33.0% of C4AF, 19.7 wt% of ye’elimite, and 3.9 wt% of
calcium sulfate calculated by Rietveld X-ray diffraction. The calculated and mea-
sured mineralogical compositions were relatively similar. After hydration, the
cement with addition of 20 wt% FGD—gypsum (flue-gas desulfurization—gypsum)
could gain strength up to 44 MPa at 28 days curing. Katsioti et al. (2006) examined
the use of jarosite—alunite precipitates from a stage of a new hydromettalurgical
process in order to produce SAC clinker. The jarosite—alunite precipitate consisted
of 16.55 wt% of Al,Os, 39.66 wt% of Fe,03, 1.20 wt% of SiO,, and 44.98 wt% of
SO;. The precipitate can be Al,O3, Fe,03, and SO3 sources. The mineralogical com-
positions were jarosite, goethite, akaganeite, epsomite, and alunite. The raw mix
contained 52.4:30.9:5.4:11.3 of lime stone:bauxite:gypsum:jarosite—alunite. The fir-
ing temperature was set at 1300°C. As calculated by the modified Bogue equations,
the obtained cement clinker consisted of 44.90 wt% of C,S, 16.37 wt% of C,4AF,
28.35 wt% of C4A3§, and 10.18 wt% of CaSO,. There was no report of the addi-
tional calcium sulfate compound. The strength development of the cement after
hydration was approximately 34 MPa at 28 days curing. The strength developed
from those several SACs was promising when compared to commercial CSA cement
(Trauchessec et al., 2015). The shortage of Al,O5-bearing materials to produce CSA
cement is now a serious concern worldwide. Looking for alternative inorganic
wastes such Al,Oz-containing materials is inevitable. The previous research lists, as
mentioned above, are good examples for substituting the primary Al,O5 source.
Bauxite residue from Bayer’s process (Al,O; manufacturing process) was currently
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considered to produce calcium sulfoalumiante cement, due to its great availability
all over the world (approximately 2.7 billion tons) (Pontikes and Angelopoulos,
2013). The average chemical compositions of the bauxite residue was 46.1 wt% of
Fe,03, 18.4 wt% of Al,Os, 10.8 wt% of SiO,, 9.9 wt% of TiO,, 9.7 wt% of CaO,
5.1 wt% of Na,O. Its mineralogical compositions can be in various forms; hematite
(a-Fe,03), goethitie (a-FeOOH), magnetitie (Fe;0,), boehmite (v-AIOOH), gibbsite
(y-Al(OH)3), diaspore (v-AlOOH), sodalite, crancrinite, quartz, rutile, anatase, cal-
cite, etc. The bauxite residue has been used to produce belite-sulfoaluminoferrite
cement (BCSAF) at an industrial scale by Lafarge to obtain «-C,S, C4A3§ and
C,AF(1 — x) solid solution which showed similar performance compared to OPC.

There was a study in the synthesis of alite—ye’elimite cement (Ma et al., 2013).
Alite phase was preferred rather than belite in a combination with ye’elimite in terms
of its steel corrosion resistance and very high early strength requirement. However,
the process to produce alite—ye’elimite cement is more complicated because the for-
mation temperature of alite and ye’elimite is different. As previously mentioned, a
suitable temperature for ye’elimite formation is below 1300°C while the alite forma-
tion requires heating up to 1300°C. This study proposed different firing profiles com-
pared to previous studies. Two-cycle firing was carried out in order to sustain both
phases. A first cycle was at 1450°C for 30 minutes, followed by air-quenching. The
second cycle was at 1250°C for lhour followed by air-quenching. The subsequent
cement clinker consisted of ye’elimite, alite, C4AF, C3A, and anhydrite. For one cycle
of firing, the cement clinker had lower contents of ye’elimite and alite but larger
amounts of C3A. For two-step firing, the first and second cycles were to form alite
(C5S) and ye’elimite (C4A5S), respectively. With two-cycle firing, C;A and anhydrite
were transformed to C4A3§ and C4AF during the second step.

The idea to produce belite sulfoaluminate (BSA)—ternesite cement was pro-
posed, in order to study its hydration and strength development (Shen et al., 2015).
Ternesite is calcium sulfosilicate (C582§) which can be formed when excess
calcium sulfate exists together with belite (C,S) phase at approximately
1150—1250°C. Above 1250°C, ternesite decomposes. There were many reports
indicating a slow hydration of ternesite but providing better hydration at later age.
Due to different formation temperatures of C4A3§ and C582§, heat treatments of
two cycles were used to maintain ternesite in the clinker. The first and second
cycles were carried out at 1270°C and 1000—1200°C, respectively. With the use of
one cycle, there was no ternesite formation in the clinker. BSA—ternesite cement
synthesized with the second cycle heat treatment at 1150°C for 15 minutes, con-
tained 34.5 wt% of C4AS, 20.3 wt% of C,S, 8.2 wt% of C4AF, 5.1 wt% of CS, and
31.9 wt% of C582§. For BSA cement, 33.8 wt% of C,S (33.8 wt%) was formed
instead of ternesite together with 38.9 wt% C4A5S. With regard to strength develop-
ment, BSA cement had better early age compressive strength but BSA
with ternesite gained the better strength at later ages while gaining similar heat
evolution. The difference between hydration product development of BSA
and BSA—ternesite clinkers was the development in stratlingite phase from
BSA—ternesite clinker, whereas no stratlingite was formed from BSA clinker. It
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was believed that stratlingite was causing the later age strength development
(Martin et al., 2017).

14.3.2 Production of calcium sulfoaluminate cement
using hydrothermal—calcination process

The hydrothermal—calcination process was developed several years ago by Jiang and
Roy (1992). It has several advantages over the clinkerization or firing process. The
obtained products have finer particle sizes, greater surface area and a more homoge-
nous morphology. In addition, the energy required for processing is much lower.
However, its drawback is the requirement of a two-step process that can obstruct its
final use. Hydrothermal synthesis consists of two reaction steps under high pressure
(>1 atmospheric pressure) and temperature; dissolution, and precipitation. The preci-
pitates are commonly in the form of hydrated phases so called “intermediate phases”
which would be transformed to the final cement product after heat treatment or calci-
nation. The hydrothermal process was used to synthesize highly reactive belite (C,S)
cement in the first era by Ishida et al. (1992) and Garbev et al. (2014). Ishida et al.
(1992, 1993) and Sasaki et al. (1993) showed that the intermediate phases after the
hydrothermal process are crucial to obtain various types and characteristics of products
after calcinations. From these previous works, the «-dicalcium silicate hydrate
(Cay(HSiO4)(OH)), hillebrandite (Ca,(SiO3)(OH),), and dellaite (Cag(SiO4)(Si,O5)
(SiO4)(OH),) phases were obtained as intermediate phases by hydrothermal treatment
at temperatures between 100—2500C. Hillebrandite phase is recommended to produce
more reactive C,S than a-dicalcium silicate hydrate and dellaite phases.

Only a few works used the hydrothermal—calcination process to synthesize
ye’elimite (C4A5S). This is possibly due to the difficulty in processing that requires
two main working steps. Rungchet et al. (2016) synthesized calcium
sulfoaluminate-belite cement (CSAB) from industrial waste materials such fly ash
(FA), aluminum-rich sludge, and FGD—gypsum. Commercial grade hydrated lime
(Ca(OH),) was also used to correct the stoichiometry of the mix. The mix propor-
tion was stoichiometrically weighed by combining the raw materials at 45:20:25:10
of Ca(OH),:FA:aluminum sludge:FGD—gypsum to obtain a raw mix with 4:3:1 for
Ca0:Al1,05:50;3 and 2:1 for Ca0:SiO, in combination. The hydrothermal treatment
was carried out using an autoclave at 130°C. The studied factor was the reaction
time under hydrothermal treatment at 1, 3, 6, and 9 hour. The second stage of the
synthesis was calcination of the hydrothermal products in an electric furnace at var-
ious temperatures between 750°C and 1150°C, with a heating rate of 5°C/min and
remaining at the maximum temperature for 1 hour. At 6 hour of hydrothermal treat-
ment, nonalkaline activation hydrothermal treatment (H,O) led to a complete disso-
lution of anhydrite containing FA and a precipitation of AFt from the reaction
between the dissolved anhydrite and aluminum species present in aluminum sludge
(AS) and FA. The formation of cebolite, a calcium aluminum silicate hydroxide
(CasAl,Si301,(OH)4 CsAS3H,) could also be observed. The presence of C—S—H
(Ca; 5Si05 5.xH,0O; C;5SH,) was confirmed by differential scanning calorimetry
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(DSC) with an endothermic peak at 160—180°C. The sources of silicon and alumi-
num for both cebolite and C—S—H formations came from the dissolution of amor-
phous phases of FA and AS. The alkaline-activated hydrothermal treatment (1 M
NaOH) resulted in the formation of new hydration phases called katoite
(Ca3Al1,S104(0OH)g; C3ASH,). The reflection of portlandite indicated that the pozzo-
lanic reaction of FA under steam pressure and alkaline activation were limited.
Whereas the reaction without alkali under the same hydrothermal temperature
showed no portlandite leftover. In the alkaline activated system, sulfate available
from the dissolution of anhydrite was found as thenardite (Na,SOy; Ng), according
to the following reaction: CaSO, + NaOH <> Ca(OH), + Na,SO, (Kacimi et al.,
2010). However, no trace of either AFt or monosulfoaluminate (AFm) was found,
even though sulfates were available in the system. This was probably due to the for-
mation of calcium aluminum silicate sulfate gel, as confirmed by the presence of a
broad hump around the 10—30 degrees (20) region using XRD. Moreover, with the
use of water without hydrothermal treatment, phase development was similar to
those with hydrothermal treatment, showing the presence of AFt and AFm. The only
difference was the higher content of AFt and AFm phases with the hydrothermal
treatment. Hydrothermal treatment assisted more rapid precipitation and growth of
the products.

After calcination (1050°C), ye’elimite (C4A3§) and (3-C,S phases were obtained
in all conditions, but the intensities or quantities of phases differed depending on the
treatment used. Fig. 14.2 shows the formation of ye’elimite and belite phases using
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Figure 14.2 XRD pattern of calcinations products after calcining at 1050°C obtained from
hydrothermal products (A) under water and hydrothermal treatment, (B) under 1 M NaOH
and hydrothermal treatment, and (C) under water with no hydrothermal treatment. Y,
Ye’elimite; L, Belite; A, Anhydrite; M, Mayenite; Th, Thernardite; F, Brownmillerite;

C, Lime (Rungchet et al., 2016).
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different conditions of synthesis. Mixtures with non-alkaline activation under hydro-
thermal treatment gave the highest content of C4A5S, but only a small amount of
B-C,S. In addition, the calcination products contained anhydrite indicating an incom-
plete combination of calcium, aluminum and sulfate to form the C4A5S phase.
However, C,A;—an intermediate phase formed during calcination—reacted further
with anhydrite and formed C4A5S, one of the hydraulic phases as shown in
Eq. (14.11). Here, an intermediate phase such an AFt played an important role in the
conversion reaction to form C4A5S as shown in Eq. (14.12). It is worth noting that
without alkaline treatment, cement mix preferred the formation of C4A3§ instead of
C,S. Alkaline activation with 1 M NaOH conditions led to the complete formation of
both C4A5S and 3-C»S phases. Although no AFt phase was developed under hydro-
thermal treatment, C4A3§ could be formed via the reaction between katoite, gibbsite,
portlandite, and thenardite. In addition, katoite also played an important role in the
formation of 3-C,S, as shown in Eq. (14.13), where N = Na,O. The alkaline activa-
tion also enhanced the formation of C;,A; instead of C4A3§ after calcinations.

3(CiA7) +7CS<7C4A5S + 15C (14.11)
CeAS;H;z, + 2AH; <= C4A5S + 2CS + 38H (14.12)

3C3ASH, + 13AH; + 21CH + 3NS < 3C4A3S + CpA7 + 3(C,_,N,)S + 72H
(14.13)

After calcinations at 1150°C, C;,A; lost its stability and converted to trical-
cium aluminate (C3A), a new-formed product. At this temperature, the partial
melting of aluminate and silicate phases led to the decomposition of C4A;S and
B-C,S. With this method of synthesis, C3A which is normally formed about
1,3000C using the clinkerization, could be obtained at only 1150°C. To summa-
rize, CSAB cement could be synthesized at temperatures between 950°C and
1050°C, which is about 200—300°C lower than the temperature used in the tradi-
tional CSAB production. Additional 20 wt% of FGD—gypsum (CaSO,-2H,0)
was added to observe hydration of the synthesized CSAB cement. The resulting
cement set very quickly, with acceptable compressive strengths of 30.0 MPa and
23.0 MPa at 28 days of curing for nonalkaline-activated cement and alkaline acti-
vated cement, respectively. The initial setting times of nonalkaline-activated
cement and alkaline-activated cement were 15 and 7 minutes, respectively. The
faster setting time of nonalkaline-activated cement (lower C4A3§ than alkaline-
activated cement) was due to the presence of C;,A; which was more reactive than
C4A3§. It is notable that the water to cement ratio used in this research was 0.8
which was more than the one used in previous research works. This was due to
the larger surface area of CSAB cement obtained from the hydrothermal—calcina-
tion method. In practice, water reducing agent should be added to keep its flow
ability as well as higher strength.
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14.4 Hydration of sulfoaluminate cement

The hydration of SAC means the chemical reaction to transform SAC to hydrated
phases which can set and harden over time. In general, hydration consists of two
main stages. The first stage is the dissolution of SAC. The dissolution rate is depen-
dent on the reactivity of each phase in SAC. For example, the reactivity of cementi-
tious materials is as follows; CA > C,A;> C4A3§ > C4AF > C,S. The second
stage consists of precipitation of the hydration products. The precipitation rate is
dependent on the dissolution rate and other factors such as hydration temperature,
the presence of accelerators and retarders, etc. The amount of precipitation is
dependent on the water content and additive content such as calcium sulfate and
CH, etc. Physical and mechanical properties of the set materials depend on the
characteristics of the precipitates such as type, fineness, particle shape, specific
surface area, particle—particle interaction or its compactness. Generally, hydration
of C4A;S chemically requires calcium sulfate (CS) to form new compounds in the
form of trisulfoaluminate hydrate or ettringite (CagAl,(SO4)3(OH);5-26H,O or
C6A§3H32 or C3A.3C§.32H or AFt), which can set and harden rapidly according
to Egs. (14.1) and (14.3). Without calcium sulfate, C4A3§ undergoes hydration to
form AFm phase (CasAl(SOy) - 12H,0 or C3A§H12 or C3A.C§.12H or AFm) as
stated in Eq. (14.4). The formation of AFt results in rapid setting, high early
strength, and expansive properties. Shrinkage compensation properties therefore
come from the formation of AFt. It is believed that the greater the content of AFt,
the larger expansion of the set cement can be obtained. A large amount of AFt can
be generated from the hydration of C4A5S and calcium sulfate with the presence
of CH, as stated in Eq. (14.5). Hydration of belite (C,S) without calcium hydrox-
ide, stratlingite (CASH) can be formed as AHj, a by-product of C4A3§ hydration
which also plays a role in C,S hydration as stated in Eq. (14.2). With the presence
of CH and sufficient calcium sulfate compound, AHj3 can further react with both
of them to generate additional AFt at the early stage as stated in Eq. (14.14).
Therefore, C,S hydration results in the formation of calcium silicate hydrate
(C—S—H) instead of stratlingite. C4AF phase also plays a role with regard to the
supply of ettringite as stated in equation by Chen et al. (2012). Major factors gen-
erally affecting the hydration of SACs are the type of ye’elimite; the type and
amount of the existing major and minor phases; the type and amount of calcium
sulfate compounds (anhydrite, bassanite and gypsum); the presence of CH, and the
water content.

AH; + 3CH + 3CSH, + 20H <> C¢AS;Hs, (14.14)
3C4AF + 12CSH, + 110H <> 4C4(A, F)S3Hs, + 2(A, F)H; (14.15)
Expansive behavior is very important in the case of hydration of CSA and cannot

be overlooked as it can harm and deteriorate structures of the set cement and con-
crete. Chen et al. studied the expansion in CSAB cement in order to understand the
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Figure 14.3 Dimensional stability for the HS (High CSA) and MS (Medium CSA) CSAB
cement pastes with differing PSDs and w/c cured in ultra-pure water after demolding at
1 day (Chen et al., 2012).

factors affecting expansion (Chen et al., 2012). The factors that played a role on
expansion related to the AFt formation. The factors included amount of ye’elimite
(C4A3§) in CSAB cement, particle size distribution of CSAB cement, amount of
added gypsum, water to cement ratio, and type and content of salts. The study
showed that higher amounts of C4A5S phase tended to result in larger expansion.
CSAB cement with C4A3§ content of 65.3 wt% (HS), together with additional
15, 20, and 25% wt of gypsum, encompassed expansion approximately 1.0 wt%,
3.5 wt%, and 3.7 wt%, respectively at three days curing. The gypsum additions of
15—20 wt% and 25 wt% are to generate understoichiometry and overstoichiometry,
respectively—as stated by Chen et al. Medium CSAB (MS)—CSAB with lower
C4A5S content (about 42.0 wt% which requires 19.2 wt% of gypsum in theory)—
with additional 15% gypsum added, showed a slight expansion of only 0.25% at
3 days curing, as shown in Fig. 14.3. With overstoichiometry of gypsum at 20 and
25 wt%, C4AsS content of 42.0 wt% expanded very slightly, even less than that
with 15 wt% gypsum: only 0.15 and 0.20 wt%, respectively. Therefore, expansive
behavior was stronger with high C4A5S content rather than with high gypsum con-
tent. The results also showed that the lower the water to cement ratio, the higher
expansion could be obtained due to the dense pore structure. The externally sup-
plied water can cause expansion, due to further hydration, to form expansive AFt in
the hardened structures. When CSAB was ground to sizes smaller than 45 um, the
expansion of the cement with C4A5S content of 65.3 wt% was greatly reduced from
4.5 to 0.25 wt% after 3 days curing and w/c of 0.70. With the lower w/c ratio
(0.45), a decrease in particle size of CSAB cement significantly decreased the
expansion. The CSAB cement with the lower content of C4A3§ also exhibited the
same behavior.
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14.4.1 Role of ye’elimite type

As stated before, ye’elimite occurs in various forms; orthorhombic, body-centered
cubic, and with tetragonal crystal structures. It is believed that the reactivity of each
form is different, due to the difference in crystal lattice energy that results in the
difference in dissolubility. Jansen et al. studied the early hydration of two modifica-
tions of ye’elimite (Jansen et al., 2017). Orthorhombic (stoichiometric) and cubic
(iron containing) phases of ye’elimite were synthesized in this study. In addition to
iron, sodium could also work as phase stabilizer to maintain the cubic structure at
room temperature, as suggested by Andrac and Glasser (1994). Pure chemicals
were used to synthesize stoichiometric C4A3§ (orthorhombic) and C4A2,7F0,3§
(cubic), at 1350 and 1250°C, respectively (Jansen et al., 2017). After milling, both
clinker powders after milling had the same specific surface area. CA and CF were
impurities for orthorhombic and cubic ye’elimite, respectively. Prepared samples
consisted of 32 wt% of ye’elimite, 18 wt% of gypsum, and 50 wt% of inert mate-
rial. During hydration, ettringite could be observed after around 3 hour with the use
of orthorhombic ye’elimite and gypsum. No other hydration products besides AFt
could be formed. Comparing dissolved ions when ye’elimite reacted with gypsum,
Ca and Al ions of cubic ye’elimite were found in a slightly greater amount than for
orthorhombic ye’elimite at the beginning of the reaction. After 1 hour hydration,
those ions were depleted from the solutions to form AFt. From the heat flow curve,
the induction period of cubic ye’elimite was shorter than that of orthorhombic
ye’elimite for with and without gypsum additions, as shown in Fig. 14.4. Total heat
of hydration for orthorhombic and cubic ye’elimite phases were 515 J/gcement and
469 J/gcement> respectively. Both phases showed similar dissolution and precipitation

Heat flow calorimetry at 23°C; w/c = 1

I Orthorhombic ye’elimite without Ca-sulfate
Cubic ye’elimite without Ca-sulfate

—— Orthorhombic ye’elimite with gypsum
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Figure 14.4 Heat flow curves for synthesized ye’elimite with and without gypsum added
(Jansen et al., 2017).
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rates. A slight difference was found with the slower ye’elimite consumption and
less AFt formation in the iron containing system (cubic ye’elimite). It implied that
the modification of the ye’elimite phase slightly changed the hydration kinetics.

14.4.2 Role of sulfate type and content

As sulfate compounds play a great role in the formation of new phases, which are
in charge of strength development according to Eqs. (14.1—-14.5) and
(14.11—14.15), it is very important to look at the chemistry of sulfate compounds
carefully, in order to get the right characteristics and properties of products. Garcia-
Mate et al. (2015) investigated the effect of the calcium sulfate source on the hydra-
tion of CSA. Calcium sulfoaluminate clinker was mixed with 25% of each calcium
sulfate compound (anhydrite, bassanite, gypsum). The rheological behavior of those
three different mixes showed shear thinning or psudoplastic behavior, at which the
viscosity decreases with an increase in shear rate. Mixing with bassanite showed
the highest viscosity, which corresponded to the fastest initial setting time of
~?20 minutes. This was due to the largest dissolubility of bassanite amongst the
others. A great reduction in viscosity took place with the use of gypsum and anhy-
drite; the addition of anhydrite showed the lowest viscosity. It is worth mentioning
that anhydrite can be in various forms and their dissolubility is different. In this
research paper, anhydrite was prepared from burning gypsum at 700°C. This type
of anhydrite, in this stage, is called “anhydrite II” and is more inert than that
obtained from the burning at 200°C, which is called “anhydrite III” (Seufert et al.,
2009). In addition, adding polycarboxylate-based superplasticizer to the mix con-
taining bassanite at the same water to cement ratio (w/c) could significantly reduce
its viscosity (Chen et al., 2012). The amount of AFt formation from the hydration
of calcium sulfoaluminate clinker with different sulfate sources is in accordance
with the setting time and rheological results. The faster the setting time, the higher
the content of AFt. For compressive strength, the added bassanite showed a very
low strength —only 5—7 MPa at 7 days, while the mixes with gypsum and anhy-
drite had a strength of 60 and 65 MPa, respectively at w/c of 0.5. This is similar to
the false set at which the AFt crystals cannot grow properly and fail to obtain close
contact, leading to deterioration of the structure.

In the authors’ current experiment, the effect of calcium sulfate source on the
strength development of CSAB cement was also studied. FGD—gypsum from lig-
nite power plants was burnt at 120°C and 200°C to generate hemihydrate calcium
sulfate (bassanite) and anhydrite III. The proportion of CSAB and calcium sulfate
compound was 70:30 and superplasticizer was added to all mixes (0.15 wt% of
cement). In contrast to the previous work (Garcia-Mate et al., 2015), hydration of
CSAB with the presence of anhydrite showed the fastest setting time. The setting
of the mix with added gypsum was the slowest. The difference was due to the dif-
ference in anhydrite structure. The compressive strength at 3 days curing related to
the setting time, in that the faster the setting time, the higher strength. The strengths
of 39, 30, and 20 MPa could be obtained for the mixes with additions of anhydrite,
basanite, and gypsum, respectively.
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The hydration of ye’elimite in different forms in the presences of different calcium
sulfate sources was studied by Cuesta et al. (2014). Ye’elimite was synthesized differ-
ently as stoichiometric ye’elimite (orthorhombic unit cell) and solid solution ye’elimite
(pseudo-cubic unit cell). Gypsum and anhydrite were added in accordance with the
stoichiometic ratio as stated in Eq. (14.1). In comparison, the formation of AFt took
place earlier in the mix, with the use of orthorhombic ye’elimite and gypsum. It
implied that the reactivity of pseudo-cubic ye’elimite was lower, compared to ortho-
rhombic ye’elimite. The formation of AFt was greater when orthorhombic reacted
with anhydrite, in comparison with gypsum at the same curing time. However, the for-
mation of AFt from the reaction between pseudo-cubic ye’elimite and anhydrite was
lower compared to the AFt formation when using gypsum. Notably, orthorhombic and
pseudo-cubic ye’elimite phases preferred anhydrite and gypsum, respectively. These
results were in accordance with those reported by Jansen et al. (2017).

The calcium sulfate content plays an important role with regard to the hydration
of CSA cement. Hydration product formulation depends on the stoichiometry of
CSA and calcium sulfate compounds. For example, according to Eq. (14.1) C4A5S +
2CSH + 34H < C4AS;Hs, (Ettringite) + 2AHs3, C4A5S requires 2 mole of gypsum
to generate ettringite and amorphous aluminum hydroxide. When the calcium sulfate
compound amount is limited, e.g., with ye’elimite to gypsum ratios of 1.5 and 1.0,
the hydration products are a combination of AFt and AFm (C3A§H12) as stated in
Egs. (14.16) and (14.17), respectively.

3C4A3S +2CSH + 70H <> CsAS;Hs, + C3ASH »(AFm) + 5CH + 7AH;
(14.16)

2C4A3S +2CSH + 57H <> CsAS;Hz, + C3ASH »(AFm) + CH + 4AH;
(14.17)

3C4A;S + 68H <> CAS;H3, + C3ASH)» + 3CH + 7AH; (14.18)

The calcium sulfate content is important, providing various properties to the set
and hardened materials, ranging from rapid-hardening to shrinkage compensating,
and eventually self-stressing (Carballosa et al., 2015). As is well known, early
strength development of CSA cement is mainly caused by the formation of AFt and
later strength mainly results from other phases, such as stratlingite and hydrogarnet.
Monosulfate (AFm) is also one of the strength developers, but its influence is
believed not as strong as that of AFt. Berger et al. (2011) studied the thermal cycle
and gypsum content effect on the hydration and mechanical properties of CSA in
the long term. That paper proved that AFt formation was feasible in the absence of
calcium sulfate. The used CSAB cement consisted of 68.5 wt% of C4A3§, 15.9 wt
% of C,S, 9.5 wt% of C,A7, 2.9 wt% of calcium titanate, 1.5 wt% of MgO, 0.5 wt
% of calcium sulfate, 0.5 wt% of quartz, and 2.4 wt% of other compounds. Without
gypsum addition at w/c ratio of 0.55, AFt together with AFm phase can be signifi-
cantly formed at 24 hours and 20°C curing that did not correspond to Eq. (14.4). The
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chemical reaction was believed to follow Eq. (14.18). In addition, CAH,q could also be
formed due to the hydration of C;,A; together with the by-products (CH and AH3) of
the main reaction, according to Eq. (14.18). By using thermal cycle treatment, how-
ever, and in the absence of gypsum, there was no AFt formation, but mainly formation
of AFm phase. Similarly, with a use of w/c ratio of 10, there was no AFt formation in
the absence of gypsum condition, but AFm phase as majority. With the presence of
10% and 20% gypsum, AFt was formed as major compound at only 5 hours, with a
consumption of gypsum. Monosulfate phase was formed as minority. With thermal
cycle treatment, AFm was slightly increased. With an increase in gypsum contents
from 0—35 wt%, the total camulated heat evolution was decreased, not only due to the
pure dilution effect but also due to the complex chemical reaction of ye’elimite and
gypsum. With the addition of 35 wt% gypsum, there was only AFt formation both
with and without thermal cycle treatments. When comparing the compressive strength
obtained from samples cured under water and in sealed bags with no gypsum addition,
the strengths were 46.6 and 55.0 MPa for 1 year curing, respectively. Thermal cycle
treatment degraded the strength of the materials at the same conditions, 21.0 and
38.0 MPa for wet curing and sealed bag curing, respectively. With the presence of
20 wt% gypsum and nonthermal cycle treatment, the strength was lowered to
42.1 MPa cured under water, when compared to the sample with the absence of gyp-
sum. It seemed that the strong structures came from the combination of AFt, AFm, and
CAHj, instead of pure AFt. The total porosity of the sample with gypsum was lower
than that without gypsum but its strength was higher. However, there was no report on
the fineness of the developed hydration products that might affect the attractive forces
of hydration products.

14.4.3 Role of calcium hydroxide and OPC

As stated in Eq. (14.1), without CH, ye’elimite (C4A5S) reacts with gypsum and
water to generate AFt and amorphous aluminum hydroxide. In the presence of CH,
according to Eq. (14.5), substantial amounts of AFt are generated. In addition, there
is no aluminum hydroxide left behind. Ettringite is a hydration phase which is
responsible for very rapid strength development. Early strength can be developed
due to the formation of AFt, and a large expansion of the set material can be
obtained. Hargis et al. (2013) studied early age hydration of calcium sulfoaluminate
in the presence of gypsum and CH. It is believed that the formation of hydration
products at the early age directly relates to their final hardened structures. Two dif-
ferent diluted systems: with a small amount and an excess amount of CH solutions,
together with calcium sulfoaluminate and gypsum, were prepared and investigated
regarding the formation of hydrated phases at the early age using in situ soft X-ray
microscopy. The results showed the formation of large acicular crystals with a
dimension of 0.5 pm in width and 2—10 um in length, for insufficient CH system
when observed after 19 minutes hydration. This research confirmed that the growth
of acicular crystals expanded outwards from the center of the star, implying the



372 Eco-efficient Repair and Rehabilitation of Concrete Infrastructures

growth from a single central nucleus. For excess CH system, no well-developed
acicular crystals could be observed until 51 minutes hydration. Ettringite crystals
with some stellate clusters were similar but much smaller than the insufficient CH
system. It is worth noting here that the presence of excess CH initially retards the
rate of AFt formation due to the depletion of gypsum and also changes the mor-
phology of the hydration products resulting in the smaller AFt crystals. In addition,
Hargis et al. also observed the formation of AFt when CSA was consumed using
XRD. Phase development was similar to those from X-ray microscopy but slightly
different in the rate of formation, in that, ettringite formation was noticeable in
XRD pattern in later age than in X-ray microscopy. This was due to the difference
in water to cement ratio. XRD investigation used the lower w/c ratio. It was found
that the use of 2—5 wt% CH is suitable to obtain pure AFt while the higher CH
addition (5—10 wt%), showed the mixed phases between AFt and AFm as hydration
products due to the depletion of gypsum in the system.

Calcium sulfoaluminate can be solely used to replace OPC as the strength which
can be developed is as high as OPC. However, its cost is relatively high although the
synthesis temperature is lower when compared to OPC due to the high price of
alumina-bearing raw materials. The combination of CSA and OPC cements, therefore,
becomes more economically attractive to be used in the construction industry. It is
more practical to use OPC as majority rather than CSA due to its lower price. There
were many researches investigating hydration of cement mixes between CSA and
OPC. With these studies, OPC was mostly used as majority, incorporating with CSA
as a modifier for specific purposes such as to modify shrinkage behavior, early
strength development and heavy metal adsorption capacity of OPC. Pelletier et al.
studied the hydration mechanism and mortar properties of a ternary system of
Portland cement—calcium sulfoaluminate clinker—anhydrite (Pelletier et al., 2010;
Trauchessec et al., 2015). Theoretically, the calcium sulfate phase plays a role in the
hydration of OPC in order to retard the early hydration of C3A by the formation of
ettringite. The calcium sulfate phase also reacts with C4A5S to generate ettringite.
Trauchessec studied the hydration of CSA—OPC cements. Anhydrite was used as cal-
cium sulfate source to generate ettringite from CSA hydration. The higher the amount
of CSA (46.5 wt% of CSA clinker + 13.5 wt% of anhydrite), the higher the amount
of ettringite could be obtained indicated by the water loss at 140°C detected by
DTA&TG. The smallest CSA content (9 wt% of CSA clinker + 6 wt% of anhydrite),
the ettringite formation could be similar to the medium addition of CSA (21 wt% of
CSA clinker + 9 wt% of anhydrite). It was believed that the increased AFt formation
was due to the reaction of CH, aluminum hydroxide, and anhydrite according to
Eq. (14.14). However, the leftover CH was not all consumed at this rate of addition.

Pelletier studied the blended system of CSA—OPC—CS cement. CSA cement
consisted of 68.1 wt% of C4A3§, 14.8 wt% of C,AS, 3.4 wt% of C3A, 7.8 wt% of
CA, 1.2 wt% of CA,, and 3.6 wt% of calcium titanate. OPC consisted of 56.1 wt%
of C3S, 15.5 wt% of C,S, 4.8 wt% of C3A, 11.5 wt% of C4AF, 1.0 wt% of MgO,
4.8 wt% of CaCOs;, and 4.0 wt% of gypsum. All samples used the same w/c ratio of
0.5. In a series with constant OPC/CSA, the formation of hydration products in the
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mix of OPC:CSA:CS being 8:3:1 with the presence and absence of citric acid was
not significantly different. The presence of citric acid provided only a slight retarda-
tion in the hydration. Within 30 minutes, formation of AFt and stratlingite could be
found up to 7 days curing. The formation of AFt could be obtained in the maximum
level at OPC:CSA:CS of 8:3:0.75 (about 22 g/100 g cement). When the OPC/CSA
ratio was varied, AFt formation was nearly similar, approximately 18—19 g/100 g
cement for OPC:CSA:CS ratios of 8:3:1, 7:3:1, and 6:3:1. For investigation of mor-
tar properties, samples with OPC:CSA:CS ratios of 8:3:1 showed the highest early
strength during 6 h to 1 day. At 7 days, the compressive strength of samples made
of either pure OPC or OPC:CSA:CS ratios of 8:3:1.25 were superior to that of
8:3:1. At the later age (90 days), samples with larger amount of anhydrite (OPC:
CSA:CS ratios of 8:3:1.25) could maintain the highest strength among those sam-
ples. It is worth nothing here that the maximum level of AFt formation did not cor-
respond to the highest strength development. It might be due to the secondary
phase formation assisting packing of the structure. With a decrease in OPC from
OPC:CSA:CS ratio of 8:3:1 to 6:3:1, the strength could be enhanced from 19 to
24 MPa at 1 day curing. With lower OPC content, the strength development at later
age corresponded to the formation of AFt. Le Saout et al. (2013) also studied hydra-
tion of mixed cements (Portland cement (PC) and calcium sulfoalumiante cement).
OPC used in this research work consisted of 57.5 wt% of CsS, 16.3 wt% of C,S,
8.6 wt% of C3A, 7.3 wt% of C4AF, 0.7 wt% of MgO, 3.8 of CaCO;, 1.5 wt% of
hemihydrates, and 1.7 wt% of gypsum. CSA cement consisted of 22.5 wt% of
C4A3§, 47.7 wt% of anhydrite, 18.6 wt% of free lime and 8.9 wt% of Ca(OH),.
Amorphous calcium aluminate phase (ACA), kind of C;,A; which was also used in
this experiment, consisted of 50.9 wt% of C;,A; and 47.6 wt% of anhydrite. The
samples were prepared with OPC:CSA:ACA ratios of 100:0:0, 90:10:0, and 80:0:20
with the same w/c ratio of 0.5. Only samples with OPC:CSA:ACA ratios of 80:0:20
were added with 0.8 wt% of retarder. The total accumulated heat of pure OPC was
the lowest. When CSA was mixed with OPC, the accumulated heat was higher than
for pure OPC. With the addition of ACA, the total heat was greatly increased.
Especially at the early hydration, the heat was substantially released due to very
fast dissolution of ACA and AFt precipitation. The hydration of C;,A; was even
faster than C4A5S according to Eq. (14.19) showing the highest chemical shrinkage
and largest AFt formation among those samples at every curing age. The consump-
tion of calcium sulfate phase took place very rapidly within 1.5 hours. Similar con-
tents of AFm phase were obtained in all mixes. Strength development confirmed
the development of AFt in this case due to the great difference in AFt contents.
Compressive strength of pure OPC was similar to that of ACA addition at 28 days
curing, being approximately 48 MPa. The replacement of OPC with CSA and ACA
cements could, therefore, greatly enhance the early strength development.

CioA7 + 128 + 137H < C¢AS;Hs, (14.19)
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14.4.4 Role of calcium carbonate

Calcium carbonate in the form of calcite has been used as filler in the construction
industry for a very long time. The addition of calcite is beneficial to cement and
concrete properties due to the fact that it can chemically react with the tricalcium
aluminate (C3A) phase in PC to form monocarboaluminate (C4ACH11 where
C stands for CO;) phase, according to Eq. (14.20) (Damidot et al., 2011).
Monocarboaluminate is a kind of AFm phase, where sulfate is replaced by carbon-
ate ions. As the formation of monocarboaluminate takes several days, it is thus use-
ful to develop late strength of the hardened structures. Without calcite addition,
C3A that is left behind after OPC hydration would be transformed to monosulfate
(AFm) phase, according to Eq. (14.21) (Brown, 1993). This reaction occurs in the
system without sufficient gypsum. With the presence of fine calcite as filler, not
only CaCOj; (CC) can react with C3A to form C4ACH11 directly, but it also reacts
with AFm to form C4AéHll and ettringite, according to Eq. (14.22) (Damidot
et al., 2011). Thus, the addition of calcium carbonate in PC cement clinker brings
positive results in several terms: The later strength is enhanced and early hydration
is accelerated by functioning as nucleating sites for C—S—H to speed up the crys-
tallization (Martin et al., 2015). The role of calcium carbonate on the hydration of
calcium sulfoalumiante cement is not yet well understood. Only a few works have
been carried out to discover CSA hydration in the presence of calcium carbonate.

C;A +CC + 11H< C,ACH|, (14.20)
C3A + CsAS;Hs, + 18H < C,ASH ), (14.21)
3C4A;S +2CC + 72H < C4ACH,; + CsAS;Hs, + 6AH; (14.22)

6C4A3S +CC + 135H<2C4ACysH;, + 2C6AS;Hs, + 14AH; + 5CH
(14.23)

3C4ASH;, + 2CC + 18H <> C¢AS;Hs, + C4ACH; (14.24)

Martin et al. (2015) studied the contribution of limestone to the hydration of
CSA. The authors proposed the idea of adding limestone in CSA cement for cost
reduction, because CSA is more expensive than OPC. The used CSA clinker con-
sisted of 68.1% of C4A5S, 3.2% of CA, 1.4% of C ,A7, 0.7% of CA,, 1.7% of C,S,
3.9% of calcium titanate, 19.4% of C,AS (gehlenite), 0.6% of MgO, and 1.1% of
magnesium aluminate. The presence of limestone in CSA clinker using calcium sul-
fate to C4A3§ ratio of 1.1 (M = 1.1) accelerated the hydration of CSA cement. The
higher the amount of limestone, the faster the dormant period was. This was due to
an increase in nucleating sites for the precipitation of hydration products. At cal-
cium sulfate to C4A3§ ratio of 2.1 (M = 2.1), the dormant period of the system with
the presence of limestone was longer. This was due to the domination of calcium
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(Martin et al., 2015).

sulfate governing limestone resulting in the deceleration of hydration. The chemical
reaction of limestone and C4A3§ cement resulted in the formation of monocarboalu-
minate, AFt and amorphous aluminum hydroxide phases, as stated in Eq. (14.22).
With the consumption of carbonate instead of sulfate, monocarboaluminate phase
could be formed. In addition, AFt could also be formed, although no calcium sul-
fate was added. In addition, this chapter also reported the formation of hemicarboa-
luminate instead of monocarboaluminate phase in the absence of calcium sulfate, as
stated in Eq. (14.23) and shown in Fig. 14.5.

Hargis et al. (2014) also studied the hydration of CSA in the presence of gyp-
sum, calcite, and vaterite, to prove if calcium carbonate compound can be either
reactive with ye’elimite or enhance the mechanical properties. Vaterite and calcite,
the kind of calcium carbonate compounds at which vaterite is less stable, were
selected as comparison. The cement used in this experiment was pure C4A5S,
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synthesized from pure compounds; alumina, calcium carbonate, and calcium sul-
fate. The results showed that C4A;S cement with the presence of 15% of gypsum
and 10% of calcite or vaterite exhibited shortened setting times when compared to
mixes without calcium carbonate addition. The strength development was also posi-
tive—increasing from 39 MPa (without CaCO;3) at 28 days curing to 46 and
49 MPa with the presences of calcite and vaterite, respectively. The results also
showed that, without gypsum, the reaction of C4A;S and CaCOj results in strengths
up to 41 and 45 MPa for calcite and vaterite, respectively. The hydration products
were found to follow the reaction as stated in Eq. (14.24) as the calcium sulfate
used was not sufficient to generate AFt entirely. Therefore, AFm (C4A§H12) phase
was found incorporating with AFt and afterwards AFm was transformed to mono-
carboaluminate phase. As mentioned before, vaterite is more reactive than calcite,
thus the enhancement in strength due to the formation of monocarboaluminate
phase at the same curing time. It was found that the fineness of used vaterite was
slightly smaller than calcite that might affect the higher reactivity. The presence of
calcium carbonate also reduced expansion because of the formation of monocarboa-
luminate phase instead of AFt. Thermodynamic modeling also showed the trend of
reduced AFt and increased AFm and monocarboalumiante phases with an increase
in CaCOj contents (Damidot et al., 2011).

14.4.5 Role of chemical admixtures

Chemical admixtures are normally used to reduce the limitations of cement hydra-
tion, with examples being: water reducer, superplasticizer, retarder, accelerator,
shrinkage preventer, segregation reducer, and heat evolution reducer. Interactions
between chemical admixtures and cement phases are very important and need to be
examined carefully in order to obtain the desired properties and the most durable
construction materials. In general, chemical admixtures affect cement particles dif-
ferently depending on the type of cementitious materials and type of admixture and
content. Surface adsorption takes place when organic admixtures meet cement parti-
cles due to electrostatic forces between charged particles and ionic groups of
admixture molecule (e.g., SOz, COO™) (Jolicoeur and Simard, 1998). Organic
admixtures, e.g., lignosulfonates contains hydrophobic, polar and ionic groups act-
ing very usefully for changing surface chemistry of cement particles. Due to very
fast setting of CSA cement thus hindering the workability, chemical admixtures
such as retarder are required in order to modify the rheology of cement, mortar and
concrete slurries in maintaining high early strength as desired by the construction
design. For example, organic chemical admixtures such as carboxylic retarders
can adhere to the precipitated hydration products, thus hampering further growth
on their surfaces. Zajac et al. (2016) studied the effect of retarders on the early
hydration of CSAs. This paper studied the use of different retarders (sodium gluco-
nate, tartrate, and borax) and investigated the developed hydration products. Used
CSA clinker consisted of 24.8 wt% of C4A3§, 52.4 wt% of C,S, 6.6 wt% of C,AF,
2.1 wt% of C,F, 1.2 wt% of CA, 1.9 wt% of CaCOs3, 0.5 wt% of K,S0y, 1.5 wt% of
C,KS, and 2.2 wt% of anhydrite. Two cement samples were prepared as ground
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clinker, and ground clinker with 10 wt% of anhydrite. To study the hydration and
pore solution, a w/c ratio of 2.0 and 2 wt% of each retarder were used. For micro-
structural analysis, the w/c ratio was 0.5. Without retarder, both samples showed
very fast dissolution rate with a huge release of heat during the induction period.
CSA cement with the presence of additional anhydrite showed the highest heat
release. However, the cumulative heat releases of samples with the presences of
sodium gluconate and borax at early hydration (<10 h) were the largest and smal-
lest, respectively, for ground clinker without additional anhydrite. For ground clin-
kers with additional anhydrite, and tartrate and sodium gluconate, their cumulative
heat releases were the highest and about the same values. The cumulative heat
release of samples with the presence of gluconate at 100 hours was the smallest.
In 30 minuets, 5 wt% of ettringite (AFt) can be formed in samples without addi-
tional anhydrite and retarder and the formations were retarded to form 5.7, 4.6, and
0 wt% and of AFt at 8 hours, with the use of tartrate, gluconate and borax, respec-
tively. Thus, borax was the most powerful retarder, according to the heat of hydra-
tion experiment. The amount of AFt found at 168 hours from the sample with the
presence of gluconate was smallest. Cement clinker with additional anhydrite con-
tained 4.9 wt% of AFt in 30 minutes. When tartrate, gluconate, and borax were
used, AFt formations were 3.8, 3.9, and 0.0wt%, respectively at 8 hours. It was sug-
gested that tartrate and gluconate retarded the dissolution of C4A5S and precipita-
tion of AFt via the adsorption of negatively charged tartrate and gluconate onto AFt
surfaces, thus inhibiting its growth while borax acted as pH reducer to retard the
dissolution of C4A5S phase.

Chemical admixture such as superplasticizers are used to reduce the water to
cement ratio and to control the setting time, while maintaining the flow ability of
cement pastes. SP molecules can stick to cement particle surfaces that change the
cement surface charges in order to repel each other. Ma et al. (2014) studied the
compatibility between polycarboxylate (PC) superplasticizer and belite-rich SAC,
by investigating the setting time and hydration properties. The used cement con-
sisted of 25.4 wt% of C4A3§, 56.2 wt% of C,S, 6.6 wt% of C3;A, and 11.8 wt% of
C4AF, which was made of raw meal containing limestone, FA, and FGD—gypsum
and which was sintered at 1320°C. Cement clinker was mixed with 10 wt% of gyp-
sum, with varying amounts of PC from 0.025%—0.25% (42.83% of active phase).
The water to solid ratio was 0.26. Heats of hydration during the induction period for
PC-added samples was not significantly different, but total heat releases of samples
without PC and with 0.25% PC were relatively different in showing the retardation
of hydration. With less than 0.075% PC, total heat releases were not significantly
different. Due to the negatively charged PC, it could effectively adsorb onto posi-
tively charged cement particles, prolonging initial setting times from 18 minutes
(without PC) to 38 minutes (with 0.25% PC). The compressive strengths at 28 days
curing of samples without PC and with 0.25% PC were 61.4 MPa and 66.8 MPa,
respectively. The maximum strength was at 0.075% PC addition, relating to the
largest amount of AFt formation. In addition. Furthermore, the most advantageous
effect of PC was a modification of particle—particle interaction, changing from
macropores to micropores over time. Another work investigating the addition of
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polycarboxylic superplasticizer (25 wt% of active matter) in the range of 0%—0.4%
in high SAC was reported by Garcia-Mate et al. (2012). The used CSA cement con-
sisted of 72.3 wt% of C4A3§, 14.5 wt% of C,S, 6.8 wt% of calcium titanate, and
2.5 wt% of C4AF, 1.6 wt% of MgO, 1.4 wt% of C,MS,, and 0.9 wt% of calcium
sulfate (where M stands for MgO). Gypsum additions were observed at 10, 20, and
30 wt%. Cement pastes were prepared using w/c ratios of 0.4 to 0.5 with the higher
content of gypsum. Water to cement ratios of 0.5 and 0.6 were varied, in case of
mortar preparation. The rheology of cement pastes showed shear thinning behavior
for every amount of gypsum addition (without PC) and became Newtonian fluids
when PC was added. At only 0.1 wt%, viscosity was reduced significantly. At
0.4 wt% addition, the viscosity became overdeflocculated showing an increase in
the viscosity. The optimum PC content for 10, 20, and 30 wt% of gypsum was
0.2%, 0.15%, and 0.15%, respectively. An increase in gypsum content did not affect
the rheology of cement pastes. The ettringite amount was the largest (47.6%) at
7 days in 30% gypsum added sample without PC addition while AFt amounts of
40.6% and 39.4 for samples with w/c ratios of 0.4 and 0.5, respectively at the same
content of PC (0.15%) could be obtained. In samples with 10 and 20 wt% gypsum
additions, AFt amounts were lower than that with 30% addition at 7 days curing.
Without PC, cement paste with 30 wt% of gypsum showed the lowest open poros-
ity, whereas the lowest open porosity could be obtained in paste with 10 wt% of
gypsum with the presence of PC. Cement mortars were prepared in order to investi-
gate strength development. At 7 days, mortars with 10 wt% of gypsum and w/c ratio
of 0.5 attained the highest compressive strength (50 MPa). The higher w/c ratio
degraded the strength in all cases. Significantly, mortar without PC obtained slightly
higher strength than that with PC. In addition, compressive strength of CSA mortar
was comparable to that of OPC mortar (50.6 MPa) at 7 days curing. The difference
in strength development of those two research papers (Garcia-Mate et al., 2012;
Ma et al., 2014) was caused by the water to cement ratio: the lower the w/c ratio,
the higher compressive strength—although containing a lower content of ye’elimite
phase. In addition, the active phase of polycarboxylate superplasticizer significantly
played a role in the different hydration properties.

14.5 Usages of sulfoaluminate cement for repair

Repairing is one of the major challenges for the construction industry, because
often it is necessary to do it urgently, for example, repairing airport runways,
bridge, dam, and residential buildings, in order to cure cracks or to support more
load. Thus, the materials for the repair must set and hardened rapidly (in a few
hours). Recent research therefore focuses on developing new kinds of repairing
materials, improving the existing repairing materials and developing new assess-
ment methods (Qian et al., 2014; Bieliatynskyi et al., 2016). In addition to cement-
based repairing materials, polymer-modified cement-based materials and resin
materials are commonly used. Repair mortars are already available in the market as
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readymix (cements, binders, aggregates, and additives) and user-friendly. However,
research and development is still necessary to establish the long term service and to
develop eco-friendly repair materials (Lopez-Arce et al., 2016). For example, rapid-
repair concrete in aggressive marine environment was considered in term of dura-
bility such as chloride penetration to prove its corrosion resistance by Moffatt and
Thomas (2017).

Cements including PC, SAC, and magnesium phosphate cement (MPC) are often
used for repairing the damaged structures. CSA has been recently considered for
repairing because of its fast setting and hardening, together with its dense structure
due to the combination of ettringite, aluminum hydroxide, and stratlingite.
Additionally, chemical and drying shrinkages of CSA cement are relatively low.
Strength development properties, as well as durability performances are required
for rapid-repair concrete. Moffat and Thomas studied the chloride penetration of
rapid-repair concrete by comparing different cementious materials; high early
strength PC, calcium aluminate cement and calcium sulfoalumiante cement (Moffat
and Thomas, 2017). A combination of CSA and PC showed very promising results
with regard to corrosion resistance, due to the ability of calcium silicate hydrate (C-
S-H) and monosulfoaluminate (AFm) to bind chloride ions-leading to the formation
of Friedel’s salt (C5A - CaCl, - H;o) due to the chemical reaction between AFm and
chloride ions while C-S-H phase only physically binds chloride ions. Whereas con-
crete made of the combination of CSA and belite phase showed a poor corrosion
resistance, due to the inability of hydration products such an AFt to chemically
bind chloride ions—with the chlorides being physically adsorbed to AFt surfaces
instead (Ioannou et al., 2015). Thus, the presence of PC in both calcium aluminate
and CSA cements accelerated the early strength development as well as the durabil-
ity of rapid-repair concrete.

The interface quality, and compatibility between repair material and old concrete
or old materials, are also important for repairing, as it is a stress origin—possibly
inducing a new crack to the repair zone (Anagnostopoulos and Anagnostopoulos,
2002; Zhou et al., 2016). Therefore, shrinkage of repair materials is one of the cru-
cial factors to be carefully considered. Qian et al. (2014) investigated bond strength
and permeability of cement-based materials for repairing. The used cement-based
repair materials; being PC, SAC, and MPC, were combined with old concrete to
test the oldto-new interface created. The cement-based material to sand ratio was
1:1.5 for all cement types. Setting times of PC, SAC, and MPC were 180, 15, and
22minutes, respectively. Compressive strength at 7 days of curing was the highest
for sulfoaluminate mortar (69.1 MPa). To investigate the old concrete/repairing
mortar interface, frustum-shaped specimens were used. PC/concrete and SAC/con-
crete showed large cracks at the interfaces, whereas there were no cracks from the
prism mortars. MPC/concrete interface showed no cracking due to the lower drying
shrinkage of MPC for both frustum and prism shaped specimens. The bonding per-
formance order was MPC mortar, then SAC mortar, then PC mortar. The finding
from Hu et al. (2017) suggested that hydration products from CSA hydration in
a form of AFt likely caused micro-crack and highly porous zones, while aluminum
hydroxide (AHj3) showed denser structure resulting in higher indentation modulus
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and hardness at AH; localized areas. Therefore, crack from SAC/concrete was pos-
sibly due to the expansion of AFt crystals whereas PC/concrete contained large
shrinkage causing internal stress, leading to micro-crack formation. Chang et al.
designed experiments to prove whether AH; affected the mechanical properties
(Chang et al. 2017). The designed mixes were based on the theoretical chemical
reactions between pure C4A3§, C§H2, and CH to create specimens with and without
CH according to Eqgs. (14.1) and (14.5), respectively. The results showed that the
higher content of AHj after hydration promoted strength enhancement. In fact,
amorphous AHz;—which contained very high surface area—could fill in the pores
of AFt structures. The substantial formation of AH; was found in the systems with-
out and with small addition of CH. It was reported that belite-rich SAC contains
similar durability to PC (e.g., salt resistance, carbonation resistance, and good
dimensional stability) but the freeze—thaw resistance is its drawback. The addition
of 15 wt% of PC to belite-rich SAC was recommended to reduce the porosity of the
hardened structures as the strength and elastic modulus enhancements to resist free-
ze—thaw cycles (Janotka et al., 2003).

Ultrafine sulfoalumiante cements, mixed with combinations of ultrafine anhy-
drite and ultrafine quicklime were investigated in terms of heat of hydration and
expansion—shrinkage behaviors by Zhang et al. (2017). Ultrafine CSA cements
were mixed with ultrafine quicklime and ultrafine anhydrite. The variations of
quicklime and anhydrite were at 0—30 wt% of quicklime. Without the addition of
quicklime and anhydrite mixture, heat flow at early hydration was very low,
whereas the addition of 20 wt% showed the highest heat flow flux corresponding
to the greatest compressive strength. Without the mixture of quicklime and anhy-
drite, cement shrank greatly, yet the presences of quicklime and anhydrite caused
expansion up to 1.0%—1.5% at 28 days. With the presence of 30 wt% of the
mixture, expansion was about 1.0% at 3 days and remained constant over time.
This combination must be further modified and investigated to obtain the zero
absolute volume expansion required in order to avoid cracking at the interfacial
zone for repair.

Le-Bihan et al. (2012) studied hydration properties of CSA cement to address
the cracking or curling of self-leveling screed. The results confirmed that mortar
with 60 wt% of CSA cement and 40 wt% of gypsum showed expansive properties
with only very slight shrinkage after setting. Pera and Ambroise suggested that
higher contents of phosphogypsum provided the promising shrinkage behavior
(Pera and Ambroise, 2004). The used CSA cement consisted of 66 wt% of C4A3§,
17 wt% of C,S, 9.9 wt% of perovskite, and 7.1 wt% of C;,A;. With uses of 25 wt%
and 30 wt% of phosphogypsum as CSA cement replacement, compressive strength
of more than 35 MPa within 24 hours was observed. Moreover, their shrinkages
were very small, especially with the highest content of gypsum addition (30 wt%)
encompassing the absolute zero volume expansion and shrinkage at 28 days due to
the AFt formation. Shrinkage-reducing admixtures such as neopentil glycol were
introduced to be combined with CSA cement, in order to reduce shrinkages, espe-
cially autogeneous shrinkage, as reported by Collepardi et al. (2005). The shrinkage
reduction came from the reduction in surface tension of water, leading to the
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reduced capillary tension of cement paste. CSA cement was not responsible for
the reduction in drying shrinkage. This finding showed that the curing condition
was very important to limit the shrinkage. The length change of concrete with a
CSA to CaO ratio of 10:1 with a shrinkage-reducing admixture was investigated.
Under water curing, expansion increased greatly, while covering by a plastic sheet
provided smaller expansion during 0—36 hours. After 36 hours, the expansion of
concrete decreased when cured in air at a relative humidity of 65% and could
remain positive volume expansion at 30 days curing. The positive volume expan-
sion was due to the formation of substantial Aft, according to Eq. (14.5). With a
smaller content of CaO, the expansion become lowered which would result in zero
volume expansion—which is desirable for repair.

CSA has been recommended to combine with MPC in order to enable filling the
pores of MPC. Recently, MPC has been found to be very promising for rapid repair.
However, its durability is limited, as water is taken up easily due to its high permeabil-
ity. Zhang et al. (2017) investigated the mechanical properties and water ingress of
repair cements—made of a combination of SAC and magnesium potassium phosphate
cement (MKPC). MgO in MKOC was partially replaced by CSA cement at
0—40 wt%. With an increase in CSA cement, setting times and compressive strength
were not changed significantly. The compressive strength test for water curing showed
that mortars with 40 wt% CSA replacement were likely intact with water immersion
over time. However, samples with high MgO content also showed higher durability,
but had a low compressive strength. Zhou et al. (2016) studied PC hydration and its
microstructure especially at the interfacial zone for repair. That paper underlined the
importance of moisture exchange between repair cement and concrete substrate. The
interfacial quality depended on the water supply from the concrete substrate, as water
is a crucial factor for hydration. When the concrete substrate was dry, interfacial
hydration products of the repair cement were densely packed, and their degree of
hydration was decreased. This was due to the water suction of the concrete substrate
from the repair cement layer, leading to a lower w/c ratio. When the concrete substrate
was soaked with water prior to application with repair material, the hydration of repair
material was improved with additional water, resulting in a denser structure—
necessary to obtain a durable repair. CSA cement was also used to modify and limit
the length change of OPC concrete in the study of Yan et al. (2004). In this study,
delayed ettringite formation was also observed, resulting in cracking after hardening.
Mortars with 8 wt% of CSA cement and 92 wt% of OPC were prepared and cured at
different conditions. It was found that the formation of AFt was extremely high when
the sample was cured under ambient temperature at RH > 90% both, at early age and
over time. The formation of AFm of this sample was smaller than for the others cured
under high temperature (85°C). Length change of this sample was not significantly
changed over time, showing only a slight positive volume expansion (not over
0.01%). Samples cured under water at 85°C during the first 7 days and then exposed
to a RH > 95% at ambient temperature showed the largest AFt formation at 200 days.
Samples cured at 85°C mostly showed delayed ettringite formation. The results
showed that the curing condition and the presence of CSA were very important to
avoid cracking in the material. CSA cement is thus a promising cementing material to
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fulfill restoration work, showing both compatibility and durability perspectives. The
selection of repair material is dependent on the repair conditions; whether they require
specific properties such as salt resistance, acid resistance, freeze—thaw resistance and
aggressive marine resistance. In general, repair material for rapid setting and harden-
ing purpose can be the mix of CSA and calcium sulfate —with and without smaller
additions of hydrated lime or quicklime in order to obtain a combination of AFt and
AHz;. In a repair areas at which old concrete substrate is located, shrinkage—expansion
behavior is of serious concern to avoid cracking. The repair material can be a ternary
system, such a CSA—OPC—CaCOj;. From previous studies, combination of CSA and
PC provides excellent properties for corrosion resistance in marine areas, as well as
from an economic perspective.
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15.1 The need for sustainable repair of concrete
infrastructures

Around the globe, nations struggle with the ever-increasing challenges of unsustain-
able development. The consequences of this struggle are often most visible in
developing nations with rapidly expanding economies. Often, infrastructural devel-
opment—highways, airports, bridges, underground mass transit facilities, dams, and
waste water treatment facilities—creates the backbone of such rapidly expanding
economies, supporting trade, and outside investment. In this sense, concrete mate-
rial can literally be regarded as one of the building blocks of economic
development.

While essential for development of economies, the construction and maintenance
of infrastructures often necessitates large volumes of Portland cement and aggregates
to be incorporated into the production of concrete materials, creating tremendous neg-
ative impacts on public health. To illustrate, the production of one ton of Portland
cement releases 6.3 mg of particles with diameters less than 10 microns (PM;) into
the atmosphere (Marlowe, 2003). Each year, numerous deaths are being attributed to
atmospheric PM;, concentration levels being as low as 20 mg/m> (Ostro, 1994). In
addition to direct concerns around public health, production of 1ton of Portland
cement requires 4 GJ of energy and releases approximately 1ton of CO, into the
atmosphere. Portland cement production is responsible for 7% of worldwide CO,
emissions and is a significant contributor to global warming due to ozone depletion
(Malhotra, 1999; Mehta, 1998). Furthermore, mining large quantities of raw materials
such as limestone and clay for clinkering, and coal for burning in the rotary kilns,
often results in extensive deforestation and topsoil loss. Mining of aggregates for
concrete production causes significant ecological damage as well. The overall conse-
quence is an inherently unsustainable system measured by economic, environmental,
and social indicators.

Sustainability, on the other hand, requires the use of energy efficient materials
with a low impact on the environment and improved overall durability. Although
sustainability is the ultimate goal, improper design, material selection, and construc-
tion practices lead concrete structures to be prone to extensive distresses in a given
service environment. In spite of these environmental problems, the global demand
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for concrete increases at a very rapid pace, largely driven by the construction boom
in developing countries. In less than a century, it has become the most widely used
construction material in the world.

European design codes now require a service lifetime of more than 75 years for
concrete structures in large public works (Alexander and Stanish, 2005). But, expe-
rience has shown that under the combined effects of mechanical loads and severe
service conditions—including a wide range of temperature fluctuations and
increased use of de-icing materials—many infrastructures begin to deteriorate after
only 20 or 30 years (Mehta and Burrows, 2001). The short service life of infrastruc-
tures incorporating ordinary Portland cement concrete has significant negative
effects, considering the need to produce new materials for repair and replacement
of deteriorated infrastructure, along with the related fuel consumption and vehicle
emissions from construction-related traffic congestion.

One of the main reasons for the short service life of infrastructures built with
ordinary Portland cement concrete is poor durability, which is closely related to
concrete cracking (Mindess et al., 2003). Cracking is usually the result of physical,
chemical, and mechanical interactions between concrete and its service environ-
ment, and it may occur at different stages of the lifetime of a structure. Formation
of cracks, coupled with the lack of crack width control in brittle conventional con-
crete, is primarily responsible for two types of damage: reduced strength and stift-
ness of the concrete structure and acceleration of ingress of aggressive ions, which
leads to other types of deterioration, such as corrosion, alkali—silica reaction (ASR),
freeze/thaw damage, and sulfate attack—all resulting in further cracking and disinte-
gration (Mindess et al., 2003; Li and Li, 2007).

A very large number of existing concrete structures worldwide are in a state of
deterioration/distress (Vaysburd et al., 2004). Increased CO, concentrations in
the atmosphere are expected to further weaken the chemical stability of the concrete
m